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Placental 1113-hydroxysteroid dehydrogenase type 2 (1113-HSD2) converts glucocorticoids to 11-keto-products and is believed 
to play an important role in protecting fetuses from higher maternal glucocorticoid levels. Recent reports have speculated that 
prenatal glucocorticoid exposure leads to fetal growth retardation and adult offspring hypertension and hyperglycemia. To 
investigate the effects of placental 11~-HSD2 inhibition on glucose metabolism and the 1113-HSD system in adult offspring, 
pregnant rats were treated with daily injections of carbenoxolone (CBX), an inhibitor of 11 ~-HSD. The offspring of the maternal 
CBX treatment group showed reduced birth weight (treated v control, 5.6 -+ 0.5 v 6.4 -+ 0.4 g, P < ,0001). In adult offspring of 
the maternal CBX treatment group, plasma hemoglobin Alc was significantly increased (7.3% +- 1.8% v4.8% -+ 0.3%, P < .01) 
and glucose intolerance was shown on the oral glucose tolerance test. The gene expression of hepatic 1113-HSD1 and renal 
1113-HSD2 was decreased 87.6% (P < .05) and 52.3% (P < .01) in adult offspring of the maternal CBX treatment group, whereas 
renal 1113-HSD1 was not significantly altered. The change in 1113-HSD activity corresponded to the change in the gene 
expression. These results suggest that inhibition of placental 11~-HSD2 causes growth retardation, glucose intolerance, and 
partial suppression of the 1113-HSD system in the offspring. 
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p REVIOUS STUDIES have cloned and characterized two 

distinct isozymes of ll[3-hydroxysteroid dehydrogenase 

( l l [3-HSD))  ,2 ll[3-HSD1 is a low-affinity, NADP(H)-depen- 

dent dehydrogenase/oxoreductase, 3 whereas l l[3-HSD2 is a 

high-affinity, NAD-dependent dehydrogenase. 4 These two en- 

zymes are the product of separate genes and their mRNA 

expression exhibits tissue-specific patterns. 11 [3-HSD2 is highly 

expressed in placental syncytiotrophoblasts 5 and protects the 

fetus from higher (five to 10 times) maternal glucocorticoid 

levels by the rapid conversion of physiologically active forms 

(cortisol in humans and corticosterone in rats) into inert 

l l-keto-products (cortisone and l l-dehydrocorticosterone, re- 

spectively). 6 

Human epidemiological studies have shown that low birth 

weight is associated with an increased risk of hypertension]  

ischemic heart disease? and non-insulin-dependent diabetes 

mellitus (NIDDM) 9 in adult life. Other studies have demon- 

strated that excessive fetal exposure to maternal glucocorticoids 

leads to low birth weight and subsequent glucose intolerance in 
the offspring. 10 These data suggest that the intrauterine environ- 

ment plays a crucial role in determining later glucose homeosta- 

sis. However, the mechanism responsible for the derangement 

in glucose metabolism has not been clarified. 1113-HSD is likely 
a key enzyme because it is present in high levels in the placenta 

and converts glucocorticoids into their physiologically inactive 

forms. 
In this study, we evaluated the effects of placental 1113-HSD2 

on the offspring, using the specific l lB-HSD antagonist car- 

benoxolone (CBX), to determine whether intrauterine steroid 
metabolism significantly influences metabolism in later life. 
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MATERIALS AND METHODS 

Animals and Treatment 

Eight-week-old male Sprague-Dawley rats were obtained from 
Nippon SLC (Hamamatsu, Japan). The animals were housed under 
normal laboratory-controlled conditions (temperature 22 ° to 26°C and 
lights on between 7 AM and 7 PM), and rat chow and water were 
available ad libitum. 

The rats were time-mated and then received daily injections of either 
CBX (12.5 mg/kg in 4% ethanol-saline 0.1 mL; Sigma, St Louis, MO) 
or vehicle alone (control) subcutaneously throughout pregnancy as 
previously reported. 11 At birth, neonatal rats were weighed and no 
further treatment was given. 

Measurement of  Blood Glucose, Plasma C-Peptide, 
and Hemoglobin A sc 

Male offspring underwent an oral glucose tolerance test at 1 year of 
age. The rats were fasted overnight, and glucose 2 g/kg was adminis- 
tered by gavage between 9 and 10 AM the following morning. Blood was 
collected in heparinized Eppendorf tubes by tail snipping at 0, 15, 30, 
60, 90, and 120 minutes. Plasma was stored at -20°C. 

