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■ Abstract 
BACKGROUND: Mechanisms underlying diabetes-induced 
fetal growth retardation remain largely undefined. Two 
events such as the persistent activation of apoptosis or sup-
pression of cell proliferation in embryos might directly result 
in fetal growth retardation. Evidence implicating the tran-
scription factor NF-κB in the regulation of the physiological 
and teratogen-induced apoptosis as well as cell proliferation 
suggests that it may be a component of mechanisms under-
lying this pathology. To address this issue, this study was 
designed to test: 1) whether diabetes-induced fetal growth 
retardation is preceded by the modulation of NF-κB activity 
in embryos at the late stage of organogenesis and 2) whether 
apoptosis is altered in these embryos. METHODS: The em-
bryos and placentas of streptozotocin-induced diabetic mice 
collected on days 13 and 15 of pregnancy were used to 
evaluate the expression of NF-κB, IκBα and phosphorylated 
(p)-IκBα proteins by Western blot analysis and NF-κB DNA 

binding by an ELISA-based method. The detection of apop-
totic cells was performed by the TUNEL assay and the ex-
pression of a proapoptotic protein Bax was evaluated by the 
Western blot. RESULTS: The embryos of diabetic mice 
were significantly growth retarded, whereas the placental 
weight did not differ in diabetic or control females. Levels 
of NF-κB and p-IκBα proteins as well as the amount of NF-
κB DNA binding was lower in embryos of diabetic mice as 
compared to those in controls. However, neither excessive 
apoptosis nor an increased Bax expression was found in 
growth-retarded embryos and their placentas. CONCLU-
SION: The study herein revealed that diabetes-induced fetal 
growth retardation is associated with the suppression of NF-
κB activity in embryos, which seems to be realized at the 
level of IκB degradation. 
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Introduction 
 

  iabetic pregnancy is associated with complications 
   such as early and late embryonic death, inborn 

anomalies in newborns as well as fetal growth disor-
ders [1, 2]. Nowadays, studies addressing mechanisms 
underlying these embryopathies seem mainly to be fo-
cused on embryonic death or the formation of inborn 
structural anomalies, while much less is known about 

those underlying diabetes-induced fetal growth disor-
ders. 

Excessive apoptosis is presently seen as a pivotal 
event in the pathogenesis of diabetes-induced embry-
onic death and structural anomalies [3] and an associa-
tion between this apoptosis and diabetes-induced fetal 
growth retardation has also been suggested [4]. On the 
other hand, the inhibition of cell proliferation in em-
bryos during organogenesis may also be an event cul-
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minating in growth-retarded fetuses. In this situation, 
the transcription factor NF-κB seems to be a good 
candidate for studies addressing the mechanisms of 
this pathology. 

NF-κB is a collective name for transcription factors 
belonging to the Rel family comprising of  several re-
lated proteins [5]. In most cell types, NF-κB exists in a 
latent form in the cytoplasm bound to several NF-κB 
inhibitor proteins (IκBs) [6]. NF-κB may be activated 
by distinct stimuli [7], mainly, through a signaling cas-
cade including the activation of the IκB kinases 
(IKKs), phosphorylation and degradation of IκBs lead-
ing to the release of NF-κB dimers, which then move 
to the nucleus, bind to target genes and stimulate their 
transcription [6]. 

NF-κB is presently considered as a key molecule 
controlling the apoptosis process acting mainly to pre-
vent cell death [8, 9]. It acts transcriptionally in em-
bryos during organogenesis NF-κB and one of its ma-
jor components, p65 (RelA), has proved to be indis-
pensable in protecting the embryonic liver against 
TNFα-induced physiological apoptosis [10]. Recently, 
studies performed in a number of labs including our 
work have provided evidence implicating NF-κB in the 
regulation of the response of embryos to teratogens 
such as thalidomide [11], cyclophosphamide [12, 13], 
alcohol [14] and phenytoine [15] as well as to diabetes-
generated embryotoxic and teratogenic stimuli [16, 17]. 
There is also evidence demonstrating that some terato-
gens initiate the process of mal-development by affect-
ing proliferation in target cell population [18]. NF-κB 
was shown to have the potential to positively regulate 
cell cycle progression by means of the transcriptional 
regulation of cyclin D [9, 19]. However, unlike its role 
in the regulation of teratogen-induced apoptosis, the 
involvement of NF-κB in the regulation of cell prolif-
eration in embryos exposed to developmental toxi-
cants is yet to be revealed. 

