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ABSTRACT 

Although oxygen is essential for promoting energy metabolism and for enhancing cell proliferation, early mouse 
embryos are very sensitive to high oxygen concentration. Because the tissue-specificity and sequential changes of 
the expression of antioxidative enzymes in rodent embryos have not been investigated systematically, we exam­
ined the ontogenesis of thioredoxin (TRX) and glutaredoxin (GRX) in mouse embryos and fetuses by using im­
munohistochemical methods. These compounds were found to be localized in most tissues examined, with some 
tissue specificity and temporal sequence. In many tissues, both TRX and GRX began to be expressed at embry­
onic day 11 (Ell) or E13 and appeared to increase later in development, but the heart and great vessels of E8.5 em­
bryos were already positive for their immunoreactivity. The stage at which the antioxidative enzymes begin to be 
expressed seems to coincide with the stage at which rodent embryos acquire the capacity of aerobic energy me­
tabolism. Although TRX and GRX were co-localized in many tissues and showed similar sequential changes of 
expression, their expression patterns were different in the fetal cartilage, suggesting that they may play different 
roles in endochondral ossification. Their immunoreactivity was not homogeneous in the liver and the epithelium 
of uriniferous tubules, probably because their expression is associated with the proliferating and metabolic ac­
tivities of the cell, as suggested by previous investigators. These results suggest that TRX and GRX play some tis­
sue-specific roles in mammalian morphogenesis as well as general roles as antioxidant enzymes. Antiox. Redox 
Signal. 2, 653-663. 

INTRODUCTION suyama et al, 1992) and superoxide dismutase 

(SOD) (Noda et al, 1991). Although early em-

R o d e n t embryos at the preimplantation and bryos are highly sensitive to oxygen, the oxy-

early postimplantation periods are ex- gen requirement of rodent embryos increases 

tremely sensitive to high oxygen pressure. It rapidly during the later half of organogenesis 

has also been shown that the developmental (New and Coppola, 1970; N e w et al, 1976). For 

block of preimplantation embryos at the two- some time after implantation, rodent embryos 

cell stage in vitro (so-called "two-cell block") get oxygen and nutrients by diffusion through 

m a y be due to the inhibitory action of oxygen the chorion and yolk sac epithelium. Around 

radicals and can be prevented by such antiox- embryonic day 9.5 (E9.5) in mice, the yolk sac 

idant chemicals as thioredoxin (TRX) (Nat- placenta regresses and the allantoic placenta is 
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formed to take over an increasing share of res­

piratory and nutrient exchanges. Coinciden-

tally with such transition of the placental struc­

ture, the energy metabolism in rodent embryos 

shifts from rather anaerobic to more aerobic 

processes, and the embryos become metaboli-
cally active and grow rapidly. 

TRX is a small ubiquitous protein and func­

tions as an antioxidative enzyme that cata­

lyzes thiol-disulfide oxydoreductions (Holm­
gren, 1985). Human TRX was originally cloned 
as adult T-cell leukemia-derived factor (ADF) 

produced by human T-lymphotropic virus 
type-I (HTLV-I)-transformed T cells (Tagaya 
et al, 1989; Yodoi and Tursz, 1991; Yodoi 
and Uchiyama, 1992). Glutaredoxin (GRX) 
is a glutathione-dependent hydrogen donor 
for ribonucleotide reductase and catalyzes 

glutathione-dependent disulfide oxidoreduc-
tion reactions (Holmgren, 1976,1989). TRX and 
GRX belong to the TRX superfamily and have 
the same redox-active disulfide (Cys-X-Y-Cys) 
in common (Holmgren, 1989). They exist either 
in the oxidized form with a disulfide (-(SH)2) 
or in the reduced form with a dithiol (S2), and 
participate in the reversible oxidation-reduc­
tion reactions (Eklund et al, 1984; Holmgren, 
1985). They have been shown to be involved in 
a variety of biologically important reactions 
both in plants and animals (Holmgren, 1985; 
Nakamura et al, 1997). Besides their originally 
described role as hydrogen donors, TRX and 
GRX are possibly involved in hormone secre­
tion (Padilla et al, 1992), cell proliferation (Gas-
daska et al, 1995), and cellular signaling (Rozell 
et al, 1993). In addition, they have been sug­
gested to interact with transcriptional proteins, 
such as AP-1 (Hirota et al, 1997) and NF-kB 
(Okamoto et al, 1992; Hayashi et al, 1993; Hi­
rota et al, 1999). Moreover, TRX has chemo­
tactic effects on monocytes, polymorphonu­
clear leucocytes, and T lymphocytes (Bertini et 
al, 1999). 

