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A B S T RA C T Pyrimidine nucleotides, detectable in
normal erythrocytes only in trace quantities if at all,
were found to comprise 7-80% of the intracellular
nucleotide pools in nine subjects with severe lead over-
burden. Blood lead concentrations ranged from -200-
to 400-,ug/dl packed cells, and the greatest accumula-
tions of pyrimidine-containing nucleotides occurred in
the two subjects with the highest blood lead levels.
Most of the patients had mild or moderate anemia and
moderate basophilic stippling evident in Wright's-
stained peripheral smears. Pyrimidine nucleotidase
activities were inhibited to 13-28% of the mean
activity in normal control erythrocytes and even more
so (5-15%) when compared to specimens with in-
creased reticulocytes and young cells. Reticulocytosis
was absent in two subjects and modest to moderate in
the remainder, but erythrocyte assays revealed the sub-
stantial elevations in glucose-6-phosphate dehydro-
genase expected in populations of young mean cell
age. Inappropriately low reticulocyte responses may
reflect hematopoietic suppressive effects of lead at a
variety of metabolic loci.

INTRODUCTION

The nucleotidase (5'-ribonucleotide phosphohydro-
lase, EC3.1.3.5) present in normal human erythrocytes
is highly specific in that it functions only with pyrimi-
dine and not purine nucleotide substrates. Severe
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hereditary deficiency of this enzyme is associated with
a syndrome consisting of hemolytic anemia, markedly
increased basophilic stippling of erythrocytes on the
stained blood film, elevated erythrocyte reduced gluta-
thione (GSH),1 and uniquely, large accumulations of
intraerythrocytic cytidine- and uridine-containing
nucleotides (1, 2). Pyrimidine nucleotides resulting
from RNA degradation in the maturing reticulocyte
are normally rendered diffusible by nucleotidase-
mediated dephosphorylation, but accumulate in cells
with insufficient nucleotidase activity (1). The promi-
nent basophilic stippling is thought to reflect im-
paired ribosomal degradation resulting from feedback
inhibition by pyrimidine-containing end products. The
syndrome has been documented by investigators in
France (3), Israel (4), Spain (5), and Japan2 as well as
in other laboratories in the United States (6, 7).

The similarity of the hereditary syndrome to the
anemia and prominent basophilic stippling character-
istic of certain cases of severe lead intoxication, and
the in vitro sensitivity of erythrocyte pyrimidine
nucleotidase to low concentrations of lead, prompted
our initial investigation of nucleotidase activities in
15 individuals with mild-to-moderate lead overburden
(blood lead = 45-110 ,ug/dl whole blood) (8). Only one
of these subjects was anemic and none exhibited baso-
philic stippling. Significantly diminished nucleotidase

'Abbreviation used in this paper: GSH, reduced gluta-
thione.

2 Miwa, S. Personal communication.
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activity was uniformly observed, but intracellular
accumulations of pyrimidine nucleotides could not be
demonstrated. It was postulated, however, that lead-
induced nucleotidase deficiency, if sufficiently se-
vere, would mimic the genetically determined dis-
order, including the intraerythrocytic accumulation
of pyrimidine nucleotides. Wehave reported a single
case of severe lead intoxication in which the findings
verified the postulate (9). This subject had hemolytic
anemia, reticulocytosis, marked basophilic stippling,
and 15% of normal pyrimidine nucleotidase activity.
12% of the erythrocyte nucleotides was cytidine phos-
phates, however, all disappeared after occupational
exposure to toxic concentrations of lead was discon-
tinued. The present report documents nine additional
cases of severe lead intoxication with greatly diminished
erythrocyte nucleotidase activity and intracellular
accumulations of pyrimidine nucleotides.