In order to address the role of NF-κB in mecha-
nisms underlying diabetes-induced fetal growth retar-
dation, we first tried to evaluate whether this effect is 
preceded by an alteration of NF-κB activity in embryos 
at the late stage of organogenesis and whether apop-
tosis is altered in these embryos. Also, since intrauter-
ine growth retardation is often associated with placen-
tal dysfunctions [20], placentas of these embryos were 
also used as targets in this study. NF-κB (p65) DNA-
binding and the expression of NF-κB (p65), IκBα and 
phosphorylated (p)-IκBα proteins were evaluated to 
characterize NF-κB activity. We also characterized the 
expression of Bax, a proapoptotic protein, which was 
suggested to be acting in apoptotic signaling pathways 

underlying diabetes-induced embryotoxic and terato-
genic effects [21-23]. 

Material and methods 

Animal models 
Six to eight week old ICR mice were obtained from 

the Tel Aviv University animal facility. Females of the 
same weight were randomly distributed between con-
trol and experimental groups. The animals were kept 
on a 14hr light/10hr dark cycle with food and tap wa-
ter ad libitum. Females were caged with males for 3 hr, 
from 07:00 to 10:00 (dark period). The presence of a 
vaginal plug (11:00) was designated as day 1 of preg-
nancy. 

To induce diabetes, females were injected i.p. with 
240mg/kg streptozotocin (STZ) (Sigma, St. Louis, MI) 
in buffer acetate (pH 4.2) before mating. The blood 
glucose level (BGL) was measured with a commercially 
available glucometer (MediSense, Abbott Laborato-
ries, Bedford, MA, USA) in blood samples obtained 
from the orbital sinus on day 3 of pregnancy and then 
on days 13 or 15 of pregnancy. As the BGL in intact 
ICR female mice is estimated to be 6.7 ± 0.93 mmol/l 
(M ± SD, n = 22) [24], STZ-treated females having a 
BGL ≥ 9.5 mmol/l (mean ± 3 SD) on day 3 of preg-
nancy were considered as diabetic. As prominent fetal 
growth retardation was previously observed only in 
females having a BGL ≥ 25 mmol/l [24], only females 
with that or higher BGL on days 13 and 15 of preg-
nancy were used in the study. Females injected with 
the buffer were used as controls. 

The pregnant females were divided into two groups 
according to the times of  testing, i.e. days 13 and 15 of 
pregnancy. Eight pregnant females from each experi-
mental and control group were used to evaluate the 
number of implantation sites, resorptions and the 
weight of embryos and placentas. The experiments on 
the animals were approved by the Ethics Committee 
for Animal Use of Tel Aviv University. 

Evaluation of Apoptosis 
The detection of apoptotic cells in tissue sections 

of embryos and placentas collected on days 13 or 15 of 
pregnancy was performed by the Terminal deoxynu-
cleotidyl transferase (TdT)-mediated dUTP-biotin nick 
end labeling (TUNEL) method as described elsewhere 
[13]. Briefly, three or four embryos having no external 
anomalies (e.g., encephalocele, anophthalmia) and their 
placentas obtained from different litters of diabetic and 
control females, were fixed in formaldehyde, dehy-
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Table 1. Diabetes-induced inhibition of embryonic growth 
 
 

 Parameters 
 

Day 13 of pregnancy 
 

Control                      Diabetic 

 

Day 15 of pregnany 
 

Control                    Diabetic 
  

 Pregnant females (no.)  
 

