
The environment of the fetus changes markedly dur�

ing the perinatal period. For example, the oxygen pres�

sure of arterial blood rises from 25 to 100 mm Hg imme�

diately after birth and the environmental temperature

suddenly decreases from that in the uterus to that of

atmospheric conditions outside. Furthermore, nutrients

in the colostrum are still insufficient for maintaining

neonatal development and maturation. The newborn

must overcome severe stress caused by elevation of oxygen

pressure, low temperature, dehydration, and starvation.

Significant changes in fetal metabolism occur systemati�

cally to allow adaptation and survival in the extra�uterine

environment.

All organs are remodeled by their constituent cells to

adapt themselves to large changes in their environment

during the perinatal period. Some of these adaptive

changes seem to be regulated by dynamic changes in oxy�

gen metabolism during the perinatal period. The liver is a

center for hemopoiesis during the fetal period but

becomes a metabolic center for detoxification and main�

tenance of homeostasis after birth. Hence, the liver con�

sists mainly of hemopoietic cells during the fetal period,

and of hepatocytes, sinusoidal cells, and bile ductal cells

after birth. Although the regulatory mechanism for

hemopoiesis has been studied extensively, the mechanism

of perinatal dynamic remodeling of constituent cells in

the liver is not known. This review describes the role of

oxidative stress in the remodeling and conversion of the

liver from a hemopoietic organ to a mature organ consist�

ing of hepatocytes, sinusoidal cells, and bile ductal cells.

METABOLISM OF REACTIVE OXYGEN SPECIES

IN THE FETUS

Defense mechanisms against oxidative stress in the

fetus are significantly different from those in the adult.

For example, activities of Cu/Zn�superoxide dismutase

(SOD) and Mn�SOD in fetal liver are 75 and 50% of

those in adult liver, respectively, and levels of both

enzymes start to increase after birth. Levels of antioxi�

dants, such as reduced glutathione (GSH) and α�toco�
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Abstract—Although apoptosis is believed to play an important role in the ontogenetic development of animals, the molecu�

lar mechanism that triggers the regression of liver hemopoiesis during the perinatal period is not known. Apoptosis is induced

by many factors such as a decrease in growth factors and increased oxygen stress. Since hepatic γ�glutamyl transferase (GT)

levels change markedly during the perinatal period in rodents, the metabolism of glutathione (GSH), a naturally occurring

major antioxidant, might change significantly in and around liver cells. Hemopoietic cells but not hepatocytes exhibit sig�

nificant apoptosis in thiol�free medium and the hemopoietic apoptosis can be inhibited by various thiols, such as L�cysteine,

N�acetyl�L�cysteine, and GSH. The contribution of GSH levels in and around fetal liver cells in the triggering of apoptosis

in hemopoietic cells is discussed.
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pherol, and activities of catalase and glutathione peroxi�

dase are also lower in fetal liver than in adult liver [1].

Thus, lipid peroxidation in fetal liver homogenate pro�

ceeds more extensively than in that of adult liver [2].

Under strong stress caused by uterine contraction and

abrupt respiration of atmospheric oxygen, oxidative stress

might overwhelm the antioxidant defense mechanisms

and perturb the structure and functions of fetal tissues.

Thus, oxidative stress might function as a physiologically

important stressor to force adaptive metabolism in the

liver and other tissues during the perinatal period.

LIVER HEMOPOIESIS AND GSH METABOLISM

Metabolic profiles of GSH, an important and natu�

rally occurring antioxidant, also differ between fetus and

adult [3]. In adult animals, GSH metabolism occurs pre�

dominantly via intra� and inter�organ cycles (Fig. 1).

GSH in hepatocytes is secreted into Disse’s space by an

active transport system (20 nmol/min per g liver). In

rodents, the secreted GSH enters systemic circulation

because the hepatic activity of γ�glutamyl transferase

(GT), a membrane�associated enzyme that degrades

extracellular GSH, is low. Plasma GSH is degraded to its

constituent amino acids (Glu, Cys, Gly) by GT and pep�

tidases in the kidney and other tissues. The cyst(e)ine thus

released is supplied to extrahepatic tissues and is used for

the synthesis of GSH and proteins. The inter�organ cycle

of GSH maintains the plasma GSH level at 5 to 25 µM

and regulates oxidative stress in the circulation and in var�

ious tissues [4]. However, a GSH inter�organ cycle such

as this has not been established in perinatal animals.

During late gestation, hepatic GT activity is elevated

transiently but significantly to levels (3 to 6 U/g tissue)

that would be sufficient for the degradation of GSH

secreted by fetal liver cells (7 nmol/min per g tissue).

Thus, metabolism of hepatic GSH occurs principally via

intra�organ cycles during the perinatal period. The histo�

logical structure of fetal liver also differs from that of adult

liver. The former consists of hemopoietic foci, parenchy�

mal hepatocytes, and blood vessels while the latter lacks

hemopoietic cells.