METHODS

The methods employed in these studies were identical to
those presented in detail in our earlier report (9). Because
blood lead concentrations essentially reflect those of the
erythrocyte and very little lead is found in plasma (10), the
values recorded in Table I are expressed in micrograms per
deciliter of packed erythrocytes. In contrast, most commercial
laboratories report blood lead concentrations in micrograms
per deciliter of whole blood, a misleading representation of the
actual erythrocyte burden when anemic and nonanemic sub-
jects are compared. The values recorded here have been
computed from whole blood lead concentrations or from

TABLE I
Hematologic and Lead-Assay Values in Nine Subjects

with Lead Toxicity

Packed
cell Hemo- Reticulo- Blood Urine

Patient (Sex) volume globin cytes lead* lead

mil/dl gidl % Aggdl Ag/24 h
packed

cells

Kos (M) 38.0 12.9 4.9 253 659
Re (M) 34.0 9.3 1.0 238 230
D-Sa (F) 26.6 7.8 338 281
Si (F) 24.0 7.9 3.0 236 1,085
Koc (M) 48.5 15.5 1.1 198 100
Pi (M) 44.0 13.4 2.7 200 219
Pr (M) 42.0 13.3 2.8 276 412
Ra (M) 40.5 13.0 3.7 416 192
Si (M) 44.0 15.0 2.9 208 302

Normal controls: <1.0 <60 <100

* In the first four cases, whole-blood lead concentrations were
converted to the recorded values on the basis of the packed
cell volume of each specimen. In the last five cases,
erythrocytes were washed with saline and lead concentra-
tions expressed per 100 ml of packed erythrocytes.

saline-washed erythrocyte suspensions, and converted to
packed cells on the basis of the packed erythrocyte volume
of each specimen. Whereas "normal" erythrocyte lead values
are controversial and obviously vary with environmental
exposure to lead in any given subject, we have arbitrarily
accepted 60-,ug/dl packed cells as an upper limit. This is in
accord with the criteria of Dr. John Hines3, Western Reserve
School of Medicine, Cleveland, Ohio, who kindly provided
specimens of blood from five of the nine subjects with lead
overburden reported here.

Case material

Seven males had heavy occupational exposures to fumes and
dust in industrial operations involving lead. The first ex-
posure of one female subject (Sl) was related to drinking
acidic beverages from pottery coated with lead-containing
glaze. The source of a second exposure in this subject has
not yet been determined. In the other female subject (D-Sa),
intoxication was secondary to chronic oral ingestion of large
amounts of lead in exotic herbal medications, the details of
which have been reported elsewhere (11). Symptoms and
clinical findings varied, but common complaints were fatig-
ability, arthralgia, myalgia, irritability, and abdominal pain.
Other symptoms included impotence, dizziness, nausea,
anorexia, insomnia, decreased powers of concentration,
paranoiac mentation, and manifestations referable to periph-
eral neuropathy. The laboratory documentation of lead over-
burden and hematologic findings are recorded in Table I.

RESULTS

Hematologic values. Hemoglobin values were nor-
mal in two of the nine subjects. The other seven, how-
ever, were anemic with hemoglobin concentrations of
<13.5 g/dl (Table I). In two of these, anemia was severe
with 24- and 27-ml/dl packed cell volumes. Reticulo-
cytes were not significantly increased in two instances
and ranged from -3 to 5% in the others, except for one
which was almost 8%. In all subjects, the Wright's-
stained peripheral blood smear revealed increased
basophilic stippling of erythrocytes, moderate in-
creases being the rule but with very marked stippling
in the cells of subject D-Sa and mild stippling in sub-
ject Re.

Lead toxicity studies. The marked elevations in
erythrocyte lead present in all subjects is also recorded
in Table I. Urinary lead concentrations were also sub-
stantially increased, varying from upper limits of nor-
mal to more than 10-fold normal. Other indicators of
lead toxicity (not tabulated) were obtained in most
instances and confirmed the presence of large tissue
burdens. Blood specimens obtained by Dr. John Hines,
those of the last five subjects of Table I, exhibited free
erythrocyte protoporphyrin concentrations 15-20
times normal, whereas ratios of deactivated to activated
8-aminolevulinic acid dehydratase were increased
_5-8 times.3 These findings are strongly indicative

3Hines, J. Personal communication.
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of significant lead overburdens of relatively long-stand-
ing. In other subjects, urinary 8-aminolevulinic acid
and coproporphyrin were substantially increased, and in
the first four patients recorded in Table I, treatment
with calcium EDTAwas followed by severalfold in-
creases in daily urinary lead excretion.