Previous immunohistochemical studies 
showed that TRX and GRX are expressed in 
cells and tissues that have a high activity of pro­
liferation in animal and human fetuses (Rozell 
et al, 1985, 1993; Fujii et al, 1991). Fujii et al. 

(1991) examined immunohistochemically the 
TRX expression in human fetal tissues and 

demonstrated its localization in various tissues 

of human fetuses after 9 weeks of gestation. 
From this observation, they suggested that TRX 

might play some significant roles in the redox 

regulation in the human fetus. TRX has also 

been found to be localized in various tissues in 

adult rats (Rozell, 1985), and its distribution 

pattern was similar to that in human fetal tis­

sues. GRX has also been shown to exist in var-

ius tissues in the calf (Rozell et al, 1993), whose 
distribution and occurrence were similar to 

those described for TRX in the rat. On the ba­

sis of these studies, Rozell et al. (1993) sug­
gested that GRX might be involved in functions 

that are apart from the originally described role 
as a hydrogen donor. 

Because the tissue specificity and sequential 
changes of TRX and GRX expression in rodent 

embryos have not been investigated systemat­
ically, we examined their localization and de­

velopmental changes in mouse embryos and fe­
tuses by immunohistochemical methods. The 

results were compared with the corresponding 
data in the human and were discussed in rela­
tion to the critical period of organogenesis and 
metabolic changes occurring in developing 
mouse conceptuses. 

MATERIALS AND METHODS 

Animals 

ICR strain mice were purchased from Japan 
SLC Co., Ltd. and reared in our laboratory. Vir­

gin females were mated overnight with a male. 
They were checked for vaginal plugs next 
morning, and the noon of the day on which a 

vaginal plug was found was designated as E0.5. 

Embryos and fetuses were collected by Cae-
sarean section at days 8.5, 10.5, 11.5, 13.5, or 
16.5 of gestation. They were fixed in 4% 

paraformaldehyde (wt/vol) in 0.1 M phos­
phate buffer, pH 7.2, overnight at 4°C. Then, 

they were dehydrated in graded concentrations 
of ethanol, embedded in paraffin, and sec­
tioned at 10-ju.m thickness. 

Immunohistochemistry 

Deparaffinized sections were stained with 
rabbit polyclonal antibodies to mouse TRX 
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(Tomimoto et al, 1993; Takagi et al, 1998) and 

G R X (Takashima et al, 1999) by ABC method. 

The sections were pretreated with 0.1% hydro­

gen peroxide for 30 min to remove endogenous 

peroxidase activity, and immersed in a block­

ing solution to reduce nonspecific background 

staining. Then, they were reacted with rabbit 

polyclonal antibodies to mouse TRX and GRX. 

The bound peroxidase was detected with di-

aminobenzidine (DAB), and the nuclei were 

counterstained with hematoxylin when appro­

priate. 