8
 

 
  

  
 

8
 

  
 

8 
 

   
 

8
 

 
 

 Implantation sites 1 11
 

.30
 

± 0
 

.80 
 

 11
 

.10
 

± 0
 

.90 11
 

.30 
 

± 0
 

.80  11
 

.30
 

± 0
 

.80 
 

 Percentage of resorptions
 (arcsine, M ± SD) 

8
22

 

.90

.50

 

 
±

 
5

 

 
.40 

 25
35

 

.80

.40

 

 
±

 
5

 

 
.60 

11
25

 

.80 

.00 

 

 
± 

 
4

 

 
.80 

 33
40

 

.30

.20

 

 
±

 
5

 

 
.80 2

 

 Embryonic weight (g) 0
 

.09
 

± 0
 

.00 3 
 

 0
 

.06
 

± 0
 

.00 2,3 0
 

.36 
 

± 0
 

.03  0
 

.23
 

± 0
 

.03 2
 

 Placental weight (g) 0
 

.06
 

± 0
 

.00 3 
 

 0
 

.06
 

± 0
 

.00 3 0
 

.10 
 

± 0
 

.02  0
 

.09
 

± 0
 

.03 
 

Legend: Data are means ± SE. 1 Per litter. 2 Values differ significantly (p ≤ 0.05) from those in control. 3 SE < 0.01. 

drated in alcohol and xylene and embedded in paraffin. 
Tissue sections (7µM)  were prepared and after de-
parafinization, the nuclei were labeled with bioti-
nylated-dUTP (Clontech Laboratories, Palo Alto, CA) 
by using the TdT enzyme (Promega, Madison, WI). 
Then, sections were incubated with Streptavidin-HRP 
(Zymed Laboratories, South San Francisco, CA) and 
the apoptotic cells were detected by incubation with 
Diaminobenzidine (DAB Substrate Kit, Zymed Labo-
ratories, South San Francisco, CA) in the presence of 
hydrogen peroxide. The slides were counterstained 
with hematoxylin, mounted in glycerol-gelatine and 
visualized  under a light microscope. 

Western blot analysis 
 

The head and trunk (without viscera) of embryos 
collected on days 13 or 15 of pregnancy and the pla-
centas were used to evaluate the expression of Bax, 
NF-κB (RelA), IκB and phosphorylated (p)-IκB pro-
teins. In order to prepare whole-cell extracts, embry-
onic samples and placentas were homogenized in ice-
cold RIPA buffer containing 1% NP40, 0.1% SDS, 
0.5% Sodium Deoxycholate and 14.3% protease in-
hibitors (Complete; Roche Diagnostics, Mannheim, 
Germany) in phosphate-buffered saline (PBS) and the 
resulting homogenates were centrifuged for 10 min at 
10,000 x g at 4°C, aliquated, and stored at -70°C until 
required. A NE-PER Nuclear and Cytoplasmic Ex-
traction Reagents kit 
(Pierce Biotechnol-
ogy, Rockford, IL) 
was used to prepare 
cytoplasmic ex-
tracts. Protein con-
centration was mea-
sured by the Bio-
Rad protein assay 
method (Bio-Rad 
Laboratories, Her-
cules, CA). Samples 
containing 50 µg of 
protein were frac-
tioned on a 12% SDS-PAGE gel and transferred to a 
nitrocellulose membrane (Schleicher and Schuell, Das-
sel, Germany). The membranes were blocked, probed 
using polyclonal antibodies against NF-κB, IκBα, and 
Bax or monoclonal antibodies against p-IκBα (0.4-2 
µg/ml; Santa Cruz Biotechnology, Santa Cruz, CA) 
and visualized using Horseradish peroxidase (HRP)-
conjugated secondary antibodies (0.2-0.4 µg/ml; Santa 
Cruz Biotechnology, Santa Cruz, CA). After washing 
in TBS-Tween, the membranes were incubated with 

ECL reagents (Santa Cruz Biotechnology, Santa Cruz, 
CA) and exposed to an x-ray film. To control the load-
ing, the membranes were stripped and re-probed using 
an antibody for β-actin (Santa Cruz Biotechnology, 
CA, USA). Results were reproduced in 4 independent 
experiments with different samples obtained from dif-
ferent litters. 

In order for the optical densitometry analysis to be 
performed, films were scanned on an UMAX Power-
Look III scanner (eTailElectronics, Jamestown, ND) 
attached to a computer and TINA v.2.07d Software 
was used to measure the density of bands representing 
the tested proteins and actin. The level of the expres-
sion of a given protein was expressed as a ratio of the 
intensity of a given band to the intensity for actin. 

Evaluation of NF-κB DNA binding using the ELISA-based 
method. 