Erythrocyte nucleotides and nucleotidase activities.
Table II records pyrimidine nucleotidase activity in
enzyme units and the percentage of total erythrocyte
nucleotides containing adenosine, cytidine, and uri-
dine, respectively. In all subjects nucleotidase activity
was greatly depressed, ranging from 13 to 28% of the
normal mean with UMPand from 10 to 27%with CMP
as substrate. If comparison is made to reticulocyte-
rich blood, in which nucleotidase activity is charac-
teristically increased (1, 2), the enzymatic defect is
even more profound. Although reticulocyte counts
were modestly to moderately elevated, even normal in
two instances, there was ancillary evidence that the
blood samples were composed of younger than normal
cells. In seven of eight subjects where assay of erythro-
cyte glucose-6-phosphate dehydrogenase activity was

performed, the values were <3 SD above the normal
mean. Increased glucose-6-phosphate dehydrogenase
activity is regularly observed in erythrocyte popula-
tions of young mean cell age and diminishes in activity
as the erythrocytes age.

In eight subjects, cytidine and uridine nucleotides

comprised 7-27% of total cell nucleotides. Normally,
pyrimidine-containing nucleotides are present in van-

ishingly small amounts in either normal or reticulocyte-
rich erythrocyte populations (12-20) and are un-

detectable by the methods (21, 22) employed in our

laboratory. In one patient (D-Sa), pyrimidine nucleo-
tides constituted 80% of the total nucleotides present,
a percentage comparable to that observed in homozy-
gotes with genetically induced nucleotidase defi-
ciency. This subject had the second highest blood lead
concentration in this series and also had the most se-
vere clinical manifestations of lead toxicity observed
in any of the patients studied.

Erythrocyte GSH. For reasons not yet apparent,
elevated erythrocyte GSH is characteristic of severe,
genetically determined pyrimidine nucleotidase de-
ficiency, presumably as an epiphenomenon. This has
been observed in only a single subject with lead-
induced deficiency (patient Pi, erythrocyte GSH
= 1,292 ,ug/1010 cells, normal = 740+ 110).

Ribosephosphate pyrophosphokinase. The heredi-
tary nucleotidase defect is also associated with a sig-
nificant but partial deficiency (-30%) of erythrocyte
ribosephosphate pyrophosphokinase (5-phosphoribosyl-
1-pyrophosphate synthetase, EC 2.7.6.1) (1). None of
the subjects reported herein, nor any of the lead-toxic
subjects reported previously (8, 9) has exhibited any
abnormality in this erythrocyte enzyme.

TABLE II
Erythrocyte Nucleotides and Pyrimidine Nucleotidase Activities in Nine Subjects with Lead Toxicity

Pyrimidine nucleotidaset
Cytidine

Patient Adenosine* Cytidine Uridine + uridine UMP CMP

%of total intracellular nucleotides EU EU

Kos 93.0 7.0 0.0 7.0 2.4 1.5
Re 88.0 12.0 0.0 12.0 1.4 0.7
D-Sa 19.4 50.4 30.2 80.6 2.7 1.5
Si 88.6 4.8 6.6 11.4 1.5 1.1
Koc 80.9 2.2 16.9 19.1 2.8 1.9
Pi 89.4 1.4 10.2 11.7 2.8 2.0
Pr 87.0 7.6 5.4 13.0 1.3 0.8
Ra 75.0 10.8 14.2 25.0 2.0 1.5
Si 84.8 5.1 10.1 15.2 1.6 0.7

