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Anemia occurs frequently in man with lead in-
toxication. The degree of anemia varies consid-
erably, but is often quite severe, especially in
children. Hypochromia, basophilic stippling, and
siderocytosis characterize the erythrocytes. There
is evidence in favor of both augmented hemolysis
(1) and impaired hemoglobin synthesis as operat-
ing mechanisms in the pathogenesis of the anemia.

The finding in lead poisoning of increased free
erythrocyte porphyrins has long been known.
The early literature has recently been reviewed
(2). The presence of intracellular iron granules
(3) and the excessive urinary excretion of 8-
aminolevulinic acid and coproporphyrin III (4, 5)
all suggest disturbances in the biosynthesis of
heme.

As a result of the efforts of a number of inves-
tigators, whose work is summarized in Figure 1,
a pathway for the biosynthesis of heme has been
outlined (6-23).

The enzymes necessary for the complete in vitro
synthesis of heme from glycine and succinate can-
not be demonstrated in the non-nucleated, non-
reticulated erythrocyte (24). With 8-aminolevu-
linic acid as substrate, however, the enzymes nec-
essary for conversion to porphobilinogen, uropor-
phyrin, and coproporphyrin remain active in the
mature erythrocyte (25).

The present study was undertaken to discover
whether porphobilinogen and porphyrin synthesis
from 8-aminolevulinic acid was altered in lead
poisoning and iron-deficiency anemia. Porpho-
bilinogen and porphyrin production in vitro was
assayed with 8-aminolevulinic acid as substrate
and hemolyzed erythrocytes of normal individuals
and patients with lead poisoning and iron-de-
ficiency anemia as sources of enzymes. In addi-
tion, the effect of glutathione on in vitro pyrrole
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synthesis was determined in the normal and the
lead-poisoned erythrocyte.

METHODS

Blood was collected with heparin as the anticoagulant
and kept at 0° C until incubation. Hemoglobin concen-
tration, hematocrit, and erythrocyte, reticulocyte, nucle-
ated erythrocyte, and leukocyte counts were determined on
each specimen. The plasma was removed and the cells
were washed twice with ice-cold 0.85% saline. The
erythrocytes were then resuspended in enough cold 0.85%
saline to restore the original volume. The measurements
above were repeated on the resuspended erythrocytes,
which were then lysed by rapid freezing and thawing
twice.

8-Aminolevulinic acid dehydrase activity was deter-
mined by a modification of the method of Granick and
Mauzerall (17). Hemolyzed erythrocytes were used as
a source of enzyme instead of purified enzyme solution.
Each incubation mixture contained 2 ml of lysed erythro-
cyte suspension, including the ghosts, 1 ml of 1/15 M
phosphate buffer at pH 7.2, and 0.2 ml of 0.1 M5-amino-
levulinic acid. Control tubes were identical except that
they contained 0.2 ml of water in place of 8-aminolevulinic
acid.

The air was evacuated from each Thunberg tube con-
taining the lysed cell suspension and buffer, and the tube
was filled twice with nitrogen gas. B-Aminolevulinic acid
or water was added to the incubation mixtures from the
hollow glass stopper of the Thunberg tube just before
incubation, which was accomplished in a shaking water
bath at 370 C for 1 hour.

When glutathione was used, it was added in 0.01 M
concentration to the in vitro system and incubated at
370 C for 1 hour before 5-aminolevulinic acid was added.
Control mixtures of hemolyzed cells with phosphate buffer
were also incubated at 370 C for 1 hour before the sub-
strate was added. Incubation proceeded as above. The
reaction was terminated at 1 hour by the addition of 10 ml
of trichloroacetic acid-mercuric chloride mixture. The
precipitate was removed by centrifugation.

