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During periods of rapid growth and development, chromosomal and DNA damage has been observed in hepatic 
tissue samples of zinc-deprived animals. In this study, the erythrocyte micronucleus assay was used to estimate 
cytogenetic damage due to zinc deprivation in pregnant rat dams and their fetuses. Rat dams were assigned to 
one of three dietary groups on day 0 of gestation: zinc deficient (CO.5 kg of zinclg of diet), zinc adequate (50 
pg of zinclg of diet), and pair-fed (50 pg of zinc/g of diet in an amount matched to daily food intake of the 
zinc-deficient group). By day 19 of gestation, the zinc-deprived dams had gained no weight during pregnancy and 
had resorbed nearly half their implantation sites. Of their remaining fetuses, one-third were malformed, and all 
were growth-retarded. Fetuses from the zinc-deficient group had only one-half of the liver zinc concentration of 

fetuses in the zinc-adequate and pair-fed groups. In contrast, zinc deprivation of the dams caused no change in 
liver zinc concentrations but reduced plasma and bone zinc concentrations and elevated liver iron concentrations 
nearly 2 fold. In spite of their excessively high liver iron stores, erythrocyte production, estimatedfrom the ratio 
of newly formed to older cells, was suppressed in the zinc-deprived dams. There was no observable increase in 
the frequency of micronuclei, a measure of chromosomal damage, in recently formed or mature erythrocytes in 
zinc-deficient rat dams or their fetuses. (J. Nutr. B&hem. 6:263-268, 1995.) 
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Introduction 

Severe zinc deficiency in rodents is characterized by the 
rapid onset of metabolic abnormalities and impaired func- 
tion. l-3 The metabolic insult is proportional to the duration 
and intensity of the zinc deprivation, especially during pe- 
riods of ra id growth and development, e.g., weanling and 
gestation. I& 

The metabolic defects of zinc deficiency have been hy- 
pothesized to include several effects related to DNA and 
RNA synthesis. Impaired nucleic acid synthesis, reduced 
thymidine kinase activity, mitotic dysfunction, excessive 
chromatin condensation, and oxidative stress have been ob- 
served in zinc-deficient animals and humans.“” In addi- 

Presented in part at FASEB Annual Meeting, 1991, Atlanta, GA USA. 
Address reprint requests to Dr. Janet C. King at the Department of Nutri- 
tional Sciences, University of California, Berkeley, CA 94720-3104 USA. 
Received June 10, 1994; revised November 21, 1994. 

tion, zinc is a component of many proteins that alter gene 
activation and repression. 11*12 

Data from three studies suggest that impaired nucleic 
acid synthesis due to zinc deprivation is associated with 
chromosomal damage.13-15 Bell et a1.,13 using metaphase 
analysis, observed chromosomal damage in liver tissue 
samples from magnesium- and zinc-deficient Sprague- 
Dawley rat dams and their fetuses. These investigators iden- 
tified chromosomal gaps, deletions, and fragmentation with 
zinc deficiency, suggesting chromosomal damage due to 
disrupted synthesis of nucleic acids. More recently, two 
groups14*15 using an alkaline precipitation assay have re- 
ported DNA single-strand breakage in liver tissue of zinc- 
deficient, weanling SpragueDawley rats and infant Rhesus 
monkeys. 

The purpose of this 
micronucleus assay,lC1* 

study was to use the erythrocyte 
a screening test for in vivo cyto- 

genetic damage, to determine if zinc deficiency during 
pregnancy causes chromosomal damage in erythrocyte pro- 
genitors. Micronuclei arise in cells when chromosomes or 
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their fragments lag at anaphase and are not incorporated into 
the daughter cell nucleus. Acentric chromosomal frag- 
ments, bridged chromosomes, and chromosomes lost due to 
spindle abnormalities all result in micronucleus formation. 
MacGregor et al. 19**’ reported increased frequency of mi- 
cronuclei (Howell-Jolly bodies) in circulating red blood 
cells with dietary deprivation of folate or magnesium. Be- 
cause RBC progenitors are a rapidly dividing cell popula- 
tion and because micronuclei are known to arise from the 
types of genetic damage reported in liver during zinc defi- 
ciency, we expected this endpoint to be a sensitive indicator 
of genetic damage resulting from zinc deficiency. 

