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Ex tract 

Nine Sicilian children known to be deficient in glucose-6-phos- 
phate dehydrogenase (G6PD) were studied to see if there were 
anomalies of bactericidal activity in peripheral blood phagocytes. 
The type of deficiency was established. The G6PD levels in the 
leukocyte were found to he 26% of the controls (0.094 & 0.03, nor- 
mal controls 0.360 * 0.12). The Michaelis constant for NADP and 
g!ucase-6-phosphate (G6P) was lower than the control. Coriversely-, 
the utilization of the analogous 2-deoxyglucose-6-phosphate 
(2dG6P) and galactose-6-phosphate (Gal6P) was higher. The 
thermostability of the enzyme in the deficient subjects was lower and 
the pH optima (8  and 9.5) were different from the controls. An 
identical electrophoretic pattern was found in both normal and 
deficient subjects. The bactericidal activity in the deficient subjects 
was normal. There was no difference in the results of nitroblue 
tetrazolium (NBT) tests in either group. 

Speculation 

Although leukocyte G6PD was only one-quarter of the normal 
level, the phagocytic activity and the NBT test were normal in all 
subjects studied. It is not clear how such low levels of enzyme allow 

normal function. Perhaps further investigation under simulated 
intracellular conditions could give more reliable information about 
the enzyme activity. 

During bactericidal activity phagocytes of peripheral blood 
utilize aerobic glycolysis with activation of hexosomonophosphate 
shunt (Hk4PS).  The first step of H h l P S  is :hc brcakdown of 
glucose-6-phosphate by G6PD which causes the reduction of 
N A D P  to NADPH.  I n  the absence of G6PD the shunt is not 
activated and the bactericidal activity of phagocytes is blocked. In  
fact, Caucasians have been reported with absence of leukocyte 
G6PD associated with recurrent bacterial and fungal infe~t ions  
with a clinical picture similar to that of chronic granulomatous 
disease (CGD) (1, 5, 7). Normal  bactericidal activity has been 
found in Caucasians with leukocyte G6PD rate ranging from 20% 
to 50% of normal value (2, 5). In all of these cases. G6PD has not 
been characterized. 

We examined Sicilian boys with erythrocyte G6PD deficiency to 
see if there were anomalies of bactericidal activity in peripheral 
blood phapocytes. The type of deficiency was established by 
studying some kinetic and biophysical characteristics of their 
leukocytic G6PD.  
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MATERIALS AND METHODS 

We examined nine Sicilian male children varying in age from 
3-8 years, all of whom in the past had experienced hemolytic crises 
of favism. Nine normal children served as control subjects. 

The leukocytes were isolated from 30 ml blood by the method 
reported by Schilirb er al. (19). Some of the leukocytes were used 
for bactericidal activity test and for the NBT test; the remainder 
were lysed and served for G6PD characterization. 

The bactericidal activity for Staphylococcus aureus (A.T.C.C. 
6538) was tested by the method of Quie et al. (1 1). 

The NBT test was carried out by the method of Baehner and 
Nathan (2). The centrifugations were performed with a Beckman 
Spinco L2 centrifuge. A Beckman D U  spectrophotometer was 
used. Substrates and NBT were from Sigma Chemical Co.,  S t .  
Louis, Mo. The other chemical products were from E. Merck 
A.G., Darmstadt, Germany. 

For electrophoresis of G6PD we followed the technique reported 
by Rattazzi er al. (14). We determined the optimum pH using a 
buffer of Tris-phosphate and glycine in a final concentration of 
0.05 M,  adjusted to the desired pH with NaOH or NaCI. 

The values are expressed as the percentage of the value obtained 
at  pH 7.5. The Michaelis constant (K,) for G6PD was studied with 
five different concentrations of substrate with molarity varying 
from 2 m M  to 0.025 mM;  for N A D P  we used five concentrations 
of substrate varying from I m M  to  0.025 rnM. 

For the study of the utilization of 2-deoxy-6-phosphate and 
Gal6P the molarity of the substrates was 0.02 mM.  The rate of 
utilization was expressed as a percentage of the value obtained with 
G6P.  

For the study of thermolability, leukocyte lysate was put in a 
thermostated bath at  41°. Every 20 min aliquots of 0.10 rnl were 
immediately put in a thermostated bath a t  2'; then the G6PD 
activity at  25' was determined. G6PD activity was measured 
according to the method of Zinkham er al. (24). and expressed as I 
m M  N A D P  reduced to N A D P H  in I min at  25". 

Erythrocyte activity was referred to 100 ml erythrocytes and 
leukocyte G6PD activity was expressed in milligrams of protein. 

The proteins were measured according to  the method of Lowry 
et al. (9). 

RESULTS 

In all of the deficient subjects, the average erythrocyte G6PD 
activity was 1.6 * 1.35. The G6PD levels in the leukocytes were 
found to be reduced with an average of 0.094 i 0.03 corresponding 
to 26% of the controls. The difference is statistically significant ( P  
< 0.01) (Table I). 