Females were sacrificed either on day 13 or 15 of 
pregnancy. Head and trunks of 4 - 6 embryos were col-
lected, pooled, homogenized and nuclear extracts were 
prepared using A NE-PER Nuclear and Cytoplasmic 
Extraction Reagents kit (Pierce Biotechnology, Rock-
ford, IL) according to the manufacturer’s instructions. 
Protein concentration was measured by the Bio-Rad 
protein assay method (Bio-Rad Laboratories, Hercules, 
CA). Samples were frozen in aliquots in liquid nitrogen 
and stored at -700 C until required. 

 
NF-κB DNA-binding activity was evaluated using 

an ELISA-based EZ-detectedTM Transcription Factor 
Kit for NF-κB p65 (Pierce Biotechnology, Rockford, 
IL) according to the manufacturer’s instructions. 
Briefly, 10µl of nuclear extracts containing 40µg pro-
teins were added to the wells covered with oligonu-
cleotide containing the NF-κB consensus binding site. 
The active transcription factor bound to the consensus 
sequence was incubated with a specific primary anti-
body (NF-κB p65) and then with a secondary HRP 
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conjugated antibody. After incubation, a chemilumi-
nescent substrate was added to the wells and the re-
sulting signal was detected using a Kodak Image Sta-
tion 440CF (Kodak, Rochester, NY) attached to a 
computer. All samples were run in triplicates. A wild-
type consensus oligonucleotide, provided as a competi-
tor for NF-κB binding, and a mutated consensus oli-
gonucleotide with no effect on NF-κB binding was 
used in order to monitor the specificity of the assay. 
TINA v.2.07d Software was used to perform the opti-
cal densitometry analysis. The results were reproduced 
in 3 independent experiments with different samples 
obtained from different litters. 

Statistical analysis 
The statistical analysis of data characterizing the re-

productive performance of mice such as the number 
of implantation sites and resorptions as well as the 
weight of embryos and placentas was performed on a 
litter basis. The proportion of resorptions per litter was 
transformed to arcsine values by Freeman-Tukey’s 
method  as described elsewhere [25]. All indices were 
analyzed statistically using Student’s t-test. The two-
tailed level of significance of differences was = 0.05. 

Results 

The reproductive performance of diabetic mice 
A significant decrease in the weight of diabetic mice 

and rats’ fetuses has been repeatedly demonstrated in 
both our own and other previous studies. In this study, 
we tested embryos at the late stage of organogenesis 
and observed that the weight of embryos of diabetic 
mice at both times of testing was also significantly 
lower than the weight of embryos from non-diabetic 
females (Table 1). However, the weight of placentas of 
diabetic and control females was found to be compa-
rable (Table 1). Also, as in our previous studies [17, 

23], the number of implantation sites in diabetic fe-
males did not differ statistically from those in non-
diabetic ones, whereas the proportion of resorptions 
was higher in the former (Table 1). 

The evaluation of apoptosis 
In studies addressing mechanisms of diabetes-

induced structural anomalies, excessive apoptosis was 
observed in malformed mouse and rat embryos tested 
at the stage of early organogenesis (days 10-12 of 
pregnancy) [17, 23, 26-28]. Therefore, in this study, we 
tested embryos exhibiting no structural anomalies and 
revealed only single apoptotic cells in TUNEL-stained 

sagittal sections of embryos 
of diabetic and control 
mice (Figure 1). Also, no 
excessive apoptosis was 
observed in placentas from 
diabetic mice (data not pre-
sented). Furthermore, the 
level of the expression of a 
proapoptotic protein Bax 
tested by Western blot 
analysis seemed to be lower 
in embryos of diabetic fe-
males than that in control 
embryos (Figure 2) and it 

did not differ significantly in placentas of diabetic and 
control females. 

Evaluation of the expression of NF-κB (RelA), IκBα, phos-
phorylated (p)- IκBα proteins and NF-κB DNA binding 

Western blot analysis of whole-cell protein extracts 
revealed a prominent decrease in the level of the ex-
pression of NF-κB (p65) in embryonic samples col-
lected from diabetic mice on both day 13 and day 15 
of pregnancy (Figure 2). At the same time, the level of 
this protein was practically equal in placental samples 
of diabetic and non-diabetic females (Figure 2). We 
continued to analyze embryonic samples and found 
that the level of p-IκBα was also lower in embryos of 
diabetic mice compared to that in control embryos 
(Figure 3). IκBα protein expression seemed not to dif-
fer in embryonic samples collected on day 13 of preg-
nancy from diabetic and non-diabetic mice and dem-
onstrated a trend toward a decrease in samples col-
lected from diabetic mice on day 15 of pregnancy 
(Figure 3). Finally, the evaluation of NF-κB DNA 
binding by an ELISA-based method revealed that level 
of NF-κB complex formation in embryonic samples 
from diabetic mice was lower than in samples from 
control embryos (Figure 4). 