RESULTS 

Both TRX and GRX were detected in various 

tissues, and their distribution showed some tis­

sue specificity and sequential changes. Usually 

Table 1. Localization of Thioredoxin and Glutaredoxin in Tissues of Fetal and Adult Mice 

Tissue 

Neuroepithelium 
Surface ectoderm 
Mesenchyme 
Gut epithelium 

Cerebrum 
Cell body 
Nerve fiber 

Peripheral nerve 
Cell body 
Nerve fiber 

Spinal ganglion 
Epidermis 
Olfactory epithelium 
Hair follicle 
Eye 
Lens 
Retina 

Salivary gland 
Thyroid gland 
Heart 
Myocardium 

Cartilage 
Muscle 
Kidney 
Glomerulus 
Uriniferous tubules 

Liver 
Hepatocyte 

Pancreas 
Acini 
Island 

Intestine 
Epithelium 
Villous epithelium 
Connective tissue 

Lung 
Lung parenchyme 
Bronchial epithelium 

Decidua 
Syncytiotrophoblast 

Reactivity for the anti-

8.5 

+ -
-
-
— 

+ + 

+ + + 

mouse 

20.5 

+ -

+ 

+ -

+ + 

+ + + 
+ + + 

TRX and 

Thioredoxin 

11.5 

+ + 

+ 
+ 

+ 
+ 
+ 
+ 

+ + 

+ 

+ + 

+ -

+ 

+ + + 
+ + + 

23.5 

+ + 

+ 
+ + 

+ 
+ + 
+ 
+ 
+ + 

+ + 

+ + 
+ + 

+ -
+ + 

+ + 

+ 

+ + 

+ 
+ 

+ + + 
+ + + 

26.5 

+ + 

+ 
+ 

+ 
+ 
+ 

+ + + 
+ + 
+ + 

+ + 
+ + 
+ 
+ 

+ + 
+ + 
+ + 

+ -
+ + + 

+ 

+ 
+ 

+ 
+ + + 
+ 

+ 
+ + 
+ + + 
+ + + 

Adult 

+ -
+ -

+ -
+ -

+ 

+ -
+ + + 

+ -

+ 
+ + 
+ 

+ + 
+ + 

8.5 

+ -
-
-
— 

+ + 

+ + + 

20.5 

+ -

+ 

+ -

+ + 

+ + + 
+ + + 

Glutaredoxin 

11.5 

+ + 

+ 
+ 

+ 
+ 
+ 
+ 

+ + 

+ 

+ + 

+ 

+ + + 
+ + + 

23.5 

+ + 

+ + 
+ + 

+ 
+ + 
+ 
+ 
+ + 

+ + 
+ + 

+ -
+ 

+ + 

+ -

+ + 

+ 
+ 

+ + + 
+ + + 

G R X antibodies: strongly positive ( + + +), moderately positive 

26.5 

+ + 

+ 
+ 

+ 
+ 
+ 

+ + + 
+ + 
+ + 

+ + 
+ + 
+ 
+ + 

+ + 
+ + 
+ + 

+ -
+ + + 

+ + 

+ 
+ + 

+ 
+ + + 
+ + 

+ 
+ + 
+ + + 
+ + + 

Adult 

+ -
+ -

+ -
+ -

+ 

+ -
+ + + 

+ 

+ 
+ + 
+ 

+ + 
+ + 

1 (++), weakly 

positive (+), faintly positive (+-), and negative (-). 
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their immunoreactivity was detected in the cy­

toplasm of the cell with the exception of such 

tissues as villous epithelium of the small intes­

tine and pancreatic cells. TRX and GRX were 

co-localized in many tissues, and their im­

munoreactivity tended to increase as the de­

velopmental stage advanced. Both TRX and 

GRX were negative in most tissues of E8.5 

mouse embryos except in the heart and great 

vessels, but their immunoreactivity began to be 

detectable in various tissues at E10.5 or Ell.5 

(Table 1). For example, the immunoreactivity 

of both TRX and GRX was negative in the sur­

face ectoderm of E8.5 embryos, but it became 

slightly positive in the epidermis of E10.5 em­

bryos and then increased by El 1.5. Their im­

munoreactivity was intensely positive in the 

epidermis and the external root sheath of the 

body hair primordia in E16.5 fetuses (Fig. 1). 