Porphobilinogen was determined by addition of modi-
fied Ehrlich's reagent. Optical density was read in a
Beckman DU spectrophotometer at 553 Atm after 3 min-
utes. 6-Aminolevulinic acid dehydrase activity was re-
ported as umoles porphobilinogen per hour of incubation
per milliliter of packed erythrocytes; the amount of porpho-
bilinogen is the difference between the amounts accumu-
lated with and without added 5-aminolevulinic acid.
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FIG. 1. SIMPLIFIED SCHEMAFOR THE BIOSYNTHESIS OF HEME.

Uroporphyrin, coproporphyrin, and protoporphyrin de- under aerobic conditions in a shaking water bath at
terminations. Blood was collected and hemolyzed as de- 370 C. Control tubes contained 0.2 ml of water in place

scribed above. Incubation mixtures were the same as of 8-aminolevulinic acid.
above, but incubation was allowed to proceed for 4 hours Extraction, fractionation, and determination of copro-

TABLE I

6-Aminolevulinic acid dehydrase activity in normal patients

Whole blood Incubation mixture

Reticu- Reticu-
Patient Hemoglobin Hematocrit Erythrocytes locytes Leukocytes locytes Leukocytes Activity*

g/1lOO ml % 10/d %of erythro- /Al % /
cytes

1 14.5- 44 5.10 1.0 12,500 0.8 2,800 229
2 12.0 38 4.34 0.2 10,400 0.5 1,600 138
3 14.5 46 4.93 0.4 5,400 0.4 400 55
4 13.1 40 4.40 0.6 6,600 0.9 200 28
5 15.0 47 5.26 1.4 14,000 1.2 1,300 209
6 14.5 46 5.14 0.7 5,300 0.5 2,200 327
7 13.3 39.5 4.69 1.1 7,150 0.5 700 133
8 14.1 46.5 5.49 0.4 8,000 0.2 1,700 308
9 15.4 47.5 5.36 0.7 9,250 0.3 50 234

10 12.6 40.5 4.51 0.6 7,600 0.8 250 221
11 13 39 4.96 0.8 5,900 0.8 1,900 199
12 15.4 47 5.27 0.4 7,700 0.6 200 209
13 13.7 43 5.04 0.2 8,150 0.4 2,000 111
14 13.7 44 4.73 0.9 8,500 0.7 2,850 91
15 13.7 42 4.78 0.3 6,600 0.1 1,000 219
16 12.8 40 4.39 0.5 11,000 0.8 1,600 142

Mean 13.8 43.1 4.9 0.6 8,394 0.6 1,300 178

* 6-Aminolevulinic acid dehydrase activity expressed as X 10-3 micromole of porphobilinogen synthesized per milli-
liter of packed red blood cells per hour of incubation.
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TABLE II

6-Aminolevulinic acid dehydrase activity in iron-deficiency anemia

Whole blood Incubation mixture

Reticu- Reticu-
Patient Hemoglobin Hematocrit Erythrocytes locytes Leukocytes locytes Leukocytes Activity*

g/100 ml 106/j4 %of erythro- / % / /4
cytes

1 4.5 21 3.62 0.5 8,600 1.4 4,150 245
2 5.6 23.5 3.74 0.9 0.3 347
3 5.0 22.5 3.38 2.0 9,300 1.2 2,400 464
4 7.0 28.5 3.88 5.3 5,400 1.0 2,800 209
5 5.1 20 3.31 0.3 6,300 0.1 1,700 50
6 7.1 28 4.78 0.3 11,500 0.2 1,900 69
7 9.6 30 4.79 0.7 10,450 0.4 4,200 134
8 8.5 32 4.48 0.4 12,500 0.2 2,800 197
9 6.4 23.5 3.08 0.6 11,300 0.8 8,950 264

Mean 6.5 25.4 3.89 1.2 9,417 0.6 3,612 219

* B-Aminolevulinic acid dehydrase activity expressed as X 10-3 micromole of porphobilinogen per milliliter of packed
red blood cells per hour of incubation.