 

A BA B

 
 
Figure 1. Representative TUNEL-stained sections of the 15-day-old embryonic brain. Sections 
shown are: A. Control embryo. B. Embryo of a diabetic female (X30). 
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Discussion 
Despite metabolic control, fetal growth disorders 

remain to be one of the main complications of mater-
nal diabetes [29]. As yet, molecular mechanisms under-
lying this pathology remain to be clarified. 

In this study, we observed that the embryos of dia-
betic mice were already significantly growth retarded 
on day 13 of gestation. Fifteen-day old embryos from 
these mice showed also a decrease in weight compared 
to that of the controls. In our previous studies, the 
weight of fetuses of STZ-induced diabetic mice regis-
tered at the end of gestation (days 18-19 of pregnancy) 
was approximately 25% lower than the weight of their 
non-diabetic counterparts [17, 24]. Together, this data 
allows us to suggest that the decrease in weight of 13-
day old embryos is a pathogenic event for growth re-
tardation demonstrated by fetuses at the end of gesta-
tion. 

At the same time, we did not observe differences in 
the weight of placentas of control and diabetic females 
or excessive apoptosis in the placentas of the latter. 
This result somewhat contradicts studies in which the 
weight of placentas was found to have increased in 
diabetic females [30, 31]. Based on these studies, it has 
been suggested that placental dysfunctions may be in-
volved in the pathogenesis of diabetes-induced fetal 
growth retardation. Interestingly, however, no placen-
tal pathology seems yet to have been found, except re-
duced uteroplacental blood flow [32], which could di-
rectly impact on fetal growth. Whether or not this fac-
tor affects diabetic mice being used in the present 
study remains unclear. Nevertheless, it is worth men-
tioning that 13-day old embryos were already severely 
growth-retarded, whereas the formation of placentas in 
mice is complete on approximately day 12 of preg-
nancy. Furthermore, in our previous studies of 9-day 
old mouse embryos cultured in media containing tera-
togenic concentrations of glucose [28], embryos exam-
ined 24 hours after the beginning of culturing exhib-
ited growth retardation, regardless of whether or not 
they were malformed. This observation suggests that at 
least in mice with severe STZ-induced diabetes, the 
process of fetal growth retardation may start early, at 
the period of or shortly after their highest sensitivity to 
diabetes-induced teratogenic stimuli, which is consid-
ered to be days 8-9 of pregnancy [1, 2]. Together, these 
facts suggest that placental dysfunctions might con-
tribute to but hardly initiate the process of growth re-
tardation of murine embryos developing in a diabetic 
environment. 

We also observed decreases in the levels of the NF-
κB (p65) protein and NF-κB DNA binding in the 
growth-retarded embryos from diabetic mice. The ex-
pression of phosphorylated IκBα protein also de-
creased suggesting that this suppression of NF-κB ac-
tivity might be realized at the level of IκB degradation. 

These results seemingly contradict considerable 
evidence demonstrating that diabetes is associated with 
activation of NF-κB [33]. Importantly, however, diabe-
tes-induced activation of NF-κB was mainly observed 
in studies in adult cells exhibiting low constitutive NF-
κB activity in normoglycemic conditions, whereas em-
bryos tested in the present study exhibited high consti-
tutive NF-κB activity. As multiple mechanisms acting 
in a cell type-dependent fashion are implicated in the 
regulation of NF-κB activity [8, 9], the possibility that 
diabetes might suppress NF-κB activity in embryos 
seems to be conceivable. 