The olfactory epithelium, which is a specialized 

ectodermal tissue, was intensely positive for 

TRX and GRX at E13.5. The retina and the lens, 

which are derived from the neuroepithelium 

and surface ectoderm, respectively, were simi­

larly positive for TRX and GRX after E13.5. In 

the mesoderm-derived mesenchymal tissue, 

TRX and GRX immunoreactivity was not de­

tected at E8.5, but was positive at E10.5 and 

then increased by El 1.5. The visceral connec­

tive tissue and skeletal muscles were positive 

for the TRX and GRX immunostaining after 

El 1.5. Both TRX and GRX were negative in the 

primitive gut epithelium (endoderm) of E8.5 

embryos. TRX became faintly detectable in the 

intestinal epithelium at El 1.5 and was dis­

tinctly positive at E13.5-16.5 (Fig. 2). GRX ap­

peared in the intestinal epithelium later than 

TRX and was positive after E13.5 (Fig. 2). The 

villous epithelium of the fetal intestine showed 

intense immunoreactivity for both TRX and 

GRX at E16.5 in the nucleus (Fig. 2). Both TRX 

and GRX were intensely expressed, especially 

in the epithelial cells near the tip of intestinal 

villi. The connective tissue of the intestine was 

also positive for TRX and GRX, but their im­

munoreactivity was significantly less intense 

than that in the epithelial cells. 

Interestingly, the heart and great vessels 

were positive for both TRX and G R X already 

at E8.5 (Fig. 3). The myocardium and the wall 

of great vessels showed strong immunoreac­

tivity for both T R X and G R X from E11.5, and 

they remained positive until adult age. The epi-

cardium and endocardium of the embryonic 

and fetal hearts were only slightly positive for 

both T R X and G R X , whose immunoreactivity 

was significantly less strong than that in the 

myocardium. 

The neuroepithelium was only faintly posi­

tive for T R X and G R X at E8.5 and E10.5, but 

the differentiated neural tissue (both nerve cells 

and fibers) was clearly positive for them after 

El 1.5. Their immunoreactivity appeared to 

peak at E13.5 and then became weaker by 

E16.5. Nucleated erythrocytes characteristic to 

the prenatal life were positive for T R X and G R X 

at Ell.5, but the immunoreactivity became sig­

nificantly weaker after E13.5. 

Hepatocytes in the liver (Fig. 4) and acinous 

and islet cells in the pancreas (Fig. 5) showed 

positive immunoreactivity for T R X and G R X at 

fetal stages (E13.5 and E16.5). However, they 

showed heterogeneous localization in hepatic 

and pancreatic tissues. In the liver, T R X ex­

pression decreased in adult mice, whereas G R X 

was expressed continuously. In the pancreas, 

TRX and G R X were localized in the nucleus of 

FIG. 1. Immunohistochemical localization of GRX in 
the surface ectoderm and skin. (A) Surface ectoderm and 
underlying mesenchyme of an E13.5 fetus. The GRX im­
munoreactivity is slightly recognizable in the surface ec­
toderm (*). (B) Skin of an E16.5 fetus. The GRX im­
munoreactivity is clearly positive in the epidermis (*). (C) 
Hair follicle of an El 6.5 fetus. G R X is localized in the ex­
ternal root sheath of the primordial hair (arrowhead). 
(Bar = 10 /j,m.) 

FIG. 2. Immunohistochemical localization of TRX 
(A-C) and G R X (D-F) in the small intestine. TRX is ex­
pressed slightly in the intestinal epithelial cells at E13.5 
(A). At E16.5 (B, E) and in the adult (C, F), TRX and G R X 
are expressed heterogeneously in the villous epithelium. 
Their immunoreactivity is more intense at the distal part 
of intestinal villi. (Bar = 10 /j.m.) 

FIG. 3. Immunohistochemical staining for TRX (A-D) 
and G R X (E-H) in embryonic, fetal, and adult mouse 
hearts. * indicates the myocardium. TRX and G R X are co-
localized in the myocardium and their staining intensity 
is continuously positive during the prenatal life (A-G). 
TRX and G R X are expressed heterogeneously in muscle 
fibers of the adult heart (D, H). In the endocardium, both 
TRX and G R X are only slightly detectable. (Bar = 10 /xm.) 
A, E, E8.5; B, F, E11.5; C, G, E16.5; D, H, adult. 
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acinous and islet cells, and in islet cells they 

were also localized in the cytoplasm. 

