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ABSTRACT

There is

increasing epidemiological evidence in humans suggesting that early life

events may

birth

be important determinants of diseases in adulthood. In particular, low

weight is predictive of cardiovascular and metabolic disorders such

as

hypertension, insulin resistance and diabetes in adult life. The molecular mechanisms
underlying this link
been

are

unknown but fetal

implicated. Glucocorticoids

but when present
from the

in

excess can

are

exposure to excess

glucocorticoids has

important for fetal growth and development,

impair fetal growth. The fetus is normally protected

higher maternal levels of glucocorticoids by feto-placental 1113-

hydroxysteroid dehydrogenase (11(3-HSD) type-2 which inactivates glucocorticoids,
and human intrauterine
HSD2

growth retardation is associated with reduced placental 11 p-

activity and elevated levels of fetal Cortisol. Since steroid hormones have well

characterised

early in life

programming properties, excessive fetal
may

exposure to

glucocorticoids

produce lifelong effects. In order to examine the role of

glucocorticoids in the programming of glucose metabolism, fetal glucocorticoid load
was

increased

by administration of dexamethasone,

during the different trimesters of rat
the last week of pregnancy

pregnancy.

a poor

substrate for lip-HSD,

Dexamethasone given selectively in

reduced birth weight by 10%, and produced

hyperglycaemia and hyperinsulinaemia in the adult offspring. In addition, rats

exposed to dexamethasone during the last week of intrauterine life had permanent
increases in

hepatic expression of glucocorticoid receptor (GR) mRNA and

phosphoenolpyruvate carboxykinase (PEPCK) mRNA (and activity). In contrast,
when

given in the first

or

offspring insulin/glucose

second week of gestation, dexamethasone had
responses or

effect

on

hepatic PEPCK and GR expression. Similarly,

administration of dexamethasone to pups

postnatally did not alter glucose control in

the adult animals. These observations suggest
late in pregnancy

no

that excessive glucocorticoid

exposure

predisposes the offspring to glucose intolerance in adulthood.

3

Programmed hepatic PEPCK overexpression, perhaps mediated by increased GR,
may

promote this process by increasing gluconeogenesis. In order to examine further

the molecular basis for

hepatic PEPCK overexpression, levels of liver enriched

transcription factors known to co-operate with GR in stimulation of PEPCK

gene

were

analysed. Levels of hepatic nuclear factor (HNF)-l, HNF-4, and

CCAAT/enhancer

binding protein (C/EBP)a (but not C/EBPJ3) did alter with

transcription

prenatal dexamethasone treatment. However, unlike GR mRNA, expression of
of these factors correlated

closely with changes in PEPCK level

These studies have confirmed that in utero overexposure

hyperglycaemia which

programme

may

or

none

hyperglycaemia.

to glucocorticoids can

be in part due to glucocorticoid mediated

increase in

hepatic gluconeogenesis, and support the hypothesis that excessive fetal

exposure to

glucocorticoids underlies the link between low birth weight and disease

in adulthood

as

observed in human

epidemiological studies.
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CHAPTER 1

INTRODUCTION

1.1

BACKGROUND

The

prevailing view regarding the pathogenesis of cardiovascular and metabolic

disorders of middle and old age,
diabetes

including type 2 diabetes (non-insulin-dependent

mellitus), hypertension and dyslipidaemia, is that these disorders

by specific lifestyle risk factors acting in adulthood
has been called the
this
et

hypothesis

a

'genes

x

upon a

caused

are

genetic background. This

environment' hypothesis [Harrap, 1994], In support of

number of monogenic variants of disorders such

as

diabetes [Kahn

al., 1996; Steven & Elbein, 1998] and hypertension [Lifton, 1996] have been

described with identified gene
been

mutations. Although linkage to

proposed for type 2 diabetes and essential hypertension,

basis has

so

far been established for these

environmental factors

(such

established roles in the

as

more common

and metabolic disorders has also been

definitive genetic

conditions. In contrast,

an

on

important part of management

manifestation of cardiovascular

supported by population studies that have

rapid increase in the prevalence of type 2 diabetes and

hypertension takes place in
environment with poor

a

population that changes in life style from

nutrition

environment of affluence and

resources

and high physical activity to

a

an

rural
urban

physical inactivity [Cohen et ah, 1988; Hales, 1997],

Traditionally, this environmental influence
factors

no

progression of cardiovascular and metabolic disorders

of these diseases. The influence of environment

a

number of loci has

salt intake, obesity, exercise and smoking) have well

[Harrap, 1994], and controlling these factors forms

documented that

a

on

disease outcome has been attributed to

acting in adult life.
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However, recent epidemiological evidence in humans has associated low birth

weight with

an

increased risk of cardiovascular and metabolic disorders in adulthood

(including hypertension, insulin resistance, type 2 diabetes, hyperlipidaemia and
death from ischaemic heart

disease) [Barker, 1991; Barker et al., 1993a; Barker et ah,

1993b]. These observations have been revolutionary in cultivating interest in early
life events

or

insults

(such

as

the intrauterine environment)

of the outcome of the individual,

The molecular mechanisms
disease
et

are

as

important determinants

independent of factors acting later in life.

underlying the link between low birth weight and adult

unknown but fetal

glucocorticoid

exposure

has been implicated [Edwards

ah, 1993; Seckl, 1994; Seckl & Brown, 1994; Seckl, 1997]. In adult mammals,

glucocorticoid hormones

are

that maintain homeostasis

involved in control of several physiological

including co-ordination of

responses to stress

processes

[Leung &

Munk, 1975; McDowell, 1983; McMahon et ah, 1988]. During development,

glucocorticoids have important regulatory functions designed to

organism for metabolic adaptations

necessary

prepare

the

for extrauterine life [Blum-Brachet,

1975; Ballard, 1979; Sulyok, 1989]. Fetal glucocorticoid load is, in part, regulated by

placental and fetal 11 P-hydroxysteroid dehydrogenase type 2 (11P-HSD2) which
catalyses

a

rapid breakdown of maternal and fetal glucocorticoids into inert products

[Murphy et ah, 1974; Lopez-Bernal et ah, 1980; Seckl, 1993], Supraphysiological
doses of

glucocorticoids retard fetal growth [Reinisch et ah, 1978], and human

intrauterine

growth retardation is associated with elevated Cortisol levels [Goland et

ah, 1993],

Recent studies have
utero

reduces birth

suggested that exposing rats to excessive glucocorticoids in

weight and

causes permanent

hypertension and hyperglycaemia

in the adult

offspring [Lindsay et ah, 1996a; Lindsay et ah, 1996b]. These

observations

support the hypothesis that excessive prenatal exposure to

19

glucocorticoids
birth

programmes

disease and

may

in part explain the link between low

weight and adulthood disease in humans. Understanding of the molecular

details involved in

prenatal glucocorticoid action and mechanisms involved in

programming

provide novel insights into the pathogenesis of

may

common

cardiovascular and metabolic disorders.

1.2

EARLY LIFE EVENTS AND DISEASE IN ADULTHOOD

1.2.1

The fetal

Recent

origins hypothesis

epidemiological studies in humans have shown that the prenatal (and

neonatal) environment plays
adulthood. In
low birth

a

series of distinct

weight

or

important role in the pathogenesis of diseases of

an

populations in the UK, Barker et al have shown that

thinness at birth strongly predicts the subsequent

insulin resistance, type

of

2 diabetes, hypertension and ischaemic heart disease in adult

life [Barker, 1991; Barker et al., 1993a; Barker et al., 1993b]. These
been

occurrence

findings have

reproduced in other populations in Europe [Leon et al., 1996], Asia [Fall et al.,

1995], Australia [Moore et al., 1996], the Caribbean [Forrester et al., 1996] and the
USA [Curhan et al.,

1996b], and have led to the 'early-life origins' hypothesis

[Barker et al., 1993a; Edwards et al., 1993], This hypothesis suggests that
environmental factors

acting in early life

development of fetal tissues and

organs.

would

produce permanent changes in

would

ultimately result in disease.