TABLE III

6-Aminolevulinic acid dehydrase activity in plumbism

Whole blood Incubation mixture

Reticu- Reticu-
Patient Hemoglobin Hematocrit Erythrocytes locytes Leukocytes locytes Leukocytes Activity*

g/lOO ml c 1Q6// %of erythro- A14 %1/
cytes

1 8.6 34 5.1 2.2 8,150 2.0 1,400 31
2 11.2 37 4.38 0.6 5,500 0.2 1,850 137
3 8.8 35 5.3 1.2 16,000 0.4 4,400 72
4 5.8 26 5.2 1.4 6,900 0.1 1,100 152
5 8.0 31 4.03 0.9 44,800 0.3 1,600 105
6 10.6 37 4.92 0.4 6,100 0.1 1,300 182
7 8.8 33.5 4.46 0.9 10,000 0.4 2,400 85
8 11.0 40 5.88 0.5 10,950 0.2 400 17
9 9.2 34.5 5.42 0.3 12,500 0.2 1,100 58

10 11.2 35 4.50 0.9 5,650 0.4 500 88
11 8.8 32 4.76 1.6 14,480 1.8 2,500 53

Mean 9.3 34.1 4.9 .99 12,816 0.6 1,086 89

* b-Aminolevulinic acid dehydrase activity expressed as X 10-3 micromole of porphobilinogen synthesized per milli-
liter of packed red blood cells per hour of incubation.

porphyrin and protoporphyrin followed a modification of
the procedures of Schwartz and Wikoff (26). Uropor-
phyrin was determined by the method of Dresel and Tooth
(27) as outlined by Dresel and Falk (28). On a num-
ber of occasions, after the complete extraction of copro-
and protoporphyrins with 15% HCl, the ethyl acetate
layer was tested for the presence of porphyrinogens.
After shaking with a solution of L2 (29), no additional
porphyrin was found, whether or not glutathione had been
added. Production of porphyrins was expressed in micro-
grams per 100 ml erythrocytes. The porphyrins reported
represent the differences between the control tubes and
those with 8-aminolevulinic acid.

RESULTS

8-A minolevulinic acid dehydrase activity.
Hemolyzed erythrocytes were used rather than

300

FIG. 2. 5-AMINOLEVULINIC ACID DEHYDRASEACTIVITY
IN HEMOLYZEDERYTHROCYTES-NORMAL,IRON-DEFICIENT,
ANDLEAD-POISONED. Activity is given in micromole X 108
of porphobilinogen per hour of incubation per milliliter of
packed erythrocytes.
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TABLE IV

Porphyrin synthesis in normal patients

Porphyrins
Incubation mixture -y

Control* Experimentalt
Reticu-

Patient locytes Leukocytes Uro- Copro- Proto- Uro- Copro- Proto- Total

o i/d,1ag/100 ml erythrocytes
1 0.4 200 2 3 166 492 391 135 1,018
2 0.8 1,600 15 2 70 488 883 64 1,435
3 0.4 2,200 16 12 107 244 230 40 514
4 0.2 1,900 16 3 59 758 223 27 1,008
5 0.4 4,700 12 4 56 572 268 13 853
6 0.4 2,100 7 11 34 638 859 46 1,543
7 0.4 2,500 3 3 58 760 957 90 1,807
8 0.4 4,300 8 2 85 882 896 110 1,888
9 0.4 1,700 4 5 31 180 698 82 960

10 0.4 1,000 3 7 35 760 1,168 71 1,999
11 0.6 3,800 24 3 63 436 1,014 72 1,522
12 0.2 550 18 10 16 176 557 83 816

Mean 0.4 2,213 10.7 5.5 65 532 679 69 1,280

* Water was used in place of 8-aminolevulinic acid.
f 5-Aminolevulinic acid was added to the incubation mixture; values represent the net amount of porphyrin found

after subtraction of control values.

purified enzyme. However, the amount .of por-

phyrins formed in 1 hour under anaerobic condi-
tions in this type of system is small (30).