In the respiratory system, both the epithelial 

cells of the airway (future bronchial and alve­

olar epithelia) and the lung parenchyme 

showed positive immunoreactivity for TRX 
and GRX, which increased at later stages of de­

velopment. 

The epithelial cells of various exocrine and en­
docrine organs (e.g., submandibular and thyroid 

glands) were positive for the irruriunostaining 
for TRX (data not shown) and GRX (Fig. 5) at 
E16.5. In the thyroid, the GRX immunoreactiv­

ity appeared more intense than that of TRX. A 
similar relationship between the two antioxida­
tive enzymes was observed also in the liver and 
the connective tissue of the intestine. 

In the kidney, the glomerular tissue was neg­
ative for both TRX (Fig. 6) and GRX (data not 
shown) both in fetal and adult mice. On the 
other hand, the epithelial cells of uriniferous 
tubules became positive for TRX and GRX from 
E11.5. Their immunoreactivity became more in­
tense at later fetal stages (E13.5 and E16.5) and 
remained intensely positive in the adult kid­
ney. The immunoreactivity for TRX and GRX 

was not homogeneous in the epithelial cells of 
uriniferous tubules. 
Another interesting finding was observed in 

the cartilage (Fig. 7). TRX was expressed in­
tensely in the cytoplasm of proliferating chon­
drocytes, whereas GRX was localized in hy­
pertrophic chondrocytes that were in the 
process of apoptotic cell death. GRX was also 
expressed in proliferating chondrocytes, but it 
was much less intense than in hypertrophic 
chondrocytes. 
The trophoblastic and decidual cells were 

both intensely positive for both TRX and GRX 
early in gestation (E8.5) and remained positive 
at later stages (data not shown). The im­
munoreactivity in these extraembryonic tissues 
was significantly stronger than in embryonic 
proper tissues. 

DISCUSSION 

In the present study, TRX and GRX were 
found to be present in most tissues of mouse 

embryos and fetuses during and after organo­

genesis, and they showed some spatial hetero­

geneity and temporal sequences. They tended 

to be co-localized in many tissues, although 

their intensity and initiation of expression were 

not exactly identical. In many tissues, both TRX 

and GRX began to be expressed at E10.5 or 
El 1.5 and their immunoreactivity increased be­

tween E11.5 and E13.5 and often peaked at 

E16.5. Such temporal sequence of their expres­

sion seems to coincide with the progression of 

organogenesis and histogenesis. They ap­
peared to be expressed in growing and meta-

bolically active tissues and in proliferating 

cells, as has been suggested by Rozell et al. 

(1985, 1993) and Fujii et al (1991). 
Although TRX and GRX were generally lo­

calized in the cytoplasm, they were expressed 

also in the nucleus in some tissues such as vil­
lous epithelium of the small intestine and pan­

creatic cells. Hirota et al. (1997) showed that 
TRX localization migrated from the cytoplasm 
to the nucleus in HeLa cells treated with phor­
bol acetate. It may be that the localization of 

TRX and GRX in the cell may reflect the func­
tional state of the cell or its phase in the cell 

cycle. 

FIG. 4. Immunohistochemical staining for T R X (A-C) 
and G R X (D-F) in the liver. TRX and G R X are expressed 
in hepatocytes but their immunoreactivity is heteroge­
neous. TRX expression in the liver decreases in E16.5 fe­
tuses (C) and adult mice. O n the other hand, G R X ex­
pression increases with development (D-F). (Bar = 10 
/xm.) A, D, E11.5; B, E, E13.5; C, F, E16.5. 

FIG. 5. Immunohistochemical localization of GRX in 
the pancreas (A) and thyroid gland (B) at E16.5 (A) Pan­
creas. G R X is localized in islet cells (*) and less intensively 
in acinar epithelial cells. Its immunoreactivity is hetero­
geneous in the epithelial cells of acini. (B) Thyroid gland. 
G R X is expressed heterogeneously in glanular cells of the 
thyroid. (Bar = 10 /i.m.) 