As previously mentioned, suppression of NF-κB 
activity in embryos at the early stage of organogenesis  
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Figure 2. Expression of NF-κB (p65) and Bax proteins in embryos 
and placentas of diabetic mice. Western blots illustrate the ex-
pression of p65 and Bax proteins in whole-cell extracts isolated 
from 13- and 15-day-old embryos (13E and 15E) and their pla-
centas (13P and 15P). Data are representative of four independ-
ent experiments done with different samples. Bands were ana-
lyzed densitometrically and the graphical data are presented as 
the density of a given band relative to actin. 
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induced by a number of teratogens was suggested to 
be followed by the activation of the apoptotic process 
in embryonic structures that are subject to malforma-
tion [34]. At the same time, in this study, no excessive 
apoptosis was observed in growth-retarded embryos at 
the late stage of organogenesis. Besides, the expression 
of a proapoptotic protein Bax was found to have de-
creased in these embryos. 

Bax, a member of the Bcl-2 family of proteins [35], 
plays a key role in the 'intrinsic' apoptosis pathway 
[36]. This pathway is initiated by various effectors in-
cluding reactive oxygen species (ROS) [36]. Hypergly-
cemic conditions were shown to be associated with the 
excessive ROS production [37] and an increased Bax 
expression was detected in studies addressing mecha-
nisms of diabetes-induced apoptosis in adult cells [38, 
39]. In the light of this data, it is tempting to speculate 
that the decrease in the expression of Bax observed in 

this study might reflect the suppression of apoptosis in 
growth-retarded embryos. Such a scenario seems to be 
logical enough under the premise that the growth re-
tardation of the tested embryos might be due to the 
suppression of cell proliferation. In that case, suppres-
sion of apoptosis would be essential in preventing in-
trauterine death of growth-retarded embryos. Whether 
this scenario is correct and whether NF-κB plays a role 
in it is now being researched. 

In conclusion, this study suggests that diabetes-
induced fetal growth retardation may be accompanied 
by the suppression of NF-κB activity in embryos. 
Meanwhile, the pathogenesis of diabetes-induced 
complications such as retinopathy, endothelial dys-
function and nephropathy includes the sustained acti-
vation of NF-κB in target cell populations [33, 37], 
suggesting that anti-NF-κB therapy may be used for 
treatment of these complications [33,40]. The results 
of this paper appear to highlight the necessity to reveal   
the role of the NF-κB signaling in diabetes-induced 
embryopathies to estimate the risk of anti-NF-κB ther-
apy for pregnant women. 

Acknowledgments: This work was partially sup-
ported by The Israel Science Foundation (grant # 
541/00) and The Israel Ministry of Health. 
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Figure 3. Expression of IκBα and phosphorylated (p)-IκBα pro-
teins in embryos of diabetic mice. Western blots illustrate the ex-
pression of IκBα and p-IκBα proteins in cytoplasmic extracts iso-
lated from 13- and 15-day-old embryos (13E and 15E). Data are 
representative of four independent experiments done with differ-
ent samples. Bands were analyzed densitometrically and the 
graphical data are presented as the density of a given band rela-
tive to actin. 
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Figure 4. NF-κB complex formation in embryos of diabetic mice. 
The amount of NF-κB DNA binding was measured by the chemi-
luminescence assay using an ELISA-based method directed 
against the p65 subunit of NF-κB in nuclear extracts isolated from 
13- and 15-day-old embryos (13E and 15E). All samples were run 
in triplicates. Data are representative of three independent ex-
periments done with different samples. The graphical data present 
the results of the densitometric analysis. 



 
Diabetes-Induced Fetal Growth Retardation and NF-κB The Review of Diabetic Studies 33  

  Vol. 2 ⋅ No. 1 ⋅ 2005 
 

www.The-RDS.org  Rev Diabetic Stud (2005) 2:27-34  

■ References 
 

1. Eriksson UJ, Borg LA, Forsberg H, Styrud J. Diabetic em-
bryopathy. Studies with animal and in vitro models. Diabetes 
1991. 40 Suppl 2:94-98. 

2. Reece EA, Homko CJ. Multifactorial basis of the syndrome 
of diabetic embryopathy. Teratology 1996. 54:171-182. 

3. Moley KH. Hyperglycemia and apoptosis: mechanisms for 
congenital malformation and pregnancy loss in diabetic 
women. Trends Endocrinol Metab 2001.12:78-82. 