Materials and methods 

Virgin SpragueDawley rats weighing 200 to 220 g (Simonsen, 
Gihoy, CA) were housed individually in stainless steel hanging 
cages in temperature (22 to 23°C) and photoperiod (12 hr/day) 
controlled rooms. The rats were allowed to acclimate for 10 days 
and were provided commercial chow diets (Purina Rat Chow, St. 
Louis, MO) and tap water ad libitum. The rats were mated, and 
day 0 of gestation was determined by the presence of sperm plugs. 

On day 0 of gestation, the rat dams were assigned randomly to 
one of three diet groups. The control group (ZnAd, n = 12) was 
fed a nutritionally complete, semipurified 25% egg white albumin 
diet containing 50 Fg of Zn/g of diet. The experimental group 
(ZnDef, n = 13) was fed the same diet as the ZnAd group, except 
that the zinc content was less than 0.5 pg of Zn/g of diet. The 
pair-fed control group (Prfed, n = 8) was fed the 50 pg of Zn/g 
of diet in an amount equal to the mean daily food intake of the 
ZnDef group. The ZnAd and ZnDef groups were fed ad libitum. 

All diets contained 50 pg of Fe/g. The dietary formulation and 
preparation have been described previouslyzl; only the protein 
source was changed. Triply deionized water was provided ad li- 
bitum from plastic water bottles with stainless-steel sipper tubes 
(Nalgene, Rochester, NY). Food intake and body weight were 
recorded daily. 

On day 19 of gestation, dams were anesthetized by CO, as- 
phyxiation. Laparotomies were performed, and blood was col- 
lected from each dam by cardiac puncture into polypropylene sy- 
ringes containing zinc-free heparin (LyphoMed, Rosemont, IL). 
Blood was centrifuged for 15 min at 25OOg. Plasma was removed 
with plastic transfer pipettes and stored frozen in acid-washed 
polypropylene tubes until analysis. 

At necropsy, the uterus was examined intact, and the number 
of fetuses and resorption sites were recorded. The uterus and con- 
ceptus were dissected from the attached tissues and weighed. In- 
dividual fetuses were removed, weighed, and examined for gross 
structural anomalies, e.g., limb morphology and cleft lip. Fetal 
tissues were pooled for mineral determinations, except for the 
second fetus from the dam’s right uterine horn, which was re- 
served for micronucleus evaluation. This fetus was killed by sev- 
ering the cervical column with a razor blade; blood was collected 
in a microcapillary tube, 5 to 10 JLL was smeared onto a slide, then 
air-dried, and fixed as described below. 

In the rat dams, bone marrow rather than blood was used for 
the micronucleus evaluation because the mature spleen removes 
micronucleated erythrocytes from the peripheral circulation.” 
Therefore, bone marrow was sampled from the dams for slide 
preparation. The left femur was immediately removed from the 
dam at necropsy and flushed with 0.5 mL of fetal calf serum as 
described by Schmid.23 Smears were prepared, air-dried, fixed in 
absolute methanol for 2 mitt, and then air-dried again. 

Smears were stained with acridine orange, a fluorescent dye 

that differentiates DNA from RNA or RNA-protein complexes, as 
described previously by Hayashi et al.24 Microscope conditions 
utilized a fluoroscein (FITC) filter set (excitation is 450 to 490 nm, 
with a 510 nm dichromatic beam splitter and a 520 rmr barrier 
filter). Under these conditions, RNA fluoresces red-orange, and 
DNA fluoresces bright yellow. Normochromatic erythrocytes are 
unstained or a very dull greenish color, yet visible. 