FIG. 6. Immunohistochemical localization of TRX (A, 
B) in the kidney. TRX is heterogeneously expressed in 
the nuclei of the epithelial cells of uriniferous tubules, but 
is negative in glomeruli (*) (Bar = 10 /im.) A, E16.5; B, 
adult. 

FIG. 7. Immunohistochemical localization of GRX (A) 
and T R X (B) in endochondral ossification in the limb of 
E16.5 mice. (A) Hypertrophic chondrocytes that are in the 
process of apoptosis are positive for G R X immunoreac­
tivity. Chondrocytes at the proliferating zone (*) are only 
faintly positive for GRX. (B) TRX is expressed in both pro­
liferating and hypertrophic chondrocytes. (Bar = 10 /xm.). 
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In E8.5 neurulating embryos, TRX and GRX 

were negative except in the neuroepithelium 

and the myocardium. Their immunoreactivity 

in the former tissue was only slightly recog­

nizable, but the myocardium was already in­

tensely positive for both enzymes as early as 
E8.5. The myocardium was continuously posi­

tive for TRX and GRX during the prenatal life, 

and their immunoreactivity became less in­
tense in the myocardial tissue of adult mice. 
This finding was interesting because the heart 

and great vessels are among the major organs 
that are formed first in the embryo and play es­
sential roles in early development. On the other 

hand, Rozell et al. (1985) examined the tissues 
of the adult rat immunohistochemically and 
found that the cardiac muscle was negative for 
TRX, which was not consistent with our find­
ing in adult mice. The reason for such incon­
sistency between the mouse and rat studies is 
not clear but it may be due to some genetically 
determined species difference or to a difference 
in the antibodies used in the two studies. 
The cerebrum was found to become intensely 

positive for TRX and GRX at El 1.5 and then 
their immunoreactivity declined by E16.5. In 
the mouse embryo, the production and migra­
tion of neuronal cells start around Ell. They 
are actively produced at El 1-14 and their 
production ceases by E17 (Kameyama and 
Hoshino, 1986). Therefore, the sequential 
changes of TRX and GRX expression seem to 
reflect the temporal sequence of neuron pro­
duction in the mouse brain. With this regard, 
it is interesting to note the finding by Fujii et al. 
(1991) that TRX was negative in the neurons in 
the central nervous system (CNS) of human fe­
tuses after 9 weeks of gestation when neuronal 
proliferation is not active or has ceased. 
In the digestive tract, one of the remarkable 

findings was that TRX and GRX were intensely 
positive in the apical villous epithelium of the 
small intestine, whereas their immunoreactiv­
ity was significantly weaker in the proximal 
part of the villous epithelium and in the con­
nective tissue of the gut wall. Although the in­
testinal epithelium of the mouse fetus is not 
actually functioning yet, the differential local­
ization of TRX and GRX may reflect some dif­

ferent states of differentiation in the apical and 

proximal parts of the villous epithelium. In the 

human fetus, the epithelial lining of the esoph­

agus, stomach, and intestine show moderate to 
strong immunoreactivity for TRX, which may 

be dependent on their degree of differentiation 

and functional state (Fujii et al, 1991). 

Both TRX and GRX were intensely positive 

in the liver of El 1.5 and E13.5 fetuses, and 

TRX became less intense in the hepatic tissue 

of E16.5 fetuses and adult mice. The enzymes 
were localized in hepatocytes, but their in­

tensity was not homogeneous among hepato­

cytes. At this stage of fetal development, he­

patocytes are actively proliferating and the 

fetal liver has a hematopoietic function. In the 
human fetus also, TRX is expressed more in­
tensely than in the adult liver (Fujii et al, 

1991). Nakamura et al. (1992) have shown that 
TRX was expressed in the adult human liver 
and that its immunoreactivity significantly in­

creased in human hepatoma cells. On the 
other hand, GRX was continuously expressed 
in the liver of fetal and adult mice and was 

detected both in the nuclei and cytoplasm of 
the hepatocyte. GRX may participate in active 
metabolism in the liver depending on the 
GSH redox regulating system (Holmgren, 
1976, 1989). 