4. Sun F, Kawasaki E, Akazawa S, Hishikawa Y, Sugahara 
K, Kamihira S, Koji T, Eguchi K. Apoptosis and its pathway 
in early post-implantation embryos of diabetic rats. Diabetes Res 
Clin Pract 2005. 67:110-118. 

5. Chen FE, Ghosh G. Regulation of DNA binding by Rel/NF-
κB transcription factors: structural views. Oncogene 1999. 18: 
6845-6852. 

6. Karin M, Ben-Neriah Y. Phosphorylation meets ubiquitina-
tion: the control of NF-[kappa]B activity. Annu Rev Immunol 
2000. 18:621-633. 

7. Pahl HL. Activators and target genes of Rel/ NF-kB tran-
scription factors. Oncogene 1999. 18:6853-6866. 

8. Karin M, Lin A. NF-κB at the crossroad of life and death. Nut 
Immunol 2002. 3:221-227. 

9. Kucharczak J, Simmons MJ, Fan Y, Gelinas C. To be, or 
not to be: NF-kappaB is the answer- role of Rel/NF-kappaB in 
the regulation of apoptosis. Oncogene 2003. 22:8961-8982. 

10. Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D. 
Embryonic lethality and liver degeneration in mice lacking the 
RelA component of NF-kappa B.  Nature  1995. 376:167-170. 

11. Hansen JM, Gong SG, Philbert M, Harris C. .Misregulation 
of gene expression in the redox-sensitive NF-kappaB-
dependent limb outgrowth pathway by thalidomide. Dev Dyn 
2002. 225:186-194. 

12. Torchinsky A, Lishanski L, Wolstein O, Shepshelovich J, 
Orenstein H, Savion S, Zaslavsky Z, Carp H, Brill A, Dik-
stein R, Toder V, Fein A. NF-kappaB DNA-binding activity 
in embryos responding to a teratogen, cyclophosphamide. 
BMC Dev Biol 2002. 2:2. 

13. Torchinsky A, Shepshelovich J, Orenstein H, Zaslavsky 
Z, Savion S, Carp H, Fein A, Toder V. TNF-alpha protects 
embryos exposed to developmental toxicants. Am J Reprod Im-
munol 2003. 49:159-168. 

14. Acquaah-Mensah GK, Kehrer JP, Leslie SW. In utero etha-
nol suppresses cerebellar activator protein-1 and nuclear fac-
tor-kappa B transcriptional activation in a rat fetal alcohol syn-
drome model. J Pharmacol Exp Ther 2002. 301:277-283. 

15. Kennedy JC, Memet S, Wells PG. Antisense evidence for 
nuclear factor-kappaB-dependent embryopathies initiated by 
phenytoin-enhanced oxidative stress. Mol Pharmacol. 2004. 
66:404-412. 

16. Pampfer S, Cordi S, Cikos S, Picry B, Vanderheyden I, 
Hertogh RD. Activation of nuclear factor kappaB and induc-
tion of apoptosis by tumor necrosis factor-alpha in the mouse 
uterine epithelial WEG-1 cell line. Biol Reprod 2000. 63:879-886. 

17. Torchinsky A, Gongadze M, Orenstein H, Savion S, Fein 
A, Toder V. TNF-alpha acts to prevent occurrence of mal-
formed fetuses in diabetic mice. Diabetologia 2004. 47:132-139. 

18. Takagi TN, Matsui KA, Yamashita K, Ohmori H, Yasuda 
M. Pathogenesis of cleft palate in mouse embryos exposed to 
2,3,7, 8-tetrachlorodibenzo-p-dioxin (TCDD). Teratog Carcinog 
Mutagen 2000. 20:73-86. 

19. Chen F, Castranova V, Shi X. New insights into the role of 
nuclear factor-kappa B in cell growth regulation. Am J Pathol 
2001. 159:387-397. 

20. Gagnon R. Placental insufficiency and its consequences. Eur J 
Obstet Gynecol Reprod Biol. 2003. 110 Suppl 1:S99-S107. 

21. Moley KH, Chi MM, Knudson CM, Korsmeyer SJ, 
Mueckler M.M. Hyperglycemia induces apoptosis in pre-
implantation embryos through cell death effector pathways. 
Nat. Med  1998. 4:1421–1424. 