It may,

can programme or

"hardwire" the

The altered development of fetal

organ structure

and/or

gene

organs

expression, and

however, be argued that the link between low birth weight and disease in

adulthood

merely reflects the effects of

genes

that manifest themselves by reducing

20

fetal

growth and predisposing the individual to disease later in life. This question

becomes

particularly important in the association with diabetes; insulin plays a key

role in fetal

growth and impairment of insulin action from early life

explain both low birth weight and diabetes. This makes it plausible that

can

a

readily

genetically

determined defect in insulin action could lead to the association between low birth

weight and later diabetes[Hattersley & Tooke, 1999]. This view is, however, not

supported by data from momozygotic twins which have shown that the twin who
lighter at birth also shows

a greater

Since these twins have the

same

maternal

genetic background, the difference in birth weight

constraint). Traditionally,

diabetes among
in the

twin-twin transfusion

or

high concordance rates of diseases such

as

as

pathogenesis of these disorders [Newman et al., 1987]. In the light of the 'fetal

exaggerated

as

on

the genetic risk

may

these earlier studies overlooked the role of

environmental insult in
now

(such

twins have been used to advocate the importance of genetic factors

origins hypothesis' the emphasis

For

risk of type 2 diabetes [Poulsen et al., 1997],

be assumed to be due to environmental factors

can

was

probably have been
a

shared intrauterine

determining the later prevalence of disease. Similarly, it is

appreciated that environmental effects

example, females who

were

during the Dutch famine,

as

can

be transmitted

in utero in the first

adults

gave

or

across

generations.

second trimester of pregnancy

birth to children of lower birth weight

compared with normal matched controls [Lumey, 1992]. Without the historical
context

it is easy to assume

Further evidence

against

and later disease is that

a

that these

are

genetic rather than environmental effects.

genetic basis for the association between low birth weight

genetic factors

are

generally thought to play

a

minor role in

determining birth weight (see section 1.2.3a).
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1.2.2

Low birth

Low birth

weight

as a

predictor of disease in adulthood

weight is strongly associated with the risk of insulin resistance, type 2

diabetes, hypertension and cardiovascular disease in subsequent adult life [Barker,
1991; Barker et al., 1993a; Barker et ah, 1993b]. This link

particularly strong for those

men

who

were

also lighter at 1

year

was

found to be

of age [Hales et ah,

1991]. The influence of birth weight on disease is, however, independent of classical

lifestyle risk factors such
exercise. The adult

as

adult weight, social class, smoking, alcohol and lack of

lifestyle influences

are

actually additive to the effects of early life

[Barker, 1991; Barker et ah, 1993b; Law et ah, 1995]; in
diabetes

was

as

adults [Hales et ah, 1991].

relationships

normal range, not

1996a]. Thus,

are strong

and continuous, and represent birth weights within the

just severely undersized babies [Barker, 1991; Curhan et ah,

one

study showed that the risk of developing type 2 diabetes

impaired glucose tolerance

may even

be halved by

weight [Hales et ah, 1991]. Similarly, in
large placenta had
a

normal

study the risk of type 2

highest in people who had low weight at birth and during infancy but

became obese

These

one

a

a

every

or

1 kg increase in birth

British population,

a

small baby with

a

relative risk of adult hypertension three times higher than that of

baby with

a

normal placenta [Barker et ah, 1990]. In contrast, the

angiotensinogen M235T genotype (one of the better genetic associations with adult
essential

hypertension) carries

a

relative risk of 1.6 [Jeunemaitre et ah, 1992],

Although substantial, the relative risk of hypertension in smaller babies in

population

appears to

a

US

be somewhat lower than suggested by UK studies [Curhan et

ah, 1996a; Curhan et ah, 1996b]. The

reasons

for these differences have yet to be

explained.

Where

more

detailed measurements of the

body size at birth

are

available, the risk of

glucose intolerance and type 2 diabetes is highest in babies with disproportionate

22

growth, such
index

those with abnormal thinness at birth

as

(weight/length^)

as

indicated by

low ponderal

a

[Hales et al., 1991; Phillips et ah, 1994; Lithell et al., 1996],

Moreover, subjects who had low birth weight or were thin at birth also show a higher

prevalence of syndrome X, the coexistence of glucose intolerance, hypertension and

hypertriglyceridaemia in the

same

patients [Barker et al., 1993b]

suggesting that these disease outcomes result from

Although there

are

little data

on

a common

homeostasis at ages

Similarly, in
pressure

perhaps

intrauterine insult.

long term follow-up of low birth weight babies to

determine when the increased risk of disease first appears, two recent
shown that these babies

-

studies have

already show abnormalities in insulin and glucose

of 4 and 7

[Law et al., 1995; Yajnik et al., 1995].

years

Australian study, children with low birth weight had higher blood

an

than their counterparts at 8

years

of

age

[Moore et al., 1996]. These studies

provide support that diseases normally considered to have their origins in adult life
can

be tracked to events in

early life.

Despite this compelling epidemiological evidence, however, the molecular
mechanisms that link low birth
remain unclear.
that may

1.2.3
Birth

weight to later abnormalities in glucose control

Understanding the biology of fetal growth is, perhaps,

one

approach

help unravel the pathways involved in this link.

Determinants of birth

weight is

normal fetal

a

weight

reflection of growth that the fetus has attained in utero. The rate of

growth varies considerably

as pregnancy progresses.

In humans, fetal

weight gain increases from 5g/day at 14-15 weeks of gestation to lOg/day at 20
weeks and

reaching

peaks to 30-35g/day at 32-36 weeks. Thereafter weight gain decreases,

zero or an

actual loss at 41-42 weeks gestation [Rudolph, 1985].
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Low birth

weight

can

result from reduced intrauterine growth

or preterm

birth, and

preterm infants with appropriate weight and infants which are small for their

gestational
Cut-off
differ

age

points for definitions of infants with intrauterine growth retardation (IUGR)

widely, especially since

influence birth

birth

differ profoundly from the clinical point of view [Battaglia, 1970].

race,

weight. In general,

parity of the mother and

a neonate

sex

of the infant

is thought to have suffered IUGR if its

length is below the 10th percentile and birth weight is equal to

or

below the

10th

percentile according to

The

ponderal index (PI) is widely used and helps to define different forms of IUGR

sex

and ethnic background [Heinrich, 1992],

[Ounsted et al., 1985]. The ponderal index [Walther & Ramaekers, 1982] evaluates
the ratio of soft tissue

to skeletal frame and is determined in the neonate

mass

by the

equation:
Weight (g)
PI

x

100

=

Length^ (cm)
In

proportionate (symmetric) growth retardation, birth weight, length and head

circumference
limits defined
of

are

as

all at the

normal

same

percentile

on

growth charts; the PI is within the

(2.2-3.0) [Miller, 1981]. In this form of IUGR, impairment

growth is thought to begin in early gestation, and

causes

include chromosomal

abnormalities, genetic dwarfing syndromes, intrauterine infections and familial

(constitutional) smallness [Miller, 1981]. Infants with disproportionate (asymmetric)

growth retardation have decreased birth weight but length and head circumference
are on a

limits.

higher percentile

on

growth charts, and the PI is usually below normal

Asymmetric IUGR is thought to result from insults acting in late gestation

[Heinrich, 1992].
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Broadly, factors that affect fetal growth can be divided into three categories:
maternal environment, the

placenta and fetal metabolism itself. Although these three

components will be described separately, they are highly interdependent and the
relative contribution of each to the control of fetal

growth

may

be difficult to

determine.

1.2.3a The
Fetal

influence of maternal environment on fetal growth

growth is controlled by genetic

as

well

as

environmental factors (Table 1.1).

From mathematical models less than one-third of the variation in birth

been

partitioned to genetic factors, about

rest to unknown factors

environment

or

one

third to environmental factors and the

[Robson, 1978; Magnus, 1984], In general the maternal

phenotype

appears to

be particularly critical in regulation of fetal

growth. In humans, birth weight correlates

more

paternal size [Carr-Hill et al., 1987]. Although such
genetic

or

weight has

closely with maternal size than
a

maternal effect could be either

environmental, the classic cross-breeding experiments between horses

or

pigs of different sized breeds with subsequent embryo transplant experiments
confirm that the effect is not

transplanted to
remaining in
a

a

a

genetic in nature. Thus,

large-breed uterus will

grow

small-breed uterus. Conversely,

a

larger than

a
a

small-breed embryo

small-breed embryo

large-breed embryo transplanted to

small-breed uterus will be smaller than in its natural environment,

the maternal environment

Hammond, 1938]. In

weight of the donors

following

ovum

a

suggesting that

normally determines and limits fetal growth [Walton &

human study, donor weight, her own birth weight, and birth

own

children

were not

donation. In contrast, there

correlated with birth weight of the child
was a

positive correlation between the

recipient's weight (but not height) and the child birth weight [Brooks et al., 1995].
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Factors

Table 1.1

Parental

determining variance in birth weight

genetic Factors
Maternal genotype
Paternal genotype

(including

sperm

quality)

Maternal Environmental Factors
Maternal nutrition
Maternal size
Maternal age

and parity

Socio-economic class

Smoking and alcohol consumption
Maternal disease eg

hypertension

Other environmental factors eg stress

Fetal Factors
Sex

Multiple

pregnancy

Genotype
Endocrine function

Congenital anomalies

Placental Function
Placental size
Placental infarction
Endocrine function
Placental metabolism

Placental transport
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The

phenomenon by which the maternal environment non-genomically influences

fetal

growth has been termed maternal constraint. The physiological factors that

contribute to this constraint

are

poorly defined but include insufficient nutrient

supply, limited capacity of uterine circulation, uterine volume, and the placental bed.
In

general, maternal nutrition has been advocated

growth, with

severe

dietary restriction causing

a

as a

key regulator of intrauterine

significant reduction in fetal growth

[Stein et al., 1975; Susser & Stein, 1994; Woodall et al., 1996]. Likewise,

experimental reduction in substrate delivery, chronic hypoglycaemia, hypoxia
chronic maternal

or

hypertension have all been shown to restrict fetal growth [Evans et

al., 1983]. In contrast, diabetic pregnancy, either naturally occurring in man [Cardell,

1953]
with

or
a

experimentally induced in primates [Mintz et al., 1972], produces

much

a neonate

larger birth weight than normal. The increased growth in utero is

thought to result largely from maternal and concomitant fetal hyperglycaemia (and
hyperinsulinaemia) [Adam, 1971], and close control of blood glucose reduces birth
weight [Essex et al., 1973].

The effects of

perturbation in the maternal environment

are, to some extent,

on

the pattern of fetal growth

influenced by the timing of the insult during pregnancy. Fetal

length increases most rapidly towards the end of the second trimester while weight

gain is primarily
of the

body

a

mass

phenomenon of the third trimester [Rudolph, 1985]. Composition
also varies during gestation; fat makes

up

only 1% total body

weight at 26 weeks of gestation but accounts for 12% at 38 weeks [Widdowson,
1968]. Thus,

a

deprivation

or

insult occurring early in gestation would affect both

length and weight by interference with early hyperplasia in all body
similar insult

organs.

A

occurring in late second trimester would exert its maximal effect

on

body length, while in the third trimester the body weight would be primarily affected
[Villar & Belizan, 1982].

The timing of

an

intrauterine insult has also been

emphasized in studies that have shown that fetal/placental growth and subsequent
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predisposition to cardiovascular and metabolic disorders
increase in maternal

may

energy/carbohydrate intake early in

result from

pregnancy or

a

selective

low protein

intake late in pregnancy

[Campbell et al., 1996; Godfrey et al., 1996]. Additionally,

maternal pre-pregnancy

nutritional state is thought to be critical in determining the

rate

of fetal

act as a

growth [Tanner & Thomson, 1970]. This suggests that the mother

nutrient

might be particularly high. However, there is little data to identify

the metabolic and

pregnancy.

important in the endogenous formation of nutrients for

reserve

which the demand

may

dietary requirements for individual nutrients at each stage of

In general, the fetus utilises glucose

although oxidation of amino acids provides

a

the preferred

of

energy,

significant proportion of fetal

energy

as

source

requirements [Jones, 1976]. Thus, when glucose availability is constrained, amino
acids derived from
result in

protein degradation

oxidised at increased rates, and this

are

slowing of fetal growth. Small changes in nutrient availability

periods of time

may,

over

may

long

however, be difficult to discern against the buffering effects of

maternal nutritional status.

1.2.3b Placental function
The

and fetal growth

placenta separates fetal from maternal circulation and is the conduit via which

nutrients and oxygen are

evidence for

a

delivered to the fetus and waste products removed. Indirect

role of the

studies that showed

a

placenta in long term control of fetal growth

correlation between

placental

mass

came

from

and fetal weight [Dawes,

1968]. This association supported earlier evidence that demonstrated growth
retardation in lambs of

ewes

whose

placental

mass

had been surgically reduced

[Alexander, 1964], In humans, placental lesions (such as placental infarction,

placenta accreta, circumvallate placenta
with risk of intrauterine

or

retroplacental bleeding)

are

associated

growth retardation [Varma, 1984].

28

The mechanisms that influence

placental growth

are not

fully understood. It is

thought that in the first and second trimester placental growth is primarily due to
hyperplasia, while hypertrophy predominates in the late third trimester [Winick,
1971]. In general the placenta grows faster than the fetus and reaches maximum

weight at about 33 weeks' gestation, although surface
to

area

and vascularity continue

develop thereafter [Winick, 1971].

It is well established that the

nutrients. While
across

the

some

placenta is

substrates

(such

as

placenta, other nutrients (such

more

than just

a

passive channel for

glucose and fatty acids) diffuse passively
as

amino acids)

are

facilitated by active

transport [Jones, 1976]. The placenta also contains a large variety of enzymes

capable of metabolising and interconverting amino acids
involved in lactate
also

an

as enzymes

capable of producing

a

variety of hormones (shown

1.2). Placental hormones may affect fetal growth either indirectly by

altering maternal metabolism
as a

well

production and synthesis of lipids [Szabo & Grimaldi, 1970]. It is

active endocrine organ,

in Table

as

barrier to

a

or

by direct effects

on

the fetus. The placenta also acts

number of hormones, with most maternal

peptide hormones (such

insulin, glucagon, growth hormone, ACTH and catecholamines) unable to

cross

as

the

placenta, and, therefore, unlikely to affect fetal growth directly [Milner & Gluckman,
1996]. Although the placenta is permeable to glucocorticoids (Cortisol
corticosterone), these

are

or

predominantly converted into biologically inactive forms

by placental 11 P-hydroxysteroid dehydrogenase [Murphy et al., 1974; Lopez-Bernal
et

al., 1980; Seckl, 1993]. This enzyme barrier may play a critical role in regulation

of the fetal

glucocorticoid load (see section 1.3.3b(i)).

Given the relative
alterations in

magnitude of placental metabolism, it becomes apparent that

placental development

or

function

can

have major effects

on

fetal

growth and development.
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Table 1.2

Hormonal

products of the human placenta

Steroidal hormones
Estradiol
Estrone

Estriol

Progesterone

Peptide and protein hormones
Corticotrophin-releasing hormone (CRH)

Gonadotrophin-releasing hormone (GnRH)
Growth

hormone-releasing hormone (GHRH)

Thyrotrophin-releasing hormone (TRH)
Somatostatin
Human chorionic

gonadotrophin (hCG)

Human

placental lactogen

Human

placental growth hormone (hGH-V)

Activin A and B
Inhibin A and B

Follistatin

Neuropeptide Y
Proopiomelanocortin derived peptides
-

-

-

placental corticotrophin

(3-endorphin
P-lipoprotein
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1.2.3c Fetal factors
As stated

affecting intrauterine growth

above, most hormones that regulate cell division and maturation

postnatally do not

cross

the placenta in physiologically important quantities. The

direct endocrine influences
within the fetus. Studies
shown that insulin,

on

fetal

growth

are

therefore largely self-contained

involving ablation of various fetal endocrine glands have

thyroid hormones and Cortisol

are

essential for normal fetal

growth and maturation [Han & Hill, 1994], while growth hormone, which classically
regulates postnatal growth,

seems to

play only

a

minor role in regulation of fetal

growth [Han & Hill, 1994],

Gene

disruption studies have provided overwhelming evidence that the insulin-like

growth factor (IGF) system plays

a

major role in regulating fetal growth [Baker et

al., 1993; Gluckman, 1994; Stewart & Rotwein, 1996]. While only IGF-I appears to
mediate all of the effects of

growth hormone

on

postnatal growth [Stewart &

Rotwein, 1996], both IGF-I and II (acting in both paracrine and endocrine fashions)
seem

to be

important in regulation of fetal growth and development [Baker et al.,

1993; Gluckman, 1994; Stewart & Rotwein, 1996]. The gene for IGF-I is expressed
in many

fetal tissues and IGF-I concentrations in cord blood correlate with birth

weight and length in humans and animals [D'Ercole, 1987]. Indeed, fetal
I levels

are

reduced in several animal models of fetal

uterine artery
mass

serum

IGF-

growth retardation including

ligation [Vileisis & D'Ercole, 1986], surgical reduction in placental

[Jones et al., 1988] and maternal dietary protein deprivation [Pilistine et al.,

1984], The balance of evidence indicates that growth hormone plays a minor role in

controlling fetal IGF-I production and that fetal glucose levels and insulin secretion
are

primary determinants of fetal IGF-I levels in both the tissues and circulation

[Stewart & Rotwein, 1996]. Mice lacking IGF-I gene have marked intrauterine and

postnatal growth failure [Baker et al., 1993]. Growth retardation does not, however,
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become apparent

until embryonic day 13.5, suggesting that IGF-I influences

development only late in gestation [Baker et al., 1993].

Similarly, IGF-II is highly expressed in
IGF-II

are

found in fetal

expression of IGF-II

gene

serum

a

variety of fetal tissues, and high levels of

[Daughaday & Rotwein, 1989]. The level of

decreases rapidly after birth in all tissues except the brain

[Daughaday & Rotwein, 1989]. IGF-II knockout mice show fetal and placental

growth retardation from embryonic day 11 but

appear to resume a

growth rate

parallel to controls after embryonic day 18, suggesting that the role for IGF-II in
early fetal growth is perhaps taken
et

over

by IGF-I later [DeChiara et al., 1990; Baker

al., 1993]. Nevertheless, IGF-II knockout mice

are

born approximately 40%

lighter than their wild type litter mates [DeChiara et al., 1990].

It is

thought that IGF-I and IGF-II act via the IGF-I receptor to regulate fetal growth.

Thus, transgenic mice lacking the IGF-I receptor have more severe growth
retardation that IGF-I

or

IGF-II knockouts

IGF-II double null mutants

IGF
are

are

[Baker et al., 1993]. Similarly, IGF-I and

extremely growth retarded [Baker et al., 1993].

binding proteins (IGFBPs), which complex with (and therefore modulate) IGFs
also

important in determining the biological activity of IGF-I and IGF-II in

regulation of fetal growth. In particular, fetal expression and cord blood levels of
IGFBP-I

are

high in IUGR induced by maternal fasting

or

glucocorticoid treatment

[Luo et al., 1990].

1.2.4

Catch-up growth

Normal
disease

growth is
or

a

regular

malnutrition

process

and follows the known centiles. In chronic

growth is slowed, and the growth

curve crosses

through the
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centiles.

Catch-up growth is

retardation when the

cause

growth acceleration with
deceleration until the
Boersma & Wit,
small for

a

of
an

gestational

a

period of growth
an

abnormally high velocity followed by

a

or

age,

year

of life, which

moves

them

up

into the higher growth

superficially catch-up growth is

are

a

growth spurt similar
curve

and the

entirely different. Some authorities regard catch-up growth

body but also in growth of certain

seen

in growth and maturation of the

organs.

For example, after partial

hepatectomy, the liver will respond with rapid growth
a

progressive

but otherwise normal and healthy, often show catch-up

general biological phenomenon, not only

Likewise, if

immediate

normal growth rate is reached [Prader, 1978;

pubertal growth spurt. However, the shape of the velocity

mechanisms involved

whole

in children after

growth deficit is removed. It consists of

original

centile [Prader, 1978]. Thus,

as a

seen

1997]. Catch-up growth is also observed neonatally; babies that are

growth during the first

to the

phenomenon

up to

its original volume.

kidney is removed the other kidney undergoes

a process

of

compensatory hypertrophy. This tendency of an organism to come back to its normal
channel of

growth, maturation

also been called 'canalization'

or

function whenever it has been forced out of it has

[Waddington, 1957].

Although the phenomenon of catch-up growth has been known for decades, the
factors that mediate this type
has been

of growth

are

proposed to explain catch-up growth involves

mechanism that compares

actual body size to

adjusts growth rate accordingly via
1963]. However, there is

no

a

an

a

central

nervous system

age-appropriate set point and

circulating neuroendocrine factor [Tanner,

definite proof of such a factor. Likewise, although

somatotrophic hormones (such

as

IGFs and GH) have been advocated

candidates because of their roles in normal

increased

largely unknown. One hypothesis that

as

growth, the levels of these factors

likely
are not

during the period of catch-up growth [Boersma & Wit, 1997].
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A

specific example of

is the twin

a

normal and healthy baby who at birth is small for gestation

baby. Accordingly, catch

up

growth is marked during the first few

months, then slows down and finally merges into a normal growth pattern [Wilson,

1974], The smaller twin, however, almost always remains smaller for life, indicating
that

catch-up growth

may not

be complete [Babson & Phillips, 1973], It is difficult to

generalise the results of monozygous twins with growth retardation to other children
with IUGR because the

transfusion

or

pathogenesis of IUGR in twins (for example twin-twin

maternal constraint) is

quite different from that observed in non-twin

growth retarded infants.

Prediction of

catch-up growth is particularly difficult because

an

through several growth phases. The infant phase of linear growth is
fetal

a

goes

continuation of

growth and is primarily driven by nutrition while the childhood growth (which

normally does not begin until 2

years

of age) is dependent

[Jackson, 1996]. The effects of constraints
to

individual

be additive, with limited fetal-infant

on

on

growth hormone

growth during its different phases tend

growth exerting

a

limitation

on

childhood

growth, which in turn tends to impair pubertal growth. Unlike linear growth, weight
(both absolute and relative) is determined by the amount and proportion of lean and

adipose tissue, which in turn characterise metabolic and functional capacity [Jackson,
1996].

Thus, the potential for catch-up growth may vary from infant to infant depending on
the nature,

timing and duration of the insult. In general it

appears to

be easier to

replete deficits in adipose tissue than in lean tissue, in weight than in length.
Likewise, infants with asymmetric IUGR tend to have a better early catch-up growth
and better

prognosis for long term growth and development than for infants with

proportional IUGR [Fancourt et al., 1976; Villar et al., 1984], Not all studies,
however, support these generalisations regarding the potential for catch-up growth
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[Prader & Tsang, 1998]. One explanation for the discrepancies is, perhaps, that most
of these studies have not controlled for the
Detailed

severity of IUGR.

analysis of catch-up growth in animal experiments suggest that several

factors influence the extent of compensatory

Wilson and Osbourn identified the

growth. In the undernutrition model,

following factors

important [Wislon &

as

Osbourn, I960]:
1.

The nature of undernutrition;

energy

restriction.

2.

The

protein restriction

severity of undernutrition; the

initial rate of

more severe

may

be

more

harmful than

the restriction, the greater the

gain immediately after realimentation, but the smaller is the ultimate

weight.
3.

The duration of the

restriction may
4.

period of undernutrition; excessively long periods of

result in permanent stunting.

The stage

of development of the body at the start of undernutrition;

undernutrition in the earlier stages
restriction at

a

later stage.

only if growth retardation

of growth

appears to

have different effects than

For example, significant postnatal catch-up growth is
occurs

seen

in late gestation (asymmetric IUGR) but not if it

begins early in gestation [Villar et al., 1984].
5.

The relative rate at which the

a more

rapid

6.

The pattern

recovery

realimentation, the
7.

The

growth; in

sex

one

species matures; slower maturing animals make

from undernutrition than fast maturing

ones.

of realimentation; the higher the plane of nutrition

more

rapid and the greater the

of the animal also appears to

recovery

upon

in weight.

influence the degree of catch-up

experiment, female rats had complete catch-up in body weight

following undernutrition during the suckling period, but catch-up in males

was

incomplete [Williams et al., 1974].
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Epidemiological studies in humans have found prominent postnatal catch-up growth
as a

risk factor for

subsequent development of hypertension [Barker, 1991; Levine et

al., 1994], ischaemic heart disease [Osmond et ah, 1993], and insulin resistance

[Leon et ah, 1996]. These findings support the notion that smallness at birth due to
intrauterine environmental restraints to
may

growth, rather than genetic smallness

per se,

be important in determining the risk of cardiovascular and metabolic disorders.

However, these studies do not establish

a

causal connection between catch-up growth

and later disease.

1.3

MECHANISMS LINKING BIRTH WEIGHT TO LATER DISEASE

1.3.1

Fetal

programming

The molecular basis for the

epidemiological link between low birth weight and adult

disease is unknown but this

relationship has led to the concept of "fetal

programming" which suggests that adverse environmental factors acting in utero
would programme or

'imprint' the development of fetal tissues and

permanently determining
et

responses,

organs,

producing later dysfunction and disease [Barker

ah, 1993a; Edwards et ah, 1993]. Programming has been shown in a variety of

systems [Gustafsson & Stenberg, 1974; Csaba et ah, 1979; Meaney et ah, 1996;
Slotkin et ah,

1996] and reflects the ability of a factor or manipulation given early in

life to exert

organisational effects that persist throughout life. As fetal

develop at different stages and rates, the susceptibility of

programming agent will depend
relation to the stage

Several agents

on

the dose

as

well

as

organs

an organ or system to a

the timing of

exposure

in

in fetal development [Arai & Gorski, 1968].

(hormones, transcription factors, growth factors, nutrients)

are

thought to have programming properties [Gustafsson & Stenberg, 1974; Csaba et ah,
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1979; Meaney et al., 1996; Slotkin et al., 1996], but this phenomenon is typically
found with steroids and has been
A brief neonatal exposure to
in neuroanatomy,

particularly well defined in the

case

of androgens.

androgens leads to permanent organisational alterations

neuronal chemistry and behaviour that persists throughout life

[Arai & Gorski, 1968]. Similarly, a single neonatal testosterone treatment

permanently induces hepatic 5|3-reductase and suppresses 5a-reductase [Gustafsson
&

Stenberg, 1974; Gustafsson & Sternberg, 1974]. Subsequent sex steroid

manipulations have little effect

What

on

the pattern set by perinatal

factor(s) could explain the association of low birth weight and later metabolic

disorders? Two main theories have been

1.3.2
One

exposure.

The nutrition

proposed.

theory

theory that has been proposed to explain the epidemiological findings, and

hence fetal

programming, is centred

on poor

fetal nutrition [Hales & Barker, 1992],

According to this hypothesis (the 'thrifty phenotype hypothesis'), the undernourished
fetus makes metabolic

adaptations from which it benefits in the short term by

increasing fuel availability, but these changes become permanently programmed and
are

counterproductive if nutrition in the postnatal life is normal

example,

poor

nutrition during

a

pancreatic beta-cell development
the reduced

or

supranormal. For

critical period of fetal development would impair
or

function; if poor nutrition continues postnatally,

ability to secrete insulin would not be

a

disadvantage. In contrast, if

nutrition becomes abundant the increased demand for insulin output
the

capacity for production and

may

The Dutch famine in 1944 to 1945

will overwhelm

tip the balance toward diabetes.

provided

a

natural 'experiment' which caused

transient fetal malnutrition where duration of exposure was

well defined. One study
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showed decreased

prevalence of obesity in 19-year-old

men

exposed to famine

during the last trimester of pregnancy and the first few postnatal months. In contrast,
those

exposed during the first half of

pregnancy

had significantly higher rates of

obesity [Susser & Stein, 1994; Stein et ah, 1995] and glucose intolerance [Ravelli et
al., 1998] compared with controls. Other human studies have also suggested an
association between
of the

composition of maternal dietary nutrients with low birth weight

offspring [Godfrey et al., 1996] and subsequent disease [Campbell et al.,

1996]. However,
starvation of the

a recent

study of people born during and after the extreme

siege of Leningrad in World War II do not support

relationship between maternal nutrition and offspring diabetes

or

any strong

hypertension

[Stanner et al., 1997].

Animal studies have also

provided support for the role of maternal malnutrition in

programming of disease. Dietary restriction (particularly of protein) during rat
pregnancy
Evans et

reduces birth weight and produces permanent hypertension [Langley-

al., 1994; Woodall et al., 1996] and glucose intolerance [Langley &

Jackson, 1994; Desai et al., 1995] in the adult offspring. These effects of early

protein restriction

are

amplified by later dietary obesity [Petry et al., 1997],

mimicking the findings in human epidemiological studies.

The processes
metabolism
For

are

that link maternal undernutrition to later abnormalities in glucose
not

fully understood but changes have been observed in key

example, maternal low protein diet given throughout

1990; Garofano et al., 1997]
causes

for

a

[Snoeck et al.,

short period postnatally [Swenne et al., 1992]

impairment of pancreatic beta-cell development in rats. In the liver,

expression of key
altered

or

pregnancy

organs.

by prenatal

enzymes

involved in glucose metabolism is also permanently

exposure to

low protein diet [Desai et al., 1995].
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Despite the strong evidence in support of maternal undernutrition in the
programming of disease in the offspring, several questions remain unanswered. For
example, while low birth weight only results when restriction of food consumption is
[Hammond, 1944; Langley & Jackson, 1994], the association between birth

severe

weight and adult disease in human studies is continuous, including birth weights
within the normal range

[Barker, 1991; Curhan et al., 1996a; Curhan et al., 1996b],

Moreover, it is difficult to ascertain whether the observed effects really reflect fetal
undernutrition per se.
exerted

by indirect

It is likely that the effects of

means,

poor

maternal nutrition

may

be

perhaps involving changes in the maternal/fetal hormonal

milieu to which the fetus is

exposed. Indeed, when nutrient availability is restricted,

levels of anabolic hormones

(insulin, IGF-I, thyroxine) in fetal circulation fall

[Fowden, 1989; Oliver et al., 1993] while the concentrations of catabolic hormones
(such

as

glucocorticoids and growth hormone) rise [Fowden, 1995]. The detailed

biochemical and molecular mechanisms of the effects of maternal undernutrition,

therefore, remains to be determined.

1.3.3

Glucocorticoids

An alternative

hypothesis, which has its origin in Edinburgh, advocates that fetal

overexposure to

glucocorticoids

may

link low birth weight and

cardiovascular and metabolic diseases in adulthood

a

predisposition to

[Edwards et al., 1993; Seckl,

1994; Seckl & Brown, 1994; Seckl, 1997]. In support of this hypothesis,
administration of
rats

a

synthetic glucocorticoid, dexamethasone, during

pregnancy

in

[Lindsay et al., 1996a] and sheep [Dodic et al., 1998] reduces birth weight and

causes

hypertension in the adult offspring. Likewise, prenatal administration of

carbenoxolone,
reduced birth

an

inhibitor of 1 lP-hydroxysteroid dehydrogenase (llp-HSD),

weight and caused hyperglycaemia in the adult offspring [Lindsay et

al., 1996b]. Feto-placental 11(3-HSD2 normally protects the fetus from excessive

39

glucocorticoids by breaking down fetal and maternal glucocorticoids into inert
products [Murphy et al., 1974; Lopez-Bernal et al., 1980; Seckl, 1993], and its
inhibition

by carbenoxolone is thought to increase fetal glucocorticoid load (see

section 1.3.3b

(i)).

How would fetal overexposure to
answer

to this fundamental

glucocorticoids

question

may,

program

later disease? Clues for

perhaps, lie in

some

an

of the established

properties of this class of hormones.

1.3.3a

(i) Mechanism of glucocorticoid action

Glucocorticoids

(corticosterone in rats and mice, Cortisol in other mammals,

including humans)

are

influence of anterior

produced by the adrenal cortex under the stimulatory

pituitary-derived adrenocorticotrophic hormone (ACTH).

ACTH is in turn under the

regulatory influence of hypothalamic corticotrophin-

releasing factor (CRF) and arginine vasopressin (AVP). The hypothalamic-pituitaryadrenal

(HPA) axis is kept in balance by the negative feedback effects of

cortisol/corticosterone

on

the secretion of ACTH and CRF

[Orth et al., 1992;

Chrousos, 1995] (Figure 1.1). Higher centres, particularly the hippocampus, also

play

an

important role in the negative feedback inhibition of glucocorticoid secretion

[Feldman & Conforti, 1980; Jacobson & Sapolsky, 1991].

Glucocorticoids exert their effects
localised in the

by binding to the glucocorticoid receptor (GR)

cytoplasm of target cells [Hollenberg et al., 1985; Yamamoto, 1985;

Muller & Renkawitz,

1991]. GR is

a

94 kDa protein and belongs to the

phylogenetically conserved superfamily of nuclear hormone receptors which
includes receptors

for mineralocorticoids (MR), androgens, progestin, estrogens,
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vitamin D,

thyroid hormone, retinoic acid and

a

growing number of so-called orphan

receptors for which no specific ligand has been identified.

-c

Hypothalamus

J

t
CRF

_L

c Anterior Pituitary

J

ACTH

c

Adrenal Cortex

J

I
CORTISOL

Target
Liver
Brain

Lung

-

-

-

organs

gluconeogenesis
stress

response

surfactant synthesis

Vasculature

-

blood pressure

Immune system

-

Adrenal medulla

Figure 1.1

suppression
-

chromaffin cells

Control ofglucocorticoid production.

Hypothalamic hormone CRF regulates secretion of ACTH from the
anterior pituitary.

ACTH in turn stimulates release of glucocorticoids

from the adrenal cortex. Glucocorticoids have
on

various target

CRF and ACTH in

a

wide

range

of effects

tissues. Glucocorticoids also inhibit secretion of
a

negative feedback

manner.

CRF, corticotrophin-

releasing factor; ACTH, adrenocorticotrophic hormone.
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In the hormone bound state,

binds to
genes,

glucocorticoid

GR dimerises and translocates to the nucleus where it

response

resulting in increased

or

elements (GRE)

on

glucocorticoid-responsive

decreased transcription of target

genes

[Gronemeyer,

1992; Beato et al., 1995]. Recently, a splice variant of GR, termed GR-0, has been
identified that does not bind

glucocorticoids but binds to DNA and

may

therefore

potentially interfere with action of glucocorticoids [Bamberger et al., 1995].
Glucocorticoids
other

can

also affect gene

transcription through indirect interaction with

transcription factors without direct DNA binding [Truss & Beato, 1993]. For

example, the inhibitory interaction between activated GR and activated transcription
factors such

as

and activator
interactions

nuclear factor-KB

protein-1 [Pfahl, 1993] involve protein-protein interactions. These

are

inflammatory

thought to be particularly important in glucocorticoid regulation of

genes

[Barnes, 1998]. Glucocorticoids also interact with CREB-

binding protein (CBP),
therefore DNA
interaction

[Ray & Prefontaine, 1994; Scheinman et al., 1996]

a

protein that catalyses acetylation of histone residues (and

uncoiling) [Smith et al., 1996; Wolffe, 1997]. Through this

glucocorticoids

may

have effects

on

the chromatin structure and

indirectly affect the rate of gene transcription [Smith et al., 1996; Wolffe, 1997].

Glucocorticoid action is modulated at several levels
the adrenal

glands circulating glucocorticoids

corticosteroid
not

are

(Figure 1.2). After secretion by

bound to plasma proteins, such

as

binding globulin (CBG) and albumin [Orth et al., 1992]. This binding

only limits the concentration of free biologically active hormone but also protects

the hormone

against degradation by P-450

enzymes

in the liver. In peripheral tissues,

ll(3-hydroxysteroid dehydrogenases determine glucocorticoid action by either 11(3hydrogenation which oxidizes and inactivates glucocorticoids
or

11 P-reductase

or

through the

reverse

reaction which reactivates inert products [Seckl, 1993; Chapman et

al., 1997], These reactions ultimately influence the level of GR activation and hence
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target gene expression. Cells may depend on these
of responses to

glucocorticoids.

Plasma Membrane

Circulation

reactions to control the specificity

Cytoplasm

Nucleus

CBG

A
▼

iT
&

llp-HSDl

Albumin

O

h

—

O

Inactive

Figure 1.2
In

Determinants of glucocorticoid action.

circulation, glucocorticoids are largely bound to corticosteroid

binding globulin (CGB) and albumin. Intracellular glucocorticoid levels
can

be modulated

corticosterone
vice

level

versa.

(+)

by 11 fi-HSD which interconverts Cortisol
to cortisone or

Glucocorticoids

of GR expression

may

exert

or

11-hydrocorticosterone f Oj and

their

effect by binding to GR, and the

itself be regulated by glucocorticoids. HSP,

heat shock proteins.
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There

are

at least two

types of

llp-HSD (Figure 1.3). The type 1 isozyme (lip~

HSD1) refers to the isoform originally purified and cloned in rat liver. It is a

glycoprotein of 34 kDa made

up

of 287 (rat)

or

292 (human, sheep) amino acids

[Lakshmi & Monder, 1988]. llp-HSDl catalyses oxidation and reduction using

NADP(H)
and testis

as a

cofactor and is expressed in

a

variety of tissues including liver, lung,

[Monder & Lakshmi, 1989], Recent studies from

a

number of laboratories

suggest that lip-HSDl operates predominantly as a reductase, preferentially

converting cortisone to Cortisol [Jamieson et al., 1995; Li et al., 1997], In contrast,
the type

2

enzyme

(11J3-HSD2)

was

found in the kidney and placental microsomes of

sheep and humans [Naray-Fejes-Toth et al., 1991; Brown et al., 1993; Agarwal et al.,
1994; Albiston et al., 1994], The human llp-HSD2 is 41 kDa and consists of 405
amino acids. It is NAD4"
than
et

1

specific and has

a

lower Km (2-10nM) for steroid substrate

llp-HSDl (Km l-200nM for cortisone and 11-hydrocorticosterone) [Agarwal

al., 1994; Brown et al., 1996b]. llp-HSD2 operates essentially as a unidirectional

lp-dehydrogenase, rapidly inactivating Cortisol and corticosterone to cortisone and

11-hydrocorticosterone, respectively [Albiston et al., 1994; Brown et al., 1996b].

In the distal

nephron, 11P-HSD2 activity plays

mineralocorticoid

specificity

upon

a

crucial role in conferring

MR [Edwards et al., 1988; Funder et al., 1988]. In

vitro, purified MR are non-selective, binding Cortisol and aldosterone with similar

affinity [Krozowski & Funder, 1983; Arriza et al., 1987]. In vivo, 11P-HSD2 in the
distal

nephron inactivates glucocorticoids, ensuring that only aldosterone (which is

not

substrate for the

a

Funder et al.,
such

as

enzyme) gains

access to

the renal MR [Edwards et al., 1988;

1988]. Congenital deficiency or inhibition (by liquorice derivatives

carbenoxolone) of renal 11P-HSD2 enables glucocorticoid access to renal

MR, producing the syndrome of apparent mineralocorticoid excess
sodium retention,
is also

-

characterised by

hypokalaemia and hypertension [Stewart et al., 1988]. llp-HSD2

highly expressed in placental and fetal tissue of

a

number of species, and its
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activity is thought to be essential in the regulation of fetal glucocorticoid levels (see
section 1.3.3b

(i)).

CORTISOL

CORTISONE

11 (3 -dehydrogenase

ll(3-reductase

Reactions catalysed by llfi-hydroxysteroid dehydrogenase.

Figure 1.3
11 (3—HSD2

is

a

unidirectional dehydrogenase; 11 /3-HSD I catalyses the

reaction in both directions in vitro,
more

but reductase activity appears to be

important in vivo. The physiological glucocorticoid in rats and mice is

corticosterone which is metabolised to 11 -dehydrocorticosterone.
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1.3.3a

(ii) Regulation of GR

Glucocorticoid
such

as

gene

expression

responsiveness is also determined by factors that affect the GR itself,

its level of

expression, its degree of phosphorylation and its binding affinity

[Bamberger et al., 1996]. Thus, although GR is expressed ubiquitously, there is
considerable variation in the level of

expression and regulation of the receptor

between tissues, and to some extent within a

single tissue [Herman et al., 1989].

Importantly, glucocorticoids modulate their own action by regulating GR expression.
In the adult vertebrate

[Schmidt & Meyer, 1994] and some cell lines [Rosewicz et

al., 1988; Hoeck et al., 1989], glucocorticoid treatment downregulates GR expression
in

a

to

be

negative feedback
more

manner.

However, during development GR regulation

complex. For example, in the neonatal rat circulating glucocorticoid

levels and GR

expression increase in parallel [Henning, 1978], which indicates that

during this period GR expression

may

be insensitive to the classic negative feedback.

Additionally, the pattern of postnatal development of GR expression
follow

a

tissue-specific pattern. The lung has

maintained

appears

a

appears to

high level of GR expression which is

throughout neonatal development and ageing, while in the liver and brain

GR mRNA decreases

just before birth and remains low during the early neonatal

period before rising (at different rates in liver and brain) to adult levels [Kalinyak et
al., 1989]. In the kidney, GR mRNA increases until the second postnatal week and
then declines to final adult levels
These observations suggest
and GR mRNA

tissue

expression

by the

age

of 3 months [Kalinyak et al., 1989].

that the relationship between circulating glucocorticoids

may

be influenced by developmental

processes as

specific factors. Indeed, there is evidence that under

glucocorticoids

may

actually upregulate GR. Thus, while

some

excess

well

as

conditions

glucocorticoids

downregulate both GR mRNA and receptor number in normal human T-cells, in the
human T-cell line CEM-C7 and B-cell lines both the GR
increase with exposure to

protein and its mRNA

glucocorticoid [Eisen et al., 1988; Denton et al., 1993],
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The

discrepancies in GR regulation by glucocorticoids reflect the complexity in

regulation of this

gene.

The GR

gene

is

over

80kb in length and has 8 coding

exons

[Encio & Detera-Wadleigh, 1991; Strahle et al., 1992]. Recent studies suggest that
several, possibly tissue specific, mechanisms may operate. In the mouse, expression
of the GR gene
et

is controlled by at least 3 promoters (exons 1A, IB, and 1C) [Strahle

al., 1992]. Mouse

and 1C

are

1A is preferentially used in T lymphocytes while exons IB

exon

ubiquitously expressed [Strahle et al., 1992], Only

(corresponding to

mouse

1C) has

so

one promoter

far been described for the human GR

gene

[Encio & Detera-Wadleigh, 1991]. Recent studies have shown that rat GR mRNA
also exhibits considerable
different

variability at the 5' end, suggesting expression from

transcriptional start sites and/or promoters [Gearing et al., 1993;

McCormick et al.,

unpublished data]

1.3.3b Glucocorticoids and the fetus
1.3.3b

(i) 11/3 -HSD2

as a

Although glucocorticoids
barriers such
levels of

as

the

placental glucocorticoid barrier
are

highly lipophilic molecules and rapidly

cross

biological

placenta, normally the fetus has much lower (5 to 10 times)

physiological glucocorticoids than its mother [Beitens et al., 1973;

Campbell & Murphy, 1977]. This is thought to be achieved by feto-placental 11(3HSD2 which

catalyses the rapid metabolism of Cortisol and corticosterone to

physiologically inert 11-keto forms (cortisone and 11-dehydrocorticosterone)

[Murphy et al., 1974; Lopez-Bernal et al., 1980; Seckl, 1993] (Figure 1.4). This
protective placental

enzyme

Cortisol is inactivated

on

barrier is highly efficient and

ensures

that most maternal

crossing the placenta to the fetus, such that approximately

three-quarters of active Cortisol in human fetal circulation at term is derived from the
fetal adrenals

[Beitens et al., 1973].
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Figure 1.4
The

Regulation offetal exposure to glucocorticoids.

fetus is protected from the relatively high maternal

glucocorticoids by placental 11 f—HSD2 which breaks down
active

also

glucocorticoids (F) into inert products (E). 11 [5-HSD2 is

expressed in several fetal tissues where it

modulate local

glucocorticoid levels.

may

further

The mechanisms involved in the

regulation of placental 11P-HSD2

unknown. In vitro studies of the human

are

largely

placenta have shown inhibition of 11(3-HSD2

by progesterone, oestrogen and nitric oxide, and stimulation by activators of the
cAMP

pathway [Sun et ah, 1998]. In contrast, in the baboon, oestrogens synthesised

locally in the placenta from fetal adrenal androgens have been shown to play
in

maintaining placental 11(3-HSD2 activity [Pepe & Albrecht, 1995]. While

parallels to the in vivo state of pregnancy
appear

role

no

firm

be drawn from these studies, it would

that the level of expression and activity of 11 (3-HSD2 is determined by

delicate balance between
rats

can

a

a

stimulating and inhibitory influences. Indeed, studies in

and humans indicate that the

efficiency of placental 11P-HSD2 varies

considerably [Benediktsson et al., 1993; Stewart et al., 1995]. A deficiency in llpHSD2 would be

expected to

expose

the maternal circulation, with
of this notion, the lowest
fetal exposure to

1.3.3b

corresponding adverse effects

on

the fetus. In support

placental 11P-HSD2 activity, and presumably the highest

maternal glucocorticoids, is

weights [Stewart et al., 1995]
critical factor

the fetus to increased glucocorticoid levels from

-

seen

in babies with the smallest birth

suggesting that fetal glucocorticoid load

may

be

a

during development.

(ii) Fetal growth and development

In most mammalian

species, including humans, glucocorticoids

development and maturation of various

organs to prepare

uterine life [Ballard, 1979]. Thus, surfactant
enzyme systems

stimulated

in the fetal gut, retina,

by glucocorticoids. In

also involved in

some

are

involved in fetal

the organism for

an extra

production by the lungs, activity of the

pancreas,

primates, such

thyroid, brain and liver

are

sheep, glucocorticoids

are

as

regulation of parturition [Fowden et al., 1996].
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Generation of knockout mice with
gene

(OR"/" mice) [Cole

role of

targeted disruption of the glucocorticoid receptor

et al., 1995] has significantly added to understanding the

glucocorticoids in development. These mice die within the first few hours

after birth of

respiratory failure due to

severe

lung atelectasis. The development of

adrenergic chromaffin cells and maturation of hepatic gluconeogenic
also

enzymes are

severely retarded [Cole et al., 1995]. In humans, although glucocorticoid

resistance caused

by GR mutations has been reported (see [Chrousos et al., 1993] for

review), mutations with complete loss of GR function have never been observed in a

homozygous state, suggesting that the complete lack of GR might be incompatible
with human

development.

In contrast,

increased glucocorticoid levels during fetal development cause growth

retardation

[Reinisch et al., 1978], and human intrauterine growth retardation is

associated with elevated Cortisol levels
which

[Goland et al., 1993]. The mechanisms by

glucocorticoids retard fetal growth

other hormones and
concert

with their

mediators of fetal

are

poorly understood but

may

involve

growth factors, particularly the IGFs. Both IGF-1 and IGF-2, in

binding proteins and receptors,

are

thought to be important

growth (see section 1.2.3c). Glucocorticoids antagonise IGF action

by inhibiting IGF production [Luo & Murphy, 1989; Price et al., 1992; Li et al.,
1993] and by increasing expression of IGFBPs [Luo et al., 1990]
would be

-

both these effects

expected to retard fetal growth.

Hepatic production of IGFBP-1, which neutralises the actions of IGF-1, is markedly
induced in late

gestation fetuses by high-dose maternal dexamethasone treatment

[Price et al., 1992]. Importantly, transgenic mice that overexpress IGFBP-1 have low
birth

weight and develop hyperglycaemia in adulthood [Rajkuhmar et al., 1995]. The

IGF system,
may

thus, represents

one

pathway through which prenatal glucocorticoids

affect both birth weight and the control of glucose metabolism. This pathway
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may

well be

common to

other prenatal programming agents such

as

undernutrition.

Indeed, in sheep, maternal malnutrition elevates Cortisol [Fowden, 1989] and
suppresses

fetal IGF-1 levels [Oliver et al., 1993], Intriguingly, maternal protein

restriction

selectively attenuates 11(3-HSD2 activity in the placenta [Langley-Evans

et

al., 1996]. This weakening in the placental barrier, coupled with the elevation in

maternal Cortisol, would

produce

a

significant increase in fetal glucocorticoid load. It

is, therefore, possible that the effects of maternal undernutrition may be mediated, at
least in part,

by glucocorticoids. In support of this notion, hypertension induced by

maternal low

protein diet in the rat is prevented by pharmacological blockade of

glucocorticoid biosynthesis in the pregnant dam and her offspring, but
reintroduced
Taken

can

be

by concurrent replacement of corticosterone [Langley-Evans, 1997],

together, these findings suggest that glucocorticoids

regulation of fetal growth and development and thus

may

are

play

important in the
a

central role in

mediating programming of disease.

1.3.3c
1.3.3c

Regulation of hepatic carbohydrate metabolism
(i) Development of hepatic glucose metabolism

The liver has

a

wide

variety of enzymatic activities that

specialised function in metabolism, with

many

of the

genes

are

essential for its

encoding these functions

only expressed in the liver [Herbst & Babiss, 1990; Benvensity & Reshef, 1991;
Xanthopoulos & Mirkovitch, 1993]. It is involved in maintenance of energy supply,
has the

capacity for xenobiotic metabolism, is

endocrine system,

functions

are

and

serves as a

a

major control station in the

reservoir of blood in

many

species. These liver

provided by parenchymal (hepatocyte) and nonparenchymal

(endothelial, Kupffer, Ito, and pit) cells.

H\
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Zonation of

Table 1.3

hepatic metabolism

Perivenous Zone

Periportal Zone
Oxidative energy

metabolism

Fatty acid oxidation
Citrate

cycle

Respiratory chain
Glucose

Glucose Release

uptake

Gluconeogenesis

Glycolysis, lipogenesis

Glycogen synthesis from lactate

Glycogen synthesis from glucose

Glycogen degradation to glucose

Glycogen degradation to lactate

Amino acid utilization

Amino acid conversion to
Amino acid

degradation

Ammonia

glucose

Formation of acetoacetate
Formation of

3-hydroxybutyrate

Formation of acetone

Ureagenesis
Cholesterol

Ketogenesis

synthesis

detoxification

Urea formation

Ammonia

detoxification

Glutamine formation

Glutamine utilization
Protective metabolism

Xenobiotic metabolism

Glutathione

peroxidation

Monooxygenation

Glutathione

conjugation

Mercapturic acid formation