In the pancreas of E16.5 fetuses, TRX and 

GRX were expressed heterogeneously in the 
nuclei of acinar cells and in the cytoplasm of 
islet cells. In the human fetus and adult 

rat, TRX was detected in acinar and islet 
cells (Rozell et al, 1985; Fujii et al, 1991). TRX 
was present also in the glandular cells of the 

thyroid and submandibular glands. These find­
ings support the previous reports indicating 
that TRX is associated with active secretory 
function (Padilla et al, 1992) and has chemo­
tactic effects (Bertini et al, 1999). 

In the kidney, TRX and GRX were detected 

heterogeneously in the lining cells of urinif­
erous tubules, but were negative in glomeruli. 

Why the expression of these enzymes is not 
homogeneous in the uriniferous epithelium is 
not known, but the sensitivity to oxidative 
stress may differ among tubules depending 

on their functional state. Toyokuni and his 
colleagues examined the expression of TRX in 

the kidney of a mouse model of free radical-



LOCALIZATION OF TRX A N D GRX IN MOUSE EMBRYOS 661 

associated renal carcinogenesis and found 

that TRX is expressed heterogeneously in 

uriniferous tubules (Tanaka et al, 1997; 

Toyokuni et al, 1999). It is possible that TRX 

and G R X may regulate the redox state in the 

uriniferous epithelial cells whose functional 

state may not be identical among nephrons, 

depending on their secretory and reabsorbing 

activity. 

TRX and G R X were found to be expressed 

differently during endochondral ossification. 

TRX was expressed in chondrocytes at the pro­

liferating zone, especially in their nuclei. O n the 

other hand, G R X was only slightly expressed 

in proliferating chondrocytes but was intensely 

detectable in the nuclei and cytoplasm of hy­

pertrophic chondrocytes that undergo apop­

totic death to be replaced by osteogenic tissue. 

The reason is not clear w h y T R X and G R X are 

expressed differently in the fetal cartilage, but 

they m a y be involved in different metabolic 

processes in chondrocytes during endochon­

dral ossification. 

In the extraembryonic tissue, T R X and G R X 

were intensely expressed in decidual and tro­

phoblastic tissues early in development (E8.5). 

Kobayashi et al. (1995) examined h u m a n pla­

cental tissues and found that human T R X 

(ADF) was abundantly present in h u m a n de­

cidual and trophoblastic cells, which is consis­

tent with our present result in the mouse. It is 

likely that T R X and G R X take part in protect­

ing the implanted conceptus from the cytotoxic 

effects of oxygen radicals generated by the 

rapid blood flow in the placenta. It is interest­

ing to note a previous finding that mouse em­

bryos lacking the T R X gene failed to implant 

or died shortly after implantation (Matsui et al, 

1996). Therefore, T R X m a y be essential for early 

development and differentiation of rodent em­

bryos. 

T R X and G R X are expressed in various tis­

sues of mouse and h u m a n embryos, and their 

expression patterns show some spatial het­

erogeneity and temporal sequence. In addi­

tion to their primary role in the oxidoreduc-

tion process, they m a y be involved in cell 

proliferation and differentiation in various 

tissues, as suggested by previous studies, al­

though their roles can differ in different tis­

sues. Experimental studies are in progress in 

our laboratories to elucidate the roles of these 

enzymes in ontogenesis and tissue differenti­

ation. 
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ADF, Adult T-cell leukemia-derived factor 

(human thioredoxin); AP-1, activator protein-

1; CNS, central nervous system; DAB, di-

aminobenzidine; GRX, glutaredoxin; HTLV-I, 

human T lymphotropic virus type-I; NF-kB, 

nuclear factor-KB; SOD, superoxide dismutase; 

TRX, thioredoxin. 
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