22. Reece EA, Ma XD, Zhao Z, Wu YK, Dhanasekaran D. 
Aberrant patterns of cellular communication in diabetes-
induced embryopathy in rats: II, apoptotic pathways. Am J Ob-
stet Gynecol 2005. 192:967-972. 

23. Bojunga J, Nowak D, Mitrou PS, Hoelzer D, Zeuzem S, 
Chow KU. Antioxidative treatment prevents activation of 
death-receptor- and mitochondrion-dependent apoptosis in the 
hearts of diabetic rats. Diabetologia 2004. 47:2072-2080. 

24. Torchinsky A, Toder V, Carp H, Orenstein H, Fein A. In 
vivo evidence for the existence of a threshold for hyperglyce-
mia-induced major fetal malformations: relevance to the etiol-
ogy of diabetic teratogenesis. Early Pregnancy 1997. 3:27-33. 

25. Torchinsky A, Fein A, Toder V. Immunoteratology: I. MHC 
involvement in the embryo response to teratogens in mice. Am 
J Reprod Immunol  1995. 34:288-298. 

26. Phelan SA, Ito M, Loeken MR. Neural tube defects in em-
bryos of diabetic mice: role of the Pax-3 gene and apoptosis. 
Diabetes 1997. 46:1189-1197. 

27. Forsberg H, Eriksson UJ, Welsh N. Apoptosis in embryos 
of diabetic rats. Pharmacol Toxicol  1998. 83:104-111. 

28. Torchinsky A, Brokhman I, Shepshelovich J, Orenstein 
H, Savion S, Zaslavsky Z, Koifman M, Dierenfeld H, Fein 
A, Toder V. Increased TNF-alpha expression in cultured 
mouse embryos exposed to teratogenic concentrations of glu-
cose. Reproduction 2003. 125:527-534. 

29. Jaffe R. Identification of fetal growth abnormalities in diabetes 
mellitus. Semin Perinatol 2002. 26:190-195. 

30. Husain SM, Frost R, Mughal ZM. Effect of diabetes melli-
tus on rat placenta cellularity. Early Hum Dev 2001. 60:207-214. 

31. Padmanabhan R, Shafiullah M. Intrauterine growth retarda-
tion in experimental diabetes: possible role of the placenta. 
Arch Physiol Biochem 2001. 109:260-271. 

32. Takenaka Y, Toyoda N. The effect of alpha 1-blocking 
vasodilator on fetal growth and uteroplacental blood flow in 
streptozotocin-induced diabetic rats. Life Sci 1995. 56:1127-
1134. 

33. Kumar A, Takada Y, Boriek AM, Aggarwal BB. Nuclear 
factor-kappaB: its role in health and disease. J Mol Med 
2004.82:434-448. 

34. Torchinsky A, Toder V. To die or not to die: the function of 
the transcription factor NF-kappaB in embryos exposed to 
stress. Am J Reprod Immunol 2004. 51:138-143. 

35. Chan SL, Yu VC. Proteins of the bcl-2 family in apoptosis 
signaling: from mechanistic insights to therapeutic opportuni-
ties. Clin Exp Pharmacol Physiol 2004. 31:119-128. 

36. Green DR. Apoptotic pathways: the roads to ruin. Cell 1998. 
94:695-698. 

37. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Are 
oxidative stress-activated signaling pathways mediators of insu-
lin resistance and beta-cell dysfunction? Diabetes 2003. 52:1-8. 

38. Podesta F, Romeo G, Liu WH, Krajewski S, Reed JC, 
Gerhardinger C, Lorenzi M. Bax is increased in the retina of 



 
34  The Review of Diabetic Studies Mammon, Keshet, Savion, et al. 

  Vol. 2 ⋅ No. 1 ⋅ 2005 
 

Rev Diabetic Stud (2005) 2:27-34  Copyright © by the SBDR 

diabetic subjects and is associated with pericyte apoptosis in 
vivo and in vitro. Am J Pathol 2000. 156:1025-1032. 

39. Li ZG, Zhang W, Sima AA. The role of impaired insu-
lin/IGF action in primary diabetic encephalopathy. Brain Res  

 2005. 1037:12-24. 
40. Bacher S, Schmitz ML. The NF-kappaB pathway as a poten-

tial target for autoimmune disease therapy. Curr Pharm Des 
2004. 10:2827-2837. 

 