The glucose concentration was measured by a glucose oxidase 
system (Boehringer, Mannheim, Germany). Plasma C-peptide was 
determined by double-antibody radioimmunoassay (RIA) using a rat 
C-peptide ILIA kit (Linco Research, St Louis, MO). Hemoglobin Art 
was assayed by affinity chromatography (Glyc-Affin GHb; Isolab, 
Akron, OH). 

Measurement of  11 [3-HSD Activity 

11 [3-HSD activity was determined by measuring the rate of conver- 
sion of [3H]corticosterone ([3H]B) to [3H]ll-dehydrocorticosterone 
([3H]A) as previously reported. 12,13 Briefly, kidney or liver tissues 
(0.5 g) were homogenized in Krebs-Ringer buffer (KRB) solution at 
4°C in a Dounce tissue grinder. The tissue homogenates were centri- 
fuged, and the protein concentration of the supernatants was determined 
in a homogenate dilution by the method of Bradford (Bio-Rad Protein 
Assay Kit; Bio-Rad, Richmond, CA). The homogenate supernatants of 
kidney tissues were incubated in KRB containing 100 nmol/L [3H]B 
(specific activity, 90 Ci/mmol; New England Nuclear, Boston, MA; 1 
mCi) and 200 mmol/L NAD + as a cofactor for 10 minutes at 37°C in an 
agitated bath. The homogenate supernatants of liver tissues were 
incubated in KRB containing 2 gmol/L [3H]B and 3.4 mmol/L NADP as 
a cofactor. The steroids were extracted with ethyl acetate and separated 
by thin-layer chromatography in a chloroform:ethanol (9:1) system. The 
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activity of 1113-HSD (renal ll[3-HSD1 and ll[3-HSD2 and 10-  
hepatic ll[32HSD1) is expressed as the percentage conversion of 
[3H]B to [3H]A, which is calculated from the radioactivity of each 
fraction• 

o-e 
RNA Preparation and Northern Blot Analysis ~'~ 

Total RNA was extracted from the kidney or liver samples using the ~ 5 
single-step guanidinium isothiocyanate acid-phenol chloroform extrac- T 
tion method as previously described. 14 For Northern blot analysis, 
aliquots of total RNA (20 mg) were subjected to electrophoresis, on 
1.4% agarose gels and transferred to a nylon membrane (Hybond-N+; 
Amersham International, Bucks, UK) by overnight capillary transfer, 
and the membrane was fixed under UV light. The membranes were 
prehybridized for 24 hours before adding the probes• To assist in the 0 
quantification of mRNA, rat 1 t [3-HSD1 (1,265 base pairs [bp]) cDNA 
from Dr RC. White I and rat 11 [3-HSD2 (1,864 bp) cDNA from Dr C.E. 
Gomez-Sanchez 2 were labeled with [32p]dCTP (specific activity, 6,000 
CVmmol; Amersharn) using nick translation (Nick Translation System; 
BRL Life Technologies, Bethesda, MD). Autoradiographs were ob- 
tained by exposing the membranes to x-ray film with an intensifying 
screen at -70°C for up to 5 days. For densitometric measurements, 
autoradiographic signals were standardized to signals determined from 
18S rRNA in each preparation to control for the amount of RNA loaded 
per lane. 

Statistical Analysis 

All data are expressed as the mean _+ SD. Comparisons among 
groups were performed by the unpaired t test• Values are considered 
statistically significant at a P level less than .05. 

RESULTS 

CBX treatment of pregnant rats reduced the birth weight 
(CBX v control, 5.6-+ 0.5 v 6.4 + 0.4 g, P < .0001) of 16 
offspring compared with the controls (Fig 1). There were no 1 4  
significant differences in gestation time, litter size, or viability --~ 12. 
among the groups, o 

At 1 year of age, the male offspring of rats treated with CBX 1 0 

during pregnancy showed significantly higher plasma hemoglo- "~ 8 
bin Ale (7•3%-+ 1.8% v 4.8% _+ 0.3%, P < .01) than the 6. 
control group (Fig 2). After the oral glucose load, plasma 
glucose was significantly higher at 30, 60, 90, and 120 minutes 4 

in the CBX group (Fig 3A). Plasma C-peptide was also 2 
significantly higher at 15 and 30 minutes (Fig 3B). Body weight 0 
was similar among the groups at this time (data not shown)• 
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Fig 1. Birth weight of offspring of the maternal group treated 
during pregnancy with vehicle (CON, n = 34) or CBX (n = 32). *P  < 
.05 vCON. 