Data, derived from 16 normal samples, on the
activity of the enzyme necessary for conversion of
8-aminolevulinic acid to porphobilinogen are pre-

sented in Table I. Hematologic information on

each blood sample and the reticulocyte and leuko-
cyte counts on the incubation mixtures are also
included. Hemoglobin concentration varied from
12.0 to 15.4 g per 100 ml, with a mean of 13.8%o.
Hematocrit values ranged from 38 to 47.5%o, with

a mean of 43.1. Erythrocyte counts also were in
the normal range, from 4.34 x 106 to 5.49 X 106
cells per mm3, with a mean of 4.9 x 108. The
mean reticulocyte count was 0.6%o, with a range

of from 0.2 to 1.4%o. Reticulocyte counts in the
incubation mixtures ranged from 0.1 to 1.2%o
again with a mean of 0.6%o. The activity of 8-
aminolevulinic acid dehydrase varied widely in
this group, from 28 x 10-3 to 327 x 10-3, I&mole

porphobilinogen per ml packed erythrocytes per
hour of incubation, with a mean of 178 x 10-a.

Results obtained in erythrocytes from nine chil-

TABLE V

Porphyrin synthesis in iron-deficiency anemia

Porphyrins
Incubation mixture

Control* Experimentalt
Reticu-

Patient locytes Leukocytes Uro- Copro- Proto- Uro- Copro- Proto- Total

% /id jsg/100 ml erythrocytes
1 1.4 4,150 0 4 215 0 170 171 341
2 0.3 6 8 316 216 447 106 769
3 1.2 2,400 13 2 620 52 67 58 177
4 1.0 2,800 14 7 354 158 1,433 300 1,891
5 0.1 1,700 51 18 192 66 474 39 579
6 0.2 1,900 39 24 385 82 381 60 523
7 0.4 4,200 10 10 101 96 383 206 685
8 0.2 2,800 9 18 350 156 523 131 810
9 0.8 8,950 20 7 133 194 812 483 1,489

Mean 0.6 3,622 17.0 11 296 128 521 173 807

* Water was used in place of 6-aminolevulinic acid.
t a-Aminolevulinic acid was added in incubation mixture; values represent the net amount of porphyrin found after

subtraction of control values.
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TABLE VI

Porphyrin synthesis in plumbism

Porphyrins
Incubation mixture

Control* Experimentalt
Reticu-

Patient locytes Leukocytes Uro- Copro- Proto- Uro- Copro- Proto- Total

o / '1d pg/i00 ml erythrocytes
1 2.0 1,400 20 39 1,368 32 360 0 392
2 0.2 1,850 18 8 95 107 398 120 525
3 0.5 4,400 37 13 1,622 156 198 105 459
4 0.1 1,100 59 23 2,770 98 0 202 300
5 0.3 1,600 7 17 1,525 22 0 160 182
6 0.1 1,300 6 8 212 80 399 0 429
7 0.4 2,400 29 37 1,520 0 416 80 496
8 0.2 400 44 57 1,940 16 342 20 378
9 0.2 1,100 29 14 1,890 0 323 190 513

10 1.8 2,500 14 5 1,237 10 199 0 209

Mean 0.6 1,686 26.3 221 1,418 52 259 88 388

* Water was used in place of 5aminolevulinic acid.
t -Aminolevulinic acid was added to the incubation mixture; values represent the net amount of porphyrin found

after subtraction of control values.

dren with iron-deficiency anemia are presented in
Table II. The hemograms reveal the expected
findings of hypochromic microcytic anemia in all
cases. Mean values were: hemoglobin concentra-
tion 6.5 g per 100 ml, hematocrit 25.4%,o erythrocyte

count 3.89 x 100 cells per mm3, and reticulocyte
count 1.2% in whole blood and 0.6%o on the cells
used in the incubation mixture. Again the 8-amino-
levulinic acid dehydrase activity varied widely,
from 50 x 10-3 to 464 X 10-3 Mmole porphobili-

4= 173 1 M=89 1M=12801 M=807 IM=396 I
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FIG. 3. SYNTHESIS OF PORPHYRINAND PORPHYRINOGENIN HEMOLYZEDERYTHROCYTES-
NORMAL, IRON-DEFICIENT, ANDLEAD-POISONED.
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nogen per ml packed erythroctyes per hour, with
a mean of 219 X 103. These results were not
significantly different from the normal.