Normal (n = 27) 100.0 0 0 0 9.9 7.4
(SD = 2.5) (SD = 1.8)

High reticulocyte controls
(4-41%, n = 13) 100.0 0 0 0 18.9 13.5

The methods of blood sample collection used by various contributors precluded accurate quantitative
measurements of total nucleotide concentrations. Values expressed as percentages were derived from
chromatographic partitioning.
* Values for adenosine include its deaminated derivative, inosine.
* Nucleotidase activities are expressed in enzyme units (EU) equivalent to micromoles of inorganic
phosphorus liberated per hour per gram of hemoglobin at 37°C using UMPor CMPas substrates (2).
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DSr ........................ CoNTROL MEAN
These studies provide strong confirmatory evidence
that lead-induced deficiency of erythrocyte nucleo-
tidase closely resembles the syndrome associated
with the hereditary deficiency state including its
unique feature, accumulation of pyrimidine nucleo-
tides within affected erythrocytes. The latter phenome-
non has been reported only in homozygously inherited
nucleotidase deficiency (1, 3-7) and in one case of
severe lead toxicity (9). Individuals exposed to lower
levels of lead and those who are heterozygous for the
hereditary deficiency both may have significantly re-
duced nucleotidase activities but do not have demon-
strable intracellular pyrimidines (1, 8). Whereas vari-
ably diminished erythrocyte nucleotidase activity
is characteristic of lead intoxication in general, accumu-
lation of pyrimidines apparently occurs only when lead
overburden and the resultant enzyme deficiency are
severe. From the data presented here and in our previ-
ous reports (8, 9) it would appear that lead concentra-
tions in the region of 200-,ug/dl packed erythrocytes
are required before intracellular pyrimidine nucleo-
tides are readily detectable.

It should be emphasized that assays of erythrocyte
lead content and of nucleotidase activities both repre-
sent mean values for a large population of cells of vary-
ing ages. It is entirely possible that both measurements
may differ significantly among various cohorts of cells
making up the total population. In addition, accumula-
tion of pyrimidine nucleotides is possible only during
a very brief period in the life of the non-nucleated
erythrocyte, namely, that period during which RNA
degradation is occurring as the reticulocyte matures.
After these degradative products have been cleared
from the cell, the enzyme no longer has a function.
Therefore, nucleotidase inhibition in a sufficiently
matured erythrocyte would not result in pyrimidine
nucleotide build-up and basophilic stippling. For these
reasons, one would not expect rigid correlations among
blood lead concentrations, nucleotidase activities, and
concentrations of pyrimidine nucleotides, especially
in severe intoxications such as these in which the
nucleotidase is probably maximally depressed. A gen-
eral correlation is evident, however, in that pyrimidine
nucleotides accumulate only when blood lead concen-
trations are high and when nucleotidase activities are
very low. The two subjects with the highest blood lead
concentrations showed the most significant ratios of
pyrimidine to adenine nucleotides. 80%of the erythro-
cyte nucleotide pool in one of these cases (D-Sa) con-
sisted of pyrimidine nucleotides, about the same per-
centage observed in cells of homozygotes with geneti-
cally determined nucleotidase deficiency.

These general correlations are evident in Fig. 1
which shows nucleotidase activity as a function of
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FIGURE 1 Pyrimidine nucleotidase activities with uridine
and cytidine 5'-monophosphate substrates (UMP and CMP)
as a function of lead concentration in erythrocytes (RBC)
from subjects with varying degrees of lead overburden. Open
symbols are from individuals with chronic low-level lead
exposures and no evidence of intracellular pyrimidines (8).
Solid symbols represent cases of acute lead toxicity includ-
ing one previously reported (9), indicated by *, all of
whomhad demonstrable intraerythrocyte pyrimidine nucleo-
tides. Means and standard deviations depicted are based on
current laboratory values, and each point is the mean of at
least two determinations. Correlation coefficients using UMP
and CMPas substrates were -0.5 and -0.7, respectively.