The biochemical and biophysical characteristics of the G6PD- 
deficient subjects were quite different from normal findings. Figure 
1 shows the average rates of heat inactivation in the deficient and 
normal subjects. The enzyme activity or normal subjects shows a 
gradual and uniform decrease to 50% in I hr, whereas the enzyme 
activity in deficient subjects drops to 12% in only 20 min and falls 
to 5% in I i ~ r .  

Figure 2 shows the enzyme activity in relation to pH increasing 
steadily up to pH 8.5 and then gradually decreasing. In all deficient 
subjects the pH was bimodal with pH optimum at 8 and 9.5. The 
K,, for G6PD and N A D P  was found to be lower in the deficient 
subjects than in normal subjects (Table 2). 

Table I .  Glucose-6-phosphare dehjidrogenase ( G 6 P D )  acrivit13 o f  
erythrocj,tes and leukocytes in normal and mutant s~tbiects 

Erythrocyte Leukocyte 
G6PD, G6PD. U/mg 

Subjects Number U/100ml protein 

Normal 9 133 =k 18 0.360 i 0.12 
Mutant 9 1.6 & 1.35 0.094 i 0.03 

M l NUTES 

Fig. 1 .  Heat stability of leukocyte glucose-6-phosphate dehydrogenase 
at 41" (mean values from nine normal and nine mutant subjects). 

- Normal 
+ Mutant  

Fig. 2. Optimal pH curves of leukocyte glucose-6-phosphate dehydro- 
genase (mean values from nine normal and nine mutant subjects). 

Table 2. Biochemical characrerisrics oJglucose-6-phosphate 
dehydrogenase (G6PD)  in normal and mutant su6jects1 

Substrate analog 
K, for K, for utilizationZ 

NADP, G6P, 
Subjects P M P M Gal6P 2dG6P 

Mutant subject 
I 1.8 10 30 89 
2 2 18 8 5 85 
3 2.4 14 85 80 
4 1.6 10 72 65 
5 1.8 20 20 45 
6 1.4 22 10 22 
7 2 I2 70 28 
8 2.2 18 60 20 
9 1.6 22 50 22 

Normal subject 
I 6 60 28 5 
2 7.5 68.8 26 8 
3 4.4 74 22 8 
4 3.8 40.5 20 12 
5 5 38.6 18 12 
6 5.2 68.2 10 5 
7 4.3 70 8 6 
8 3.2 40 20 8 
9 2.9 48.8 6 

' G6P: glucose-6-phosphate: Gal6P: galactose-6-phosphate: 2dG6P: 
2-deoxyglucose-6-phosphate. 

Activity expressed as percentage of the activity of G6P. 
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The enzyme of deficient subjects showed a greater affinity for 
the homologous 2dG6P and Gal6P than that of the normal 
subjects (Table 2). 

An identical electrophoretic pattern was found both in normal 
and deficient subjects (Fig. 3). 

The bactericidal activity in the deficient subjects was normal. 
There was no difference in the results of the NBT test between the 
two groups (Table 3). 

DISCUSSION 

The results confirm that in G6PD-deficient Sicilian boys enzyme 
leukocyte activity, although low, is present, as has always been the 
case in the Mediterranean variant (4, 8, 10, 13, 17). 

The enzyme of our deficient subjects also shows a greater 
affinity for the substrates G6P  and NADP,  for the homologous 
2dG6P and Gal6P; the curve of pH activity shows two peaks at  pH 
7 and 9.5. These characteristics are typical of the Mediteranean 
variant (4, 8, 12. 17). 

In all subjects examined the phagocytic and bactericidal activity 
was found to be normal: the results of NBT tests were also normal. 
These findings show that even one-quarter of enzyme activity 
allows normal phagocytic activity in the Mediterranean variant. 
Spire et al. (21) found normal NBT tests in 42 subjects previously 
affected by favism. In these cases leukocyte G6PD levels have not 
been measured. Rodey et al. (15) found normal leukocyte function 
in two Caucasian patients in whom enzyme leukocyte activity was 
25% of the normal. Baehner el al. ( I )  found normal leukocytic 

Fig. 3. Cellogel electrophoresis of glucose-6-phosphate dehydrogenase 
(G6PD). I: G6PD normal leukocyte; 2: G6PD mutant leukocyte. 

Table 3. Results of polymorphonuclear ( P M N )  hacrericidal 
activity and nitrobl~ce tetraioliunz (NBT) test reduction in normal 

and mutant slibjects 

Bactericidal Quantitative 
Subjects Number activity' NBT test2 

Normal subject 9 90-95 0.210 =t 0.18 
Mutant subject 9 90-95 0.231 * 0.20 

' Percentage of staphylococci killed at 60 min. 
'AOD per 15 min per 2.5 x lo6 PMN.  

function in eight Caucasian patients with leukocyte G6PD activity 
ranging from 20% to  50% of the normal. Only the absence of  
G6PD produces decreased leukocyte bactericidal and metabolic 
activity with a clinical picture of CGD.  