CSN c;x 
Fig 2. Plasma hemoglobin Ale in offspring of the maternal group 

treated during pregnancy with vehicle (CON, n = 6) or CBX (n = 6). 
* * P  < .01 vcontrol. 

Figure 4A to C shows the expression of ll[3-HSD mRNA in 
the kidney or liver at 1 year of age. In the kidney, ll[3-HSD1 
expression was not significantly different in CBX offspring 
versus the controls, and ll[3-HSD2 was significantly (P < .01) 
lower• In the liver, ll[3-HSD1 expression was significantly 
(P < .05) reduced. 

l l[3-HSD activity was determined by measuring the rate 
of conversion of [3H]B to [3HIA (Fig 5). CBX offspring 
showed significantly lower renal l l[3-HSD2 activity (P < 
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Fig 3. Plasma (A) glucose and (B) C-peptide on oral glucose 
tolerance test in offspring of maternal rats treated during pregnancy 
with vehicle (CON, n = 6) or CBX (n = 6). *P  < .05, * * P  < .01 v 
control. 
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.01) and hepatic 1113-HSD1 activity ( P <  .05) than the 
control group. Renal 1113-HSD1 activity was not significantly 
different among the groups. These results are similar to the 
findings for 11 [3-HSD mRNA expression. 
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Fig 5. 111~-HSD activity in offspring of the maternal group treated 
during pregnancy with vehicle (CON, n = 6) or CBX (n = 6). Results 
are expressed as the percentage conversion of [ZH]B to [ZHIA. *P < 
.05, * * P  < .01 vcontrol. 
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Fig 4. 111~-HSD mRNA expression in offspring of the maternal 
group treated during pregnancy with vehicle (CON, n = 6) or CBX 
(n = 6). (A) Renal 111~-HSD1, (B) renal 111~-HSD2, (C) hepatic 11~- 
HSDI. Results show the ratio of 111~-HSD mRNA to 18S rRNA. *P < 
.05, * *P  < .01 vcontrol. 

DISCUSSION 

Glucocorticoids have well-characterized hypertensive and 
hyperglycemic effects. 15 It was recently proposed that prenatal 
glucocorticoid exposure programs blood pressure 11 and glucose 
tolerance 1° in the later life of the offspring. Placental 1113- 
HSD2, which is highly expressed in syncytiotrophoblasts, 5 is 
considered to protect the fetus from the higher glucocorticoid 
levels of the mother by rapid conversion of the physiologically 
active forms (cortisol in humans and corticosterone in rats) into 
inert l l-keto-products (cortisone and l l-dehydrocorticoster- 
one, respectively). 6 

We administered CBX to pregnant rats to inhibit placental 
ll[3-HSD2. In a recent study, maternal CBX treatment was 
demonstrated to reduce placental 11 [3-HSD2 activity to 63.5% 
of the control level. 1° In this study, the treatment caused a 
reduction of birth weight, glucose intolerance, and partial 
suppression of II[3-HSD. These results may not be directly 
applicable to humans, because there is a possibility that steroid 
metabolism is distinct in rats versus humans. However, positive 
correlations between birth weight and placental ll[3-HSD2 
activity were reported in rats 16 and humans. 17 Moreover, some 
patients with apparent mineralocorticoid excess, which is 
caused by low 1113-HSD2 activity due to a mutation in the 
ll[3-HSD2 gene, were shown to have a low birth weight. 18 It 
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has been considered that birth weight is related to placental 
11 [3-HSD2, because a decrease of placental 1113-HSD2 activity 
impaired fetal growth due to a failure to inactivate maternally 
derived glucocorticoid.t9 

At 1 year of age in rats, almost the same as 60 years of age in 
humans, we investigated glucose metabolism and ll[3-HSD 
alternation in adult offspring. Hemoglobin Ale, which is known 
as one of the most sensitive and specific indicators for diabetes 
mellitus in humans and animals, was significantly higher in the 
offspring of the CBX treatment group. This finding shows that 
the offspring of the CBX group had persistently higher glucose 
concentrations, although the fasting glucose level was not 
different between the two groups. The glucose load caused 
significant elevations in blood glucose and increased C-peptide. 
The findings indicate that the insulin resistance results in 
NIDDM. 