erythrocyte lead content in 23 of the 25 subjects pre-
sented in this and in our previous studies (8, 9). (There
were insufficient data to convert lead levels to packed
cell concentrations in two of the chronically exposed
individuals [8].) From these data, it is apparent that
nucleotidase activity is progressively inhibited as eryth-
rocyte lead concentrations increase until the latter
reaches -200-,ug/dl packed cells, at which point the
enzyme activity appears to be maximally depressed.
Although this is far from a precise threshold, it is about
the same point that intracellular pyrimidines become
readily detectable.

Unlike hereditary nucleotidase deficiency where a
single molecular lesion is implicated, lead affects ma-
ture erythrocytes and their precursors at multiple meta-
bolic loci. Lead-induced nucleotidase deficiency is
thus one of several pathogenetic mechanisms con-
tributing to biochemical aberrations in the cell and
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consequent hematologic abnormalities. The anemia of
lead overburden may also be associated with ineffec-
tive erythropoiesis and impaired, inappropriately low,
reticulocyte responses. Wtih the exception of patient
D-Sa reported here and in our earlier reported case (9),
marked reticulocytosis has not been a consistent fea-
ture of the lead-induced deficiency. Nonetheless, the
markedly increased glucose-6-phosphate dehydro-
genase activities indicated that peripheral erythrocytes
in these subjects had a considerably younger mean cell
age than normal populations.

The percentage of erythrocytic pyrimidine-contain-
ing nucleotides in cases of lead toxicity, with one ex-
ception (D-Sa), has been much lower than in the genet-
ically determined syndrome. In the latter, partial
deficiency of the activity of ribosephosphate pyrophos-
phokinase (PRPP synthetase) and increased erythrocyte
GSHconcentrations have consistently been observed
as unexplained epiphenomenon. At present, neither
has been observed in the cells of subjects with lead
overburden, with the single exception of an increased
concentration of GSHin patient Pi.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the technical assistance
of Mss. S. Gordon, M. Nakatami, Messrs. J. Brown, R. Brock-
way, A. Eldakar, and E. Guereque. Wealso express our grati-
tude to Dr. Harvey Gonick and Dr. Robert Lehrer ofthe UCLA
Department of Medicine, to colleagues from Stanford Uni-
versity School of Medicine cited in reference 11 and to Dr.
John Hines, Department of Medicine, Western Reserve
School of Medicine, Cleveland, Ohio, for referring blood
samples from subjects with severe lead overburden.

This work was supported by research grant HLB 12944 from
the National Institutes of Health, U. S. Public Health Service.

REFERENCES

1. Valentine, W. N., K. Fink, D. E. Paglia, S. R. Harris, and
W. S. Adams. 1974. Hereditary hemolytic anemia with
human erythrocyte pyrimidine 5'-nucleotidase defi-
ciency. J. Clin. Invest. 54: 866-879.

2. Paglia, D. E., and W. N. Valentine. 1975. Characteristics
of a pyrimidine-specific 5'-nucleotidase in human eryth-
rocytes. J. Biol. Chem. 250: 7973-7979.

3. Rochant, H., B. Dreyfus, R. Rosa, and M. Boiron. 1975.
First case of pyrimidine 5'-nucleotidase deficiency in a
male. 3rd Meeting of the European and African Division
of the International Society of Hematology, London.
1: 19. (Abstr.)

4. Ben-Bassat, I., F. Brok-Simoni, G. Kende, F. Holtzman,
and B. Ramot. 1976. A family with red cell pyrimidine
5'-nucleotidase deficiency. Blood. 47: 919-922.

5. Vives-Corrons, J. L., E. Montserrar-Costa, and C. Rozman.
1976. Hereditary hemolytic anemia with erythrocyte

pyrimidine 5'-nucleotidase deficiency in Spain. Hum.
Genet. 34: 285-292.