Slides were randomized and scored at 630x under oil immer- 
sion by a skilled observer who was unaware of the identity of the 
sample on the slides (i.e., slides were coded and scored “blind”). 
In the dams’ slides, micronuclei were scored in two populations of 
at least 500 cells each, and the ratio of polychromatic erythrocytes 
(PCEs, newly formed, RNA-positive erythrocytes) to normochro- 
matic erythrocytes (NCEs, older, RNA-negative erythrocytes) was 
determined by a count that included at least 500 of the prevalent 
cell type. In the fetal smears, micronuclei were scored in three 
populations”: two distinct populations of RNA-positive erythro- 
cytes (newly formed, uniformly stained erythrocytes [UEs]; or 
older, stippled erythrocytes [SEs]), as well as more mature RNA- 
negative erythrocytes (NCEs). The percentage of each subpopu- 
lation, i.e., newly formed and older RBCs, was calculated from 
the total number of cells scored, which included at least 500 of 
each RNA-positive cell type. 

Maternal plasma, liver, and the right femur were removed and 
stored at - 20°C for subsequent analysis of zinc and iron concen- 
trations by atomic absorption spectrophotometry (AAS, Thermo- 
Jarrell Ash 22, Franklin, MA). The spleen and kidney were also 
removed and weighed. Soft tissue was ashed in a low temperature 
asherz5 (LTA, Branson IPC, Hayward, CA), and the ash was 
diluted in 0.1 N HNO,. Bone was wet ashed in concentrated nitric 
acid according to the method of Clegg et al.26 Metal standards and 
reference bovine liver (SRM 1577 (a), National Bureau of Stan- 
dard [NBS], Gaithersburg, MD) and an internal plasma standard 
were prepared in the same matrix as samples and with each anal- 
ysis. The bovine liver standard was analyzed to contain 1.78 + 
0.76 p,mol Zn/g. Published values are 1.88 + 0.12 p,mol Zn/g. 
Within- and between-run coefficients of variation were 1.8 and 
2.8% for bovine liver and the internal standard, respectively. 

All data are reported as mean + SEM. One-way analysis of 
variance was used to compare growth, food intake, mineral con- 
centrations, and fetal number and teratology with dietary zinc 
intake and caloric restriction. The Scheffe post hoc test was used 
to compare mean values of the ZnAd, Prfed, and ZnDef groups. 
Stepwise regression was used to evaluate relationships between 
variables (StatView SE Abacus, Inc., Berkeley, CA). The Kas- 
tenbaumBowman test27 was used to compare frequencies of mi- 
cronuclei in red blood cell population types of each treatment 
group with the control. 

Results 

Gestational weight gain 

From day 0 to day 19 of gestation, ZnAd dams gained an 
average of 90 + 4 g, ZnDef dams gained no weight (P C 
O.OOl), and Prfed dams gained 67 f 2 g (Figure I), sig- 
nificantly less than the ZnAd and significantly more than 
the ZnDef (P < 0.05, Table 1). Thus, by day 19, ZnAd 
dams increased their body weight by 40% and Prfed dams 
by 30%. Weights of the liver, kidney, and spleen were 
reduced in proportion with body weight in the ZnDef and 
Prfed groups. 

Food intake averaged 19 g/day for the ZnAd and 13.5 
g/day for the ZnDef and Prfed dams. The ZnAd and Prfed 
dams had the same gain in body weight for each gram of 
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successful. ZnDef dams further resorbed 44% of their ob- 
servable implantation sites, and 34% of their fetuses had 
gross teratology (Table 1). For example, the most common 
malformation was short or curly tail (n = 13), followed by 
cleft palate (n = 8), fused or missing digits (n = 5), and 
open gut (n = 4); types of malformations tended to be 
similar among litter mates. In contrast, there were only two 
resorption sites in the ZnAd group and none in the Prfed 
group, and no deformities in either (Table 2). 