Cooper et al. (5) described a 52-year-old Caucasian female 
patient with chronic hemolytic anemia, leukemoid reaction, and 
fatal sepsis. Her leukocytes had complete G 6 P D  deficiency and 
inadequate bactericidal activity. Three Caucasian patients of 
pediatric age with similar clinical picture and metabolic anomalies 
have been described by Gray et al. (7). Baehner et al. (1) reported a 
Caucasian boy with 1 G6PD a t  1% of normal levels and related 
metabolic anomalies without an increased incidence of infections. 

Bellanti er al. (3) found an accelerated decay of G6PD activity in 
children with chronic granulomatous disease. A similar decrease of 
enzyme activity was present in all our G6PD-deficient subjects 
after 20 min of incubation at  41°. However, unlike the patients of 
Bellanti et al. (3), the decrease was not associated with decreased 
bactericidal activity. We think, therefore, that the involvement of 
bactericidal activity in C G D  is independent of G 6 P D  lability. In 
fact, Erickson et al. (6) demonstrated that G 6 P D  lability in C G D  is 
due to a lack of stabilizing factors. Sococcia et al. (20) showed that 
G6PD in intact leukocytes of the C G D  is functionally normal. 

We think that the biochemical and biophysical characteristics of 
leukocyte G6PD in our subjects do  not depend on the lack of 
stabilizing factors. In fact, we characterized the partially purified 
erythrocyte G6PD in five of these cases (mutant subjects 1-5, Ta-  
ble 2) (19). The purification and characterization were carried out 
according to the method suggested by the experts from W H O  (22) 
which includes the dialysis and the addition of N A D P  and 
8-mercaptoethanol to  the hemolysate. Their p H  activity curve, 
their affinity for the substrates G6P, NADP,  and for the homolo- 
gous 2dG6P and Gal6P, as well as their heat lability were identical 
in leukocyte and purified erythrocyte G6PD.  

It is not clear how low levels of enzymatic activity (about 20%) 
can allow normal bactericidal activity. According to the data  of 
Rodey er al. (15). in the leukocytes normal levels of G6PD are 
more than sufficient, because even if there is a marked decrease 
normal leukocyte function continues. However, another explana- 
tion may be that of Yoshida (23). who showed that the findings 
in virro do  not reflect the kinetic behavior and enzyme activity in 
vivo. Only a study "under simulated intracellular conditions" 
gives an accurate picture of enzyme activity. Indeed, enzyme 
activity of the erythrocyte in the Mediterranean variant, studied 
under conditions which resemble the intracellular environment, 
reaches 30% and is sufficient to protect the red cell. 

The low levels of leukocyte enzymatic activity found in vitro d o  
not correspond with the higher levels found in intracellular 
environment. This fact could explain the normal leukocyte func- 
tion in mutant subjects. 

Our  studies confirm that in the Mediterranean variant the 
leukocytic function is not impaired. 

In fact, in Sicily, where G6PD deficiency has a frequency of 
1.7% (16), we have not observed any G6PD-deficient subject with 
particular s~~sceptihil i ty tn infections. 

The absence of leukocyte G6PD. nonspherocytic hemolytic 
anemia, and C G D  in the four patients reported by Cooper er al. (5) 
and by Gray er al. (7) could be due to another severe enzymatic 
variant, possible deletion. or  a defect in transcription. 

SUMMARY 

Bactericidal activity and quantitative nitroblue tetrazolium test 
of leukocytes of nine G6PD-deficient Sicilian children and of nine 
normal control subjects have been studied. Leukoycte G6PD was 
only one-quarter normal level. The biochemical and biophysical 
characteristics of leukocyte G6PD in our deficient subjects were 
those of  the Mediterranean variant. Leukocyte function tests were 
normal in both series of subjects. These results suggest that neither 
the low levels of this enzyme nor its heat lability impairs leukocyte 
function. In fact, the susceptibility to infections of G6PD-deficient 
subjects is not increased. 
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Extract 

Sections of pancreas from 16 individuals who died with cystic 
fibrosis ( C F )  were classified by morphometric criteria into four 
categories in increasing order of pancreatic involvement. The 
concentration of acini, islets, main ducts, lobular ducts, connective 
tissue, and fat was compared with control levels. The results show 
that in the least involved pancreases, from neonates who died under 5 
months of age, acini were reduced to 33% of control levels and the 
following were increased: islets, to 410%; lobular ducts, to 250%; 
and main ducts, to 1700% of controls. 

With increasing severity of the pancreatic disease the acini were 

further reduced to 5% and lobular ducts to 37% of control levels, 
respectively. Main ducts increased by 19-fold, and fatty infiltration 
accounted for more than 25% of the fresh weight of the pancreas in 
9 of the 16 specimens. 

Comparative biochemical studies of 35 fibrocystic pancreases 
were quantitatively related to the severity of the pancreatic 
involvement as follows. Water and volatile matter, normally 
accounting for 8i)&% of the weight of the fresh pancreas, was re- 
duced to less than 30% in the most affected organs. The concen- 
tration of zinc diminished from near normal mean levels of 193 pg 
Zn/g dry pancreas to 10% of this amount in the severely involved 
pancreas. 
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