Results obtained from erythrocytes of eleven
children with lead poisoning are tabulated in Ta-
ble III. All of the patients had some degree of
anemia. Hemoglobin concentrations ranged from
5.8 to 11.2 g per 100 ml, with a mean of 9.3.
The mean hematocrit was 34%o, the mean erythro-
cyte count 4.9 X 106f cells per mm3, the mean
reticulocyte count 0.99%o in whole blood and 0.6%o
on cells used in the incubation mixtures. The
range of values for 8-aminolevulinic acid dehydrase
activity was much lower in this group, 17 X 103
to 182 X 10-3 pmole porphobilinogen per ml
packed erythrocytes per hour, with a mean of 89
X 103. Comparison of the means in the three
groups (Figure 2) indicates that the activity of
8-aminolevulinic acid dehydrase in lead poisoning
is significantly lower than the normal or the iron-
deficiency values. The p value for the difference
between the normal group and the group with
plumbism was between .05 and .01; for the dif-
ference between the groups with iron deficiency
and plumbism, p was less than .01.

Porphyrin and porphyrinogen synthesis from
8-aminolevulinic acid. The results of experiments
designed to measure the synthesis of porphyrins
in the three clinical groups are summarized in

Tables IV, V, and VI. Hemograms in each case
are not listed because they are the same as those
listed previously. There appears to be an inverse
relationship between the erythrocyte porphyrins in
the controls and the amount of porphyrins synthe-
sized. The normal erythrocytes producing the
largest amount of porphyrins in titro had the low-
est amount of free control porphyrins, whereas the
lead-poisoned erythrocytes producing the least
amount of porphyrins from 8-aminolevulinic acid
had the highest levels of free control porphyrins.
This apparent paradox will be discussed subse-
quently. The greatest discrepancy in porphyrin
production was detected in the uroporphyrin
fraction.

The mean of the values for uroporphyrin syn-
thesis by the normal group was 532 jpg per 100 ml
erythrocytes, with a range of 176 to 882 pg. The
mean in the iron-deficiency group was 128 pg per
100 ml erythrocytes, with a range of 0 to 216 pg.
In the lead-poisoned group, the mean was 52 pg
per 100 ml erythrocytes, with a range of 0 to
156 pg.

Coproporphyrin accumulation was also highest
when normal erythrocytes were used as a source
of enzyme. The mean was 679 pg per 100 ml
erythrocytes, with a range of 230 to 1,168 ug.
Coproporphyrin production was slightly lower in
the iron-deficiency group, with a mean of 521 jug

NORMAL
WITHOUT GSH WITH GSH

--

PLUMBI SM

_ _4
6 50 i100 5'0 100 150 260 260 360 350

FIG. 4. 8-AMINOLEVULINIC ACID DEHYDRASEACTIVITY IN HEMOLYZEDERYTHROCYTESWITHOUT
ANDWITH GLUTATHIONE. Activity is given in micromole X 1V of porphobilinogen per hour of
incubation per milliliter of packed erythrocytes.
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per 100 ml erythrocytes and a range of 67 to
1,433 ,ug. The lead-poisoned erythrocytes pro-

duced the least amount of coproporphyrin. The
mean of the determined values was 259 ug per 100

WITHOUT GSH

ml erythrocytes, with a range of 0 to 416 jug.
There was no significant protoporphyrin produc-
tion in any of the three groups.