Although Lindsay et al to reported hyperglycemia in the 
offspring of CBX-treated mothers, the alternation of 11 [3-HSD 
has not been reported. Nyirenda et al 2° reported that dexametha- 
sone treatment in rats during late pregnancy caused offspring 
glucose intolerance and increased glucocorticoid receptor mRNA 
expression, but did not change hepatic lll3-HSD1 mRNA 
expression. Our data indicate that maternal CBX treatment 
simultaneously decreased hepatic ll[3-HSD1 and renal 1113- 
HSD2 regulation in adult offspring. We propose two possibili- 
ties. One is the different effect on the ferns between CBX and 
dexamethasone. Maternal CBX treatment might program 1 l13- 
HSD regulation in the offspring. The other is the suppression of 
hepatic ll[3-HSD1 by elevated serum insulin observed as an 
inhibitory effect on 1 l l3-HSD 1 in humans 2t and rats. 22 Further- 
more, we previously demonstrated that streptozotocin-induced 
insulin-dependent diabetic rats had increased renal 11 [3-HSD 1 
and decreased renal 1 I[3-HSD2 activity and gene expression. 23 
Hyperglycemia probably induces a reduction in the intracellular 
NAD+:NADH ratio 24 and results in a decrease of renal 1113- 
HSD2 activity. Concerning renal ll[3-HSD1, the inhibitory 
effects of insulin and the acceleratory effects of glucose may 
counteract each other. It is unclear whether the suppression of 
1113-HSD resulted from impairment of glucose metabolism or 
the glucose intolerance resulted from the programed decrease of 
11 [3-HSD. Incidentally, there has been no mention as to whether 
patients with apparent mineralocorticoid excess developed 

hyperglycemia or diabetes in later life. It is probably considered 
that the patients have a low enzyme activity of 11 [3-HSD2, but 
not 11 [3-HSD 1, which is known to have more important roles in 
glucose metabolism. 

It has been speculated that prenatal exposure to excessive 
levels of glucocorticoid programs the glucose metabolism, 
leading to permanent hyperglycemia and insulin resistance. I° 
The programing may act via many pathways. Firstly, prenatal 
stress or glucocorticoid exposure permanently program an 
increased activity of the hypothalamic-pituitary-adrenal axis, 
producing glucocorticoid hypersecretion. 2s This mechanism is 
largely mediated by a reduced number of glucocorticoid 
receptors in the hippocampus, which is an important locus of 
negative-feedback control. 26 As demonstrated in previous inves- 
tigations in human fetuses with a birth weight below the 10th 
percentile for gestational age, cord levels of venous cortisol, 
corticotropin, and corticotropin-releasing factor were increased 
and dehydroepiandrosterone sulfate was decreasedS ,28 Sec- 
ondly, glucocorticoid affects hepatic enzymes involved in 
glucose metabolism, most notably phosphoenolpymvate car- 
boxykinase (PEPCK), a key enzyme in gluconeogenesis and an 
important target gene in NIDDM. 29 As recent experiments 
show, PEPCK expression is increased by maternal dexametha- 
sone treatment in pregnancy. 2° Overexpression of PEPCK in a 
rat hepatoma cell line or in transgenic mice impaired the 
suppression of gluconeogenesis. 3° Thirdly, glucocorticoid stimu- 
lates the insulin-like growth factor (IGF) system. Hepatic 
production of IGF binding protein-1 (IGFBP-1) is markedly 
induced by maternal dexamethasone treatment. 3t IGFBP-1 may 

sequester free IGF, decreasing its bioavailability, and block the 
insulin-like actions of free 1GFs. 32 Transgenic mice overexpress- 
ing IGFBP-1 show a low birth weight and adult hyperglyce- 
mia. 33 

In the present study, we have demonstrated that the inhibition 
of placental ll[3-HSD is associated with low birth weight, 
glucose intolerance, and partial suppression of 11 [3-HSD in the 
offspring of the maternal CBX treatment group. It has been 
suggested that an alternation of intrauterine glucocorticoid 
metabolism causes not only fetal growth retardation but also a 
derangement in metabolism, including glucose tolerance and 
11 [3-HSD regulation, in later life. 
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