
Zinc-Deficient Rat Embryos Have Increased
C

M
J
*
P
R
U

R

t
i
d
c
Z
d
d
a
d
n
p
a
g
t
a
A

c

fi
c
m
a
i
o
d
d
t
s
t
w

N
D

Biochemical and Biophysical Research Communications 271, 250–256 (2000)

doi:10.1006/bbrc.2000.2608, available online at http://www.idealibrary.com on

0
C
A

aspase 3-like Activity and Apoptosis

argaret A. Jankowski-Hennig,* Michael S. Clegg,* George P. Daston,†
ohn M. Rogers,‡ and Carl L. Keen*,1

Department of Nutrition, University of California, Davis, California 95616; †Miami Valley Laboratories,
rocter and Gamble Company, Cincinnati, Ohio 45239; and ‡Developmental Biology Branch,
eproductive Toxicology Division, National Health and Environmental Effects Research Laboratory,
.S. Environmental Protection Agency, Research Triangle Park, North Carolina 27711

eceived March 31, 2000
deficiency. Based on these observations we have hy-
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Caspase activity is a hallmark of apoptosis. Given
hat maternal zinc (Zn) deficiency results in apoptosis
n the rat embryo, we assessed caspase activity in Zn-
eficient embryos. Mid-gestation rat embryos were
ollected from dams fed either a Zn-deficient (0.5 mg
n/g) diet ad libitum, or a Zn-adequate (25 mg Zn/g)
iet ad libitum or pair fed to dams fed the Zn-deficient
iet. Embryos from dams fed the Zn-adequate diet had
normal level of cell death, while embryos from the

ams fed the Zn-deficient diet had either increased or
ormal levels of cell death. Zn-deficient embryos dis-
laying increased cell death had increased caspase
ctivity. Embryos with normal levels of cell death, re-
ardless of maternal diet, had similar caspase activi-
ies. Thus, Zn-deficiency-induced apoptosis in vivo is
ssociated with increased caspase activity. © 2000

cademic Press

Key Words: zinc; deficiency; apoptosis; cell death;
aspase 3; embryo; development; pregnancy.

During pregnancy, embryonic and fetal zinc (Zn) de-
ciency can result in abnormal development of the
oncepti (1–3). However, despite an awareness of nu-
erous Zn-dependent processes (4–6) the basic mech-

nisms underlying Zn-deficiency-induced teratogenic-
ty are still poorly understood. We and others have
bserved increased cell death in rat embryos from
ams fed Zn-deficient diets (7–9). This excessive cell
eath has been characterized as apoptotic, and shown
o occur primarily in the optic and head regions,
omites, branchial bars and caudal neural crest cells of
he embryo (9); structures that are primordia of tissues
hich often develop abnormally under conditions of Zn
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othesized that Zn-deficiency-induced cell death in the
mbryo is one mechanism contributing to Zn-
eficiency-induced teratogenicity.
Zn-deficiency-induced cell death in the embryo is

elated, in part, to maternal food intake patterns and
heir influence on maternal plasma Zn concentrations
7–9). Rats fed a Zn-deficient diet typically develop a
-day food intake cycle, in which the intake of food can
ecrease by more than 50% before returning to control
evels. However, the mechanisms underlying the devel-
pment of this cycle are unknown (10–13). We and
thers have observed that plasma Zn concentrations
re inversely related to the amount of food consumed
y the animal (7, 14). Plasma Zn concentrations are
owest following the consumption of control amounts of
n-deficient diets. When food intake is low, plasma Zn

evels are relatively high, presumably due to tissue
atabolism and release of sequestered Zn. The above
nverse relationship demonstrates that plasma Zn con-
entrations are not tightly regulated via homeostatic
echanisms. With respect to the developing conceptus,

he increased embryonic cell death occurs when mater-
al plasma Zn concentrations are relatively low. Given
hat maternal plasma Zn is the primary source of Zn
or the developing embryo, it is reasonable to suggest
hat the low maternal plasma Zn concentrations may
rigger the excessive embryonic cell death.

A significant amount of research has focused on the
ole Zn plays in the apoptotic process (15–17). In vivo
nd in vitro, Zn deficiency can result in apoptosis,
hile Zn supplementation at pharmacological levels

an protect cells against a number of diverse apoptotic
timuli (9, 18–35). However, in vitro supplementation
ith excessive levels of Zn can also result in cell death

36–39). Significantly, the concentrations of Zn re-
uired in most in vitro systems to retard apoptosis are
ften higher than physiological Zn levels. Zalewski and



co-workers have reported that the intracellular concen-
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rations of labile Zn fluctuate during apoptosis, sug-
esting that modest physiological changes in cellular
ree Zn concentrations may be a modulator of apoptosis
40, 41). Consistent with this, Duffy et al. (1999) dem-
nstrated that cellular concentrations of labile Zn are
t their nadir prior to the onset of morphological
hanges associated with apoptosis (42). Nevertheless,
hile these observations support the concept that Zn
lays a role in the apoptotic process, it is unknown
hether cellular fluctuations in Zn concentration are

undamental to the cell death process or if they are just
oincidental.

Significant strides have been made in elucidating
nd describing the biochemical processes and cellular
athways that result in apoptosis. It is now recognized
hat cysteine aspartate proteases (caspases) are essen-
ial to the apoptotic process. Virtually all models of
poptosis are characterized by increased caspase activ-
ty. Caspases are a family of proteases that cleave a
ariety of critical cellular proteins containing the
aspase recognition site; DEVD in the case of caspase 3
nd 7 (43). Caspase 3, an important mammalian cell
eath gene (44, 45), can be inhibited in vitro by phys-
ologically relevant concentrations of Zn (46, 47). How-
ver, whether cellular Zn functions as an inhibitor of
aspase 3 activity in vivo needs to be further examined.

In this study we tested the hypothesis that Zn-
eficient embryos exhibiting increased cell death
ould have elevated caspase 3-like activity.

ATERIALS AND METHODS

Animals and diet. The protocol used in this study was approved
y the Animal Use and Care Administrative Advisory Committee of
he University of California at Davis. Virgin Sprague–Dawley female
ats (180–200 g; Simonsen Laboratories, Gilroy, CA) were housed
ndividually in stainless steel wire bottom cages, in temperature
22°C) controlled rooms on a normal light cycle (12 h/12 h; lights on
800/lights off 2000). Upon arrival rats were fed a semi-purified, egg
hite, Zn-adequate (25 mg Zn/g) diet (control diet). Following at least
ne week of adaptation, females were mated overnight with males of
he same strain. The presence of a sperm plug following the mating
eriod indicated successful breeding and was designated gestation
ay (GD) 0. On GD 0 dams were assigned to one of three groups: 1)
ontrol (Con); 2) Zn Deficient (ZnD), and 3) Pair Fed (PF). Dams in

he control group and the ZnD group were fed their respective diets
d libitum. The Zn-deficient (,0.5 mg Zn/g) diet is identical to the
ontrol diet with the exception that Zn was not added. Dams in the
F group were fed the control diet in quantities equal to those
onsumed by the dams fed the Zn-deficient diet. In previous studies
e have observed that some litters from Zn-deficient dams display

evels of increased cell death, while others display levels similar to
hose of controls (data not shown). Thus, the ZnD group was segre-
ated into two groups on GD 11 based on the level of cell death
bserved in the embryos. ZnD dams with embryos exhibiting a pat-
ern of increased cell death were assigned to the group ZnDA, while
ams with embryos exhibiting a pattern of cell death similar to that
f control embryos were assigned to the group designated ZnDB. The
F group was appropriately separated into PFA and PFB groups. Zn
oncentrations of the diet were verified using inductively coupled
lasma spectrophotometry.
251
nd then killed by exsanguination. The embryo and surrounding
ecidua were explanted from the uterus and placed in Ringer’s saline
olution (48) warmed to 37°C. Decidua and extraembryonic mem-
ranes were removed under a microscope. Embryos were then pro-
essed as described below.

Cell death assessment. Two embryos per litter were assessed for
attern and intensity of cell death. Cell death was visualized using
he vital stain Nile blue sulfate (49). In preparation for staining, a
mall transverse incision was made above the forelimbs to facilitate
iffusion of the stain into the embryo. Embryos were incubated in
ile blue sulfate staining solution (1:50,000 (w/v) diluted in Ringer’s

aline solution) for 30 min at 37°C. Embryos were then transferred to
resh Ringer’s saline and cell death was evaluated.

Caspase activity analysis. Embryos were cut in half, separating
he anterior half (head, heart, and upper trunk) from the posterior
alf (lower trunk and tail region). Based on developmental stage,
nterior portions and posterior portions were grouped in pairs, and
hen frozen in liquid nitrogen and stored at 280°C. Caspase activity
as assessed by adapting the ApoAlert CPP32/Caspase-3 Assay Kit

Clontech, Palo Alto, CA) for tissue analysis. Caspase 3-like activity
as determined by monitoring the enzymatic release of a fluorescent

ompound, 7-amino-4-trifluoromethyl coumarin (AFC), from the
aspase specific substrate, DEVD. Briefly, embryonic tissue was
onicated in 100 ml of proprietary lysis buffer, incubated on ice for 10
in and then centrifuged at 12,000 rpm for 3 min at 4°C. The

upernate was removed and frozen at 280°C until further processed.
separate aliquot of the same supernate was analyzed for protein

oncentration using the Bio-Rad DC Protein Assay system (Bio-Rad,
ercules, CA). Each aliquot of embryonic supernate assayed for

aspase activity was normalized with respect to protein content.
upernates were incubated with the proprietary reaction buffer and
ubstrate at 37°C for 1 h. Sample fluorescence was captured on a
canning fluorometer/platereader (PLS50B; Perkin–Elmer Ltd.,
eaconfield, England) using an excitation wavelength of 400 nm and
n emission wavelength of 505 nm. Caspase 3-like activity in em-
ryonic supernate was confirmed by addition of the caspase 3 specific
nhibitor, DEVD-CHO, to the assay reaction prior to the addition of
he fluorogenic substrate (50). One sample per litter of posterior
ections and two anterior samples per group were assessed.

Zinc analysis. Maternal blood was collected in lithium-
eparinized monovette syringes and centrifuged for 15 min at 3000
pm, 4°C. Maternal plasma and liver were collected, and stored at
20°C until processed. Plasma samples were prepared for analysis
y deproteinizing with nitric acid at 4°C for 12 h, and then removing
recipitated protein by centrifugation. Liver samples were prepared
or analysis as described by Clegg et al. (1981) (51). Trace element
oncentrations were measured using sequential inductively coupled
lasma spectrophotometry (Trace Scan; Thermo Jarrell Ash, Wil-
ington, MA). To ensure accuracy of analysis, banked bovine plasma

f known metal content was included as a control. In the case of liver
n analysis, a National Bureau of Standards bovine liver sample
1577b) served as a control.

Statistical analysis Data were analyzed using one-way ANOVA.
ignificant differences between groups were analyzed by Fisher’s
LSD post hoc tests (52). A P-value #0.05 was considered signifi-
antly different.

ESULTS

aternal Parameters

Food intake. Dams in the control group consumed a
elatively constant amount of diet each day (Fig. 1). In
ontrast, the food consumption of rats in the Zn-
eficient groups varied significantly on a daily basis.
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onsistent with previous observations by our group,
he different feeding patterns observed in the Zn-
eficient group were associated with differences in the
mount and pattern of cell death in the embryo. Dams
n the ZnDA group were characterized by a reduction
n food intake first occurring on GD 4, control levels of
onsumption on GD 7, 9, and 10, and lower quantities
n GD 8 (Fig. 1). In contrast, ZnDB dams first began
ycling their food intake on GD 5, consumed control
mounts of food on GD 7 and 8, and lower amounts on
D 9 and 10.
Weight gain. Dams in all groups had a similar body
eight on GD 0 (203.7 6 1.9 g). Control dams exhibited
linear cumulative weight gain of approximately 4

/day throughout gestation (Fig. 1). In contrast, ZnDA
nd ZnDB exhibited variable gains that reflected their
espective food intake pattern. By GD 8, maternal cu-
ulative body gain in both Zn-deficient groups was

ignificantly lower than in controls and remained so for
he remainder of the experiment. Dams in the PF
roups had similar weight gains as dams in the ZnD
roups, except on GD 4 and 5 when weight gains of
ams in the ZnDA group were statistically higher than
n the PFA group.

Tissue Zn concentrations. ZnDA and ZnDB group
ams had similar liver Zn concentrations that were
ower than all other groups (Table 1). Dams fed Zn-
eficient diet had lower plasma Zn concentrations rel-
tive to the Con and PF groups. With respect to the
nD groups, ZnDA dams had lower plasma Zn concen-
rations than the ZnDB group on GD 11 (Table 1). The
ierarchy with respect to plasma Zn concentrations
an be summarized as follows: ZnDA , ZnDB , PFA 5
FB 5 Con.

mbryo Cell Death and Caspase Activity

Figure 2a shows the typical pattern and intensity of
ormal cell death occurring at this developmental

FIG. 1. Maternal average daily food intake and maternal cumu-
ative body weight gain. Maternal average food intake: Control (open
quare), ZnDA (open diamond), and ZnDB (open circle). Maternal
umulative weight gain: Control (filled square), ZnDA (filled dia-
ond), and ZnDB (filled circle).
252
ory, and dorsal most region of the anterior neural
ube, the branchial bars and the first few anterior
omites. ZnDB and PF group embryos exhibited a sim-
lar pattern and amount of cell death as control em-
ryos. In contrast, ZnDA embryos had increased cell
eath in the optic, otic, and the dorsal most region of
he posterior neural tube, the branchial bars, somites
nd forelimb buds (Fig. 2b).
In agreement with the level of cell death and mater-

al plasma Zn concentrations, ZnDA group embryos
ad higher caspase activity which was associated with
oth the posterior and the anterior sections (Figs. 3a
nd 3b). Caspase activity in the posterior sections of
he ZnDB group embryos was similar to the PF and
ontrol groups. Given that PF groups had similar
aspase activity as control groups in the posterior em-
ryo sections, PF groups were not further assessed.
nDB group embryos had similar caspase activity in
he anterior sections as control embryos.

ISCUSSION

Our group has proposed that one mechanism under-
ying Zn-deficiency-induced teratogenesis is abnormal
ell death. While exogenous Zn can inhibit morpholog-
cal and biochemical indices of apoptosis in cell culture
ystems, the mechanisms underlying this protection
re poorly understood. The purpose of this study was to
etermine if elevated caspase 3-like activity was asso-
iated with the increased cell death in Zn-deficient
mbryos.
Consistent with our previous work (8, 9), Zn-

eficiency-induced cell death was evident in GD 11 rat
mbryos. Embryos from Zn-deficient dams had either
ncreased cell death or a normal pattern and intensity
f cell death. ZnD group embryos characterized by hav-
ng “normal” cell death levels had caspase 3-like activ-
ties that were similar to those of control embryos. In
ontrast, ZnD group embryos with increased cell death
ad elevated caspase 3-like activity. Thus, similar to in
itro conditions of Zn-deficiency-induced cell death, as

TABLE 1

The Influence of Maternal Zn Deficiency on Maternal
Plasma and Liver Zn Concentrations

Na Plasmab (mM) Liverb (mmol/g)

ontrol 6 16.3 6 0.3* 0.51 6 0.01*
FA 4 16.4 6 0.8* 0.48 6 0.01*
FB 4 16.0 6 0.8* 0.59 6 0.05✜

nDA 7 2.6 6 0.2† 0.32 6 0.01†

nDB 6 6.6 6 1.1✜ 0.34 6 0.01†

a N, the number of litters in each group.
b Values with different superscript symbols, within a column, are

tatistically different at P # 0.05.
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ell as other cellular models of apoptosis, in vivo Zn
eficiency in the embryo is associated with elevated
aspase 3-like activity.

FIG. 2. Cell death patterns in GD 11 rat embryos. The typical
attern and intensity of cell death in a control embryo (a), and the
ypical pattern and intensity of increased cell death in a ZnDA
mbryo (b).
253
n Zn-deficient embryos was associated with low ma-
ernal plasma Zn concentrations. Given that maternal
lasma Zn provides Zn for the developing embryo (14,
3), we suggest that the resultant low concentrations of
n in the embryo (54) contribute to the excessive cell
eath that is observed. In other animal models, Zn-
eficiency-induced cell death occurs in cells undergoing
high rate of cell proliferation—an event requiring
any Zn-dependent processes (18, 55). Based upon

hese studies, it has been suggested that Zn-deficiency-
nduced cell death results when the available Zn can-
ot meet the cell’s requirement for Zn. Given that the

ncreased cell death in the Zn-deficient embryo is not
qually distributed, but occurs in specific areas, we
uggest that the occurrence of cell death in Zn-deficient
mbryos occurs in areas of cell proliferation or where
n demands are particularly high.
Recently, investigators have shown that physiologi-

al levels of Zn can inhibit caspase 3 activity in cell-free
ystems and procaspase 3 processing into its active
orm (46, 47, 56, 57). Thus, it is possible that intracel-
ular Zn may be involved in the regulation of in vivo
aspase 3-like protease activity. In addition, Zn may
nhibit constitutively activated caspase 3-like pro-

FIG. 3. Embryo caspase activity. Caspase activity present in the
osterior portion of the embryo (a). Caspase activity present in the
nterior portion of the embryo (b).
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easonable to assume that when cellular Zn concentra-
ions decrease below a “threshold” level, Zn inhibition
s relieved, and then Zn-sensitive caspases can cleave
ssential proteins which culminate in cell death.
Inadequate cellular Zn could also cause apoptosis

ndirectly. Investigators have shown that in animal
nd cell culture models, Zn deficiency is associated
ith increased levels of reactive oxygen species (ROS)
nd oxidative damage (58–61). Given that excessive
OS are proposed as one stimulus initiating apoptosis

32, 62), Zn-deficiency-induced apoptosis may be medi-
ted via increased ROS concentrations. We have ob-
erved increased concentrations of ROS and apoptosis
n 3T3 cells cultured in Zn-deficient medium (57, 63).

oreover, Carmody et al. (1999) have shown that Zn
upplementation, albeit at pharmacological levels, can
nhibit ROS generation and apoptosis in primary cul-
ures of retinal cells (32). Ethanol-induced teratogene-
is is also proposed to be mediated via increased ROS
pecies, and similar to Zn deficiency, results in in-
reased cell death in the embryo. Cartwright et al.
1998) demonstrated that ethanol-induced cell death in
he embryo is characterized by caspase 3-like activity,
hile Chen et al. (1996) have shown that antioxidants

an prevent ethanol-induced death of embryo cells (64,
5). These observations support the concept that ROS
an mediate cell death occurring in vivo, and thus a
imilar phenomenon may occur in Zn-deficient em-
ryos.
Finally, glucocorticoids are also a potent stimulant of

poptosis in various cell types, particularly immune
ells. Significantly, Fraker and co-workers have ob-
erved that Zn deficiency in non-pregnant mice results
n increased concentrations of circulating glucocorti-
oids and in thymocyte apoptosis (66, 67). Moreover, by
emonstrating that adrenalectomy can prevent Zn-
eficiency-induced thymocyte apoptosis, Fraker et al.
1995) have provided strong evidence that the eleva-
ion of in vivo glucocorticoids can mediate apoptosis
ssociated with Zn deficiency (68). Whether or not an
ncrease in glucocorticoids impacts all cell types and/or
ontributes to the increased cell death occurring in
n-deficient embryos is unknown. In addition, Telford
t al. (1997) have shown that Zn can affect the affinity
f glucocorticoids for their receptors. Thus, lower Zn
oncentrations may effectively result in more glucocor-
icoid binding to its receptor (69). Thus this may be a
econd way in which Zn-deficiency-induced alterations
n glucocorticoid metabolism may cause cell death in
he embryo.

While the potential mechanisms underlying Zn-
eficiency-induced cell death in the embryo are numer-
us, we have begun to identify biochemical character-
stics of the dying cell. With this information we can
egin to determine the endogenous pathways involved
n Zn-deficiency-induced apoptosis in the embryo
254
otic stimuli.
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