Tissue mineral concentrations 

Compared with the ZnAd group, plasma zinc concentra- 
tions were reduced 25% in the Prfed and nearly 70% in the 
ZnDef groups (P < 0.05, Table 2). Femur zinc concentra- 
tions were also reduced significantly in Prfed and ZnDef 
dams (P < 0.05, Table 2). 

Day of Gestation 

Figure 1 Body weight (g) from day 0 through day 19 of gestation 
in dams fed diets containing 50 kg of Zn/g ad libitum (ZnAd,w, or 
calorically matched to the group fed the zinc deficient diet (Prfed, 
-83, or fed a zinc-deficient diet containing 0.5 pg of Zn/g (Zndef,e. 

In contrast, liver iron concentrations were elevated in the 
ZnDef (P < 0.05) dams compared with those fed adequate 
zinc diets (Table 2). Liver zinc concentrations were un- 
changed, however, and averaged 0.32 pmol Zn/g of wet 
tissue weight for all groups. 

food ingested (i.e., the feed efficiency was similar), but the 
ZnDef dams had no net weight gain (P < 0.05) (Table 1). 

Fetal growth and development 

At day 19 of gestation, the average weight of pups from the 
ZnDef dams was less than 50% of those of the ZnAd and 
Prfed dams (F’ < 0.05) (Table I). Litter size was reduced 
more than 40% in the ZnDef compared with the ZnAd and 
Prfed groups (Table I). On day 0, 23 rats in the ZnDef 
group were positive for sperm plugs, but more than 40% 
showed no evidence of uterine implantation on day 19. In 
85% of the ZnAd and Prfed dams, pregnancy outcome was 

In the zinc-deficient rats that had no visible evidence of 
implantation at day 19 (n = 8), the pregnancy presumably 
failed at a very early stage. Because they have no direct 
comparison group, their tissue mineral concentrations are 
included for information only. Tissue mineral levels were 
slightly higher than the ZnDef pregnant dams, and mea- 
sured: plasma zinc, 8.5 + 0.1 p,mol/dL; liver zinc and iron, 
0.31 + 0.04 and 4.12 + 1.2, respectively; and femur zinc, 
1.75 + 0.08 pmoYg of wet tissue weight. 

Fetal livers were pooled by litter for mineral determina- 
tions. In contrast to their dams, fetal liver iron concentra- 
tions were not elevated in the ZnDef group, and liver zinc 
concentrations were significantly reduced in ZnDef fetuses 
compared with groups fed adequate zinc diets (P C 0.05) 
(Table 3). 

Table 1 Pregnancy outcomes of rat dams fed diets containing 50 
pg of Zn/g and ~0.5 Kg/g from day 0 to day 19 of gestation* 

Erythrocyte micronuclei 

Zinc 
adequate Pairfed 

Zinc 
deficient 

No. of dams 
Dam wt gain 

(g/W0 
Dam wt gain (g 

gain/g food 
intake) 

Fetal wt, d 19 (g) 
Litter size 
No. of implantation 

sites/dam 
No. of resorption 

sites/dam 
No. fetuses with 

gross 
malformations/ 
total no. fetuses 

12 8 

22.5 k 3.2= 15.6 + 2.2b 

Using the Kastenbaum-Bowman test, frequencies of micro- 
nucleated erythrocytes per 1000 erythrocytes showed no 
significant differences due to dietary treatment. The mean 
values were as follows: ZnAd dams (n = 12) had 1.3 k 

13 
0.5, Prfed dams (n = 8) had 1.5 + 0.5, and ZnDef dams 
(n = 13) had 1.4 + 0.5 micronucleated PCEs/lOOO PCEs; 

-0.1 - ? 3.2’ 

0.25 k 0.01 a 
2.3 -+ O.la 

11.8 f 0.3a 

11.9 -+ 0.6a 

0.2a 

0.26 * 0.01 a 
2.1 2 O.la 

12.9 + 0.7a 

12.9 + 0.7a 

Oa 

0/141a O/l 03a 

Ob 
1.0 2 O.lb 
6.8 2 1.4b 

12.1 ? 0.3” 

5.3 f 1 .Ob 

30/8gb 

*Values are shown as means ? SEM. 
TValues not sharing a common superscript letter are significantly 
different at P < 0.05. 

Table 2 Tissue mineral concentrations of rat dams fed diets con- 
taining 50 or ~0.5 f.r,g Zn/g from d 0 to d 19 of gestation’,’ 

Zinc Zinc 
adequate Pairfed deficient 

No. of dams 12 7 
Plasma zinc (pmol/dL) 18.2 * 0.5a 13.5 + 0.3b 6.3 20.9’ 
Femur zinc (pmol/g) 2.11 f 0.05a 1.94 + 0.03b 1.59 f 0.03” 
Liver iron (pmol/g) 1.86 2 0.18a 2.3 rt 0.18ab 3.31 ” 0.28b 
Liver zinc (+mol/g) 0.30 f 0.03’ 0.33 f 0.08’ 0.33 f 0.09= 

*Values are shown as means 2 SEM. 
TValues not sharing a common superscript letter are significantly 
different at P < 0.05. 
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Table 3 Tissue mineral concentrations of fetuses of rat dams fed 
diets containing 50 or ~0.5 &Q of Zntg from day 0 to day 19 of 
gestation*+* 

Zinc 
adequate Pairfed 

Zinc 
deficient 

No. of dams 12 7 8 
Liver iron (~mol/g)§ 4.24 st O.l@ 4.11 2 0.21a 3.99 rt 0.76= 
Liver zinc (~mol/g)§ 0.73 + 0.03a 0.76 ‘-t 0.03a 0.38 rt 0.3b 

“Values are shown as means -+ SEM. 
tValues not sharing a common superscript letter are significantly 
different at P < 0.05. 
*Fetal tissues from same litter were pooled for mineral determina- 
tions 
§Wet weight. 

and 0.16 + 0.10, 0.0, and 0.44 +- 0.22 NCEs/lOOO NCEs, 
respectively. 

In the fetuses, micronucleated UEs/lOOO numbered 5.2 
f 0.8 in the ZnAd (n = 12), 5.2 tr 1.2 in the Prfed (n = 
8), and 5.5 zt 0.9 in the ZnDef (n = 10) group; SEsllOOO 
SEs were 2.2 + 0.7, 4.4 2 1.7, and 2.6 +_ 0.9, respec- 
tively. Micronuclei were not associated with degree or type 
of malformation. 

Erythrocyte production 
Effects on erythrocyte formation were monitored by com- 
paring the proportion of the newly formed red blood cells (a 
parameter analogous to reticulocyte count) to older red 
blood cells. In ZnAd and Pried dams the newly formed red 
blood cells, the PCEs, comprised nearly one-half of total 
bone marrow RBCs. In the ZnDef dams, PCEs accounted 
for less than one-third (P < 0.05) of total RBCs (Table 4). 
The percentage of newly formed RBCs was markedly re- 
duced (P < 0.05) in the ZnDef dams, indicating suppres- 
sion of bone marrow e~~o~iesis in the dams at day 19 of 
gestation. 

Table 4 Percent of erythrocyte subpopulations in rat dams fed 
diets containing 50 or <0.5 kg of Znlg from day 0 to day 19 of 
gestation and their fetuses”,t 

Zinc 
adequate Pairfed 

Zinc 
deficient 

No. of dams* 12 
% Peg 44 It 3a 
% NCE” 56 +- 4a 
No. of fetuses” 12 
% UE** 83 ” 7a 
% SEtt 15-c2a 
% RNA negative” 2.9 It 0.7 

45 i83* 31 132b 
55 -c 3a 69 t 2” 

8 
77 ?c 7a 81 :07a 
22 + 2a 15rt2a 

2.6 -c 0.3= 2.7 ‘- 0.5a 

‘Values are shown as means 2 SEM. 
tValues not sharing a common superscript letter are significantly 
different at P < 0.05. 
$Erythrocyte smears were made from bone marrow samples. 
§Newly formed, RNA positive (polychromatic) erythrocytes. 
“RNA negative (norm~hromati~) erythrocytes. 
~E~hroc~e smears were made from peripheral blood. 
**Newly formed, uniformly staining RNA positive erythrocytes. 
ttOlder, stippled RNA positive erythrocytes. 

The plasma zinc ~oncen~tion was signi~c~tly corre- 
lated with erythrocyte formation (r = 0.62, P < 0.001). 
Using stepwise regression analysis, the addition of fetal 
liver zinc and dam femur zinc further strengthened the re- 
lationship of zinc status with erythrocyte fo~ation in dams 
(r = 0.77, P -c 0.001). 

In the fetuses, there was no effect of zinc deprivation on 
the erythrocyte populations counted. In fetal blood, the 
~A-~sitive erythrocyte ~p~ations of newly formed uni- 
formly staining (UEQ, older stippled (SE@ erythrocytes, 
and the RNA negative mature erythrocytes, were similar for 
all groups (Tub~e 4). Due to the relative absence of mature 
RBCs, they were not included in the populations scored for 
micronuclei. 

Discussion 

Zinc status and suppression of erythrocyte formation 

Compared with the rat dams fed adequate zinc diets, dams 
fed severely zinc-deficient diets had a significantly smaller 
proportion of newly formed erythrocytes despite elevated 
liver iron concen~ations. In the adult rat, e~~~iesis 
takes place predominantly in the bone marrow, and the 
newly formed cells retain RNA for about 48 to 72 hr before 
it disappears from the cells. This residual RNA is an easily 
scored visible marker of newly formed cells (also known as 
reticulocytes in humans, because the vital staining generally 
employed causes the RNA to form a reticular pattern). In 
normal rat bone marrow the ~pulations of RNA positive 
and RNA negative erythrocytes are approximately equal. 
The percentage of newly formed cells will decrease if eryth- 
ropoiesis is blocked or retarded. 

A relative iron deficiency exists if the liver is unable to 
mobilize ferritin or tissue iron into circulation and the blood 
forming tissues. Zinc deficiency may affect this process by 
imp~~ng the synthesis or the unction of tram ort proteins. 
Transfer&, a major iron transport protein, 2lp was signifi- 
cantly decreased in adult men who had consumed a zinc- 
deficient diet for 4 to 9 weeks.2g Rogers et aL3* found that 
severe zinc deficiency fK0.5 pg of Zn/g of diet) impaired 
uptake of radioactive iron into the erythrocytes of pregnant 
rats. The same animals accumulated more iron in plasma, 
visceral, and intestinal tissues and less in erythrocytes than 
did control animals. Rats given marginally zinc-deficient 
diets (4.5 pg of Zn/g of diet) did not retain excessive 
amounts of iron in their tissue, nor did they have malformed 
fetuses.30’31 Wehr and MacGregor (unpublished data) also 
fed marginally zinc-deficient diets to rapidly growing, 
weanling rats and to rat dams throughout gestation. Com- 
pared with controls, they observed no differences in the 
proportion of erythrocyte subpopulations or fetal teratology 
in the dams, but found reduced erythrocyte production in 
the weanlings. Severe zinc deficiency appears to limit 
e~ocyte production. Reduced erythrocyte pr~uction 
may decrease oxygen delivery to developing tissues and 
embryos, and this decrease could contribute to the poor 
outcome of severely zinc-deprived pregnancies. 

Fetal e~~o~iesis was un~fected by the dietary treat- 
ments of the dams in this study; approximately 80% of 
circulating fetal erythrocytes were newly formed. Because 
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fetal erythroPoiesis occurs primarily in the liver, it is un- 
likely that a reduction in circulating transport proteins im- 
pairs the formation of red blood cells. In contrast to the 
marked increase in maternal hepatic iron stores with dietary 
zinc deficiency, fetal liver iron concentrations were unaf- 
fected. These data support the hypothesis that maternal zinc 
deficiency modulates erythropoiesis in the dam but not in 
the fetuses. 

It may be that changes in bone zinc concentration have 
functional significance for erythropoiesis. Bone zinc con- 
centrations are known to be correlated with dietary zinc 
over a wide range of intakes.32 In addition, marginal dietary 
zinc intakes resulted in reduced zinc content and tracer up- 
take in bone marrow as well as calcified bone.33 This same 
dietary condition decreased the concen~ation of bone mar- 
row red blood cell metallothionein (MT-l), a zinc storage 
protein. 34 However, when erythropoiesis was stimulated in 
anemic rats, zinc uptake and MT-1 concentration increased 
pro~~ionately, but only in the marginally zinc deprived 
group. 35 These studies suggest that bone marrow zinc is 
utilized in erythrocyte production, possibly mediated by 
MT-l. Zinc. status can modulate at least two aspects of 
erythrocyte synthesis, the activity of delta amino levulinic 
acid dehydratase (6ALAD),36 an enzyme involved in heme 
synthesis,37 and cellular proliferation.38’39 When zinc sup- 
plies are limiting, the available zinc appears to be directed 
into the liver, which has higher priority metabolic functions 
and more labile zinc ools, and away from blood-forming 
bone marrow tissue. 39 

Micronucleus studies 

Although we observed severe fetal teratological defects in 
the offspring of the zinc-deficient dams in this study, we 
detected no evidence of chromosomal damage in the dams 
or their fetuses using micronucleus incidence as an index of 
cytogenetic damage. This finding contrasts with three pre- 
vious zinc-deficiency studies, which reported chromosomal 
damage in liver tissue, using either metaphase smears to 
examine chromosomal structure’3 or alkaline precipitation 
to detect DNA single-strand breaks. 14*15 The effect of zinc 
deficiency on chromosomal damage may vary with the tis- 
sue source. The extent that the tissue utilizes thymidine 
kinase or ~ymidylate synthetase for deox~h~idine mono- 
phosphate synthesis in DNA synthesis may be one expla- 
nation for these tissue-specific effects. The pathway that 
uses thymidine kinase is considered a salvage pathway and 
requires preformed nucleotides; the fola~-de~ndent path- 
way utilizing thymidylate synthetase is a de novo synthetic 
pathway. Zinc deficiency causes a reduction in thymidine 
kinase activity in several tissues,40 including cells originat- 
ing from the bone marrow, e.g., lymphocytes41 Some tis- 
sues are more sensitive to zinc deficiency than others, e.g., 
thymidine kinase activity is reduced to a greater extent in 
brain than in the livers4 Thus, the con~bution of the de 
novo and salvage pathways to DNA synthesis was main- 
tained at a relatively constant rate in the liver compared with 
other tissues, making the liver a sensitive tissue for mea- 
suring chromosomal damage due to zinc deficiency. Possi- 
bly, the de novo and salvage pathways in DNA synthesis, as 
well as the degree of thymidine kinase inhibition, in various 

tissues may influence the sensitivi~ of specific tissues to 
chromosomal damage during zinc deficiency. 

In summary, rat dams fed severely zinc-deficient diets 
during gestation exhibited classic signs of zinc deficiency, 
e.g., decreased food intake, cyclical feeding, weight loss, 
poor zinc status, poor pregnancy outcome, and develop- 
ment of fetal terata. Zinc deprivation was also associated 
with reduced liver zinc ~oncen~ations in the fetuses. The 
dams fed zinc-deficient diets had excessively high liver iron 
stores and a reduced proportion of newly formed red blood 
cells. Suppressed erythrocyte production leading to reduced 
nutrient supply to the developing tissues and embryo may 
contribute to the pathology exhibited by zinc-deprived dams 
and their zinc-deficient fetuses. 
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