6. Oda, S., and K. R. Tanaka. 1976. Biochemical studies in
erythrocyte pyrimidine 5'-nucleotidase deficiency. Clin.
Res. 24: 441A. (Abstr.)

7. Torrance, J., C. West and E. Beutler. 1977. A simple rapid
radiometric assay for pyrimidine-5'-nucleotidase. J. Lab.
Clin. Med. 90: 563-568.

8. Paglia, D. E., W. N. Valentine, and J. G. Dahlgren. 1975.
Effects of low-level lead exposure on pyrimidine 5'-
nucleotidase and other erythrocyte enzymes. Possible
role of pyrmidine 5'-nucleotidase in the pathogenesis of
lead-induced anemia. J. Clin. Invest. 56: 1164-1169.

9. Valentine, W. N., D. E. Paglia, K. Fink, and G. Madokoro.
1976. Lead poisoning. Association with hemolytic
anemia, basophilic stippling, erythrocyte pyrimidine
5'-nucleotidase deficiency, and intraerythrocytic accumu-
lation of pyrimidines. J. Clin. Invest. 58: 926-932.

10. Albahary, C. 1972. Lead and hemopoiesis. The mecha-
nisms and consequences of the erythropathy of occupa-
tional lead poisoning. Am. J. Med. 52: 367-378.

11. Lightfoote, J., H. J. Blair, and J. R. Cohen. 1977. Lead
intoxication in an adult caused by Chinese herbal medi-
cation. J. Am. Med. Assoc. In press

12. Minakami, S., C. Suzuki, T. Saito, and H. Yoshikawa.
1965. Studies on erythrocyte glycolysis. I. Determination
of the glycolytic intermediates in human erythrocytes.

J. Biochem. (Tokyo). 58: 543-550.
13. Bartlett, G. R. 1959. Human red cell glycolytic inter-

mediates. J. Biol. Chem. 234: 449-458.
14. Bishop, C. 1961. Changes in the nucleotides of stored

or incubated human blood. Transfusion. (Phila.). 1: 349-
354.

15. Bishop, C., D. M. Rankine, and J. H. Talbott. 1959. The
nucleotides in normal blood. J. Biol. Chem. 234: 1233-
1237.

16. De Luca, C., J. H. Stevenson, Jr., and E. Kaplan. 1962.
Simultaneous multiple-column chromatography: its
application to the separation of the adenine nucleotides
of human erythrocytes. Anal. Biochem. 4: 39-45.

17. Mandel, P., P. Chambon, H. Karon, I. Kulic, and M. Serter.
1962. Nucle6tides libres des globules rouges et des
r6ticulocytes. Folia Haematol. (Leipz.). 78: 525-543.

18. Mills, G. C., and L. B. Summers. 1959. The metabolism
of nucleotides and other phosphate esters in erythrocytes
during in vitro incubation at 37°. Arch. Biochem. Biophys.
84: 7-14.

19. Scholar, E. M., P. R. Brown, R. E. Parks, Jr., and P. Cala-
bresi. 1973. Nucleotide profiles of the formed elements
of human blood determined by high-pressure liquid
chromatography. Blood. 41: 927-936.

20. Yoshikawa, H., M. Nakano, K. Miyamoto, and M. Tati-
bana. 1960. Phosphorus metabolism in human erythrocyte.
II. Separation of acid-soluble phosphorus compounds
incorporating P32 by column chromatography with ion
exchange resin. J. Biochem. (Tokyo). 4: 635-648.

21. Fink, K., and W. S. Adams. 1966. Paper chromatographic
data for purines, pyrimidines and derivatives in a variety
of solvents. J. Chromatogr. 22: 118- 129.

22. Fink, K., R. E. Cline, and R. M. Fink. 1963. Paper chroma-
tography of several classes of compounds: correlated Rf
values in a variety of solvent systems. Anal. Chem. 35:
389-398.

1366 D. E. Paglia, W. N. Valentine, and K. Fink