Comparison of results in the three groups is
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presented graphically in Figure 3. Under the
conditions of these experiments, erythrocytes from
normal persons were found capable of significantly
greater stimulation of uroporphyrin and copropor-
phyrin synthesis than lead-poisoned erythrocytes
(p < .001 and < .05, respectively), and of a sig-
nificantly greater stimulation of uroporphyrin syn-
thesis than iron-deficient erythrocytes (p < .05).
The only other significant difference shown in
Figure 3 is that between the uroporphyrin synthe-
sis of lead-poisoned and iron-deficient cells (p <
.05).

Effect of glutathione on 8-aminolevuslinic acid
dehydrase activity and porphyrin synthesis fromn
8-aminolevulinic acid. 8-Aminolevulinic acid de-
hydrase activity was determined in four normal
subjects and in five patients with lead poisoning
with and without the addition of glutathione to the
incubation mixtures.

Enhancement of 8-aminolevulinic acid dehydrase
activity in the normal group was not significant.
The mean activity without glutathione was 31
X 10 3 /mole porphobilinogen per ml packed ery-
throcytes per hour. This result cannot be com-
pared with the normal mean previously expressed,
since for this experiment, the hemolyzed cells were
incubated for 1 hour at 370 C before the addition
of substrate. The mean activity with glutathione
added was 48 x 10-3 /%mole.

In the patients with plhmbism, however, the
effect of glutathione was striking. The mean
activity without glutathione was 45 x 10 3 Mmole
porphobilinogen and with it, 171 x 10-3 Mmole
(Figure 4).

Porphyrin production from 8-aminolevulinic
acid with and without glutathione is shown in
Figure 5. There was no significant change in
porphyrin synthesis in either normal or lead-
poisoned erythrocytes.

DISCUSSION

Deviations in porphyrin metabolism are known
to occur in association with lead poisoning. Un-
usually large amounts of 8-aminolevulinic acid (5,
31) and porphyrins (32) are found in the urine,
and free erythrocyte porphyrins are markedly ele-
vated (2, 33, 34). It is most likely that these
findings reflect defective heme biosynthesis rather
than abnormalities in heme catabolism (4). Vari-

ous mechanisms have been suggested for the dele-
terious effects of lead. One of the theories postu-
lated suggests diminished enzyme activity in at
least two points, one before the formation of 8-
aminolevulinic acid, and the second at the con-
version of protoporphyrin to heme (21). Other
theories suggested include: inhibition of the inser-
tion of iron into protoporphyrin (34), impaired
formation of protoporphyrin (32, 35), and abnor-
mal activity of three different enzyme systems,
i.e., one catalyzing the formation of copropor-
phyrin, the second responsible for converting
copro- to protoporphyrin, and the third necessary
for the insertion of iron into protoporphyrin to.
form heme (36).

The present study was directed at that part of
the heme biosynthetic pathway between 8-amino-
levulinic acid and coproporphyrin. The findings
indicate that in the lead-poisoned erythrocyte there
is a reduction of activity of 8-aminolevulinic acid
dehydrase, the enzyme necessary for the conver-
sion of 8-aminolevulinic acid to porphobilinogen.
Lead probably affects this enzyme by inactivating
sulfhydryl groups necessary for its activity, since
the defect was reversible by preactivation with glu-
tathione, a potent source of sulfhydryl groups.
This is not a new concept, and was suggested by
Granick and Mauzerall as the explanation for the
inhibition of protoporphyrin synthesis from 8-
aminolevulinic acid in the presence of lead (37).,-

The data also indicate that in the lead-poisoned
erythrocyte, the rate of synthesis of uroporphyrin
and coproporphyrin from porphobilinogen is de-
creased. Preincubation with glutathione did not'
improve the low yield of porphyrins synthesized
from 8-aminolevulinic acid, although it did aug-
ment the synthesis of porphobilinogen. This may
mean that the poor porphyrin synthesis found in
lead poisoning is not entirely the result of lack of
available porphobilinogen. It seems more likely
that lead was responsible for the inhibition of por-
phyrin synthesis at two or more sequential steps
between 8-aminolevulinic acid and coproporphyrin.
Granick and Mauzerall (37) and Dresel and Falk
(38) reported only slight diminution of protopor-
phyrin synthesis from porphobilinogen in the pres-
ence of lead. This would seem to indicate that the
inhibitory effect of lead between porphobilinogen
and protoporphyrin is minor compared with its
effect on 8-aminolevulinic acid dehydrase.
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The marked increase in free erythrocyte por-
phyrins in plumbism and the obvious decrease in
in vitro porphyrin production appears paradoxical
only if it is assumed that high levels of free ery-
throcyte porphyrin can occur only as a result of
increased porphyrin synthesis. The findings can
be as well explained in the presence of decreased
total porphyrin synthesis if there is a major block
at the point of incorporation of iron into proto-
porphyrin to form heme. Such a block has in fact
been demonstrated (39).

Normally most of the porphyrin produced in
the erythrocyte is incorporated into the heme por-
tion of the hemoglobin molecule. Since about 35 g
of hemoglobin is normally present in 100 ml of
erythrocytes and each gram of hemoglobin con-
tains 35 mg porphyrin, there is roughly 1 g por-
phyrin bound in hemoglobin. Also, this volume
of erythrocytes would contain 60 to 100 1Lg free
porphyrin. In lead poisoning, although the free
erythrocyte porphyrins are usually greatly in-
creased, this is only a small fraction of the total
porphyrins normally produced. In our patients
with plumbism, for example, the mean hemoglobin
content was 27 g per 100 ml erythrocytes, a deficit
of 8 g hemoglobin or 245,000 ug porphyrin. The
mean free porphyrin was increased to 1,665 ug per
100 ml erythrocytes, leaving a net deficit of
243,335 Mug of total porphyrin synthesized. In
vivo, therefore, this analysis revealed a marked
drop in total synthesis with a pileup of free
porphyrins.

These experiments have demonstrated deficient
8-aminolevulinic acid dehydrase activity in the
lead-poisoned erythrocyte. Increases in serum and
urinary 8-aminolevulinic acid (5) can, at least in
part, be explained by decreased activity of this
enzyme. It does not necessarily follow, however,
that this is the rate-limiting block in heme biosyn-
thesis accounting for the anemia of lead poisoning.
Evidence has been presented by other investigators
that would seem to indicate that an earlier step,
leading to the synthesis of 8-aminolevulinic acid,
is much more sensitive to the effects of lead (38).

In the erythrocytes of patients with iron-de-
ficiency anemia, 8-aminolevulinic acid dehydrase
was normal. The synthesis of porphyrins from
8-aminolevulinic acid, however, especially uropor-
phyrin, was significantly diminished. This may
indicate interference with porphobilinogen deami-

nase or isomerase activity in iron-deficiency
anemia.

SUMMARY

1. In the lead-poisoned erythrocyte, the activity
of 8-aminolevulinic acid dehydrase, the enzyme
necessary for conversion of 8-aminolevulinic acid
to porphobilinogen, is decreased.

2. In vitro porphyrin production from 8-amino-
levulinic acid is markedly diminished in lead
poisoning.

3. In the lead-poisoned erythrocyte, the 8-
aminolevulinic acid dehydrase deficit can be re-
versed by preactivating the incubation mixtures
with glutathione; however, glutathione preincuba-
tion does not augment in vitro porphyrin produc-
tion from 8-aminolevulinic acid. This seems to
indicate a defect in the biosynthetic pathway for
heme in the sequence beyond porphobilinogen.

4. In erythrocytes in iron-deficiency anemia.
8-aminolevulinic acid dehydrase activity is normal.
In vitro porphyrin synthesis is diminished.
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