Levels of GSH, GT, glutathione peroxidase, and

glutathione reductase in hepatocytes and hemopoietic

cells isolated from rat liver were analyzed on days 18, 20,

and 21 of gestation and on day 1 after birth (table). The

GSH level in hepatocytes decreased by 50% from day 18

to 20 of gestation and recovered thereafter. GSH levels in

hemopoietic cells were significantly lower than those in

hepatocytes and remained unchanged during the perina�

tal period. GT activity in hepatocytes increased marked�

Fig. 1. Hemopoiesis and inter�organ cycle of GSH in adult animals. GT, γ�glutamyl transferase; EPO, erythropoietin.
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ly from day 18 to 20 of gestation and remained high until

day 1 after birth, and GT activity in hemopoietic cells

was significantly lower than that in hepatocytes. The

marked decrease in GSH levels with a concomitant

increase in GT activity in hepatocytes suggests that both

secretion and degradation of GSH by hepatocytes are

enhanced during the perinatal period. The released

amino acids are absorbed and used for the synthesis of

GSH and other proteins by liver constituent cells.

Tateishi et al. [5] reported that in fetal liver, cysteine is

used to synthesize proteins other than GSH. From day

18 to 20 of gestation, protein content in hepatocytes

increased 1.5�fold to a level significantly higher than that

in hemopoietic cells. Moreover, electron microscopic

observation revealed that during this period hepatocytes

proliferate rapidly and possess well�developed intracellu�

lar organelles, such as rough endoplasmic reticulum.

These observations indicate that the reabsorption of con�

stituent amino acids and protein synthesis are also

enhanced in hepatocytes relative to hemopoietic cells.

Although intracellular levels of GSH decrease in hepato�

cytes, levels of glutathione peroxidase and reductase

increase significantly. Because the metabolism of GSH is

enhanced during late gestation, oxidative stress and thiol

status in the liver might change significantly both in and

around hepatic constituent cells.

To elucidate the effect of oxidative stress and thiol

status on the survival of fetal liver cells, hepatocytes and

hemopoietic cells were isolated from fetal livers and cul�

tured for 4 h in the presence or absence of various antiox�

idants. Cellular DNA then was analyzed by agarose gel

electrophoresis. Hemopoietic cells but not hepatocytes

exhibited marked fragmentation of nuclear DNA and this

fragmentation was inhibited by adding either L�cysteine,

N�acetyl�L�cysteine (NAC), or GSH to the culture

medium. L�Cystine, SOD, and catalase did not exhibit

such an inhibitory effect [6]. These results indicate that

both extracellular and intracellular thiols are important

for the survival of hemopoietic cells in fetal liver.

On the basis of such observations, we suggest a

mechanism for the regression of fetal liver hemopoiesis

during the perinatal period (Fig. 2). During late gestation,

extracellular levels of GSH are affected by GT expressed

on the outer surface of hepatocytes. The decrease in

extracellular GSH seems to trigger apoptosis of hemopoi�

etic cells. Moreover, oxidative stress during the perinatal

period might accelerate the regression of liver hemo�

poiesis.

After birth, GT activity decreases rapidly in the liver

and increases in the kidney [7]. After such significant

changes, the inter�organ cycles for GSH are established.

The sites for hemopoiesis and erythropoietin production

are transferred from the liver to the bone marrow and the

kidney, respectively. In the bone marrow, hemopoietic

cells might receive sufficient amounts of cysteine and

related thiols partly because of the absence of cells com�

peting for these substances. Additionally, oxygen tension

and energy metabolism in the bone marrow are fairly sta�

ble. The bone marrow might be the ideal site for hemo�

poiesis in adult animals because of these environmental

conditions.

REGULATION OF GT GENE IN FETAL LIVER

The mechanism by which the gene expression of GT

is regulated in fetal liver is not known. Six different pro�

moters are localized upstream of the GT gene in rats [8].

From these promoters, six different mRNAs are synthe�

sized. Although the 5′�untranslated regions of these

mRNAs differ, proteins derived from these mRNAs are

the same because their coding regions have identical

sequences. Different organs and cells express different

mRNAs for GT. For example, type I and II GT mRNAs

are expressed in rat kidney while type VI is predominant

in mouse small intestine [9, 10] and type III GT mRNA

is expressed in fetal liver and hepatoma cells. Binding sites

for glucocorticoid receptor, AP�2, nuclear factors I (NF�
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I) and III (NF�Y), and antioxidant responsive element

are localized in the type III promoter region (Fig. 3) [11].

Gene transfection experiments using the promoter

region and hepatoma cell lines have revealed that the NF�

I and NF�Y families are critically important for the regu�

lation of gene expression. These protein families regulate

the differentiation of hepatocytes, albumin synthesis, glu�

coneogenesis, and GT expression. These findings suggest

that these proteins might regulate the expression of GT in

fetal liver during late gestation. The glucocorticoid con�

centration in maternal blood increases transiently on day

19 of gestation, which might also stimulate the gene

expression of GT. The presence of the antioxidant

responsive element in the promoter region suggests the

possibility that oxidative stress or metabolism of reactive

oxygen species or both might also regulate the expression

of GT. Although the mechanism by which the gene

expression of GT is regulated in fetal liver is not known,

GT might trigger the regression of liver hemopoiesis and

the growth of parenchymal hepatocytes during the peri�

Fig. 3. Type III promoter region of the GT gene. ARE, antioxidant�responsive element.

Fig. 2. Mechanism for the regression of liver hemopoiesis during the perinatal period. GT, γ�glutamyl transferase.
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natal period. The molecular mechanisms by which GT

expression is triggered should be studied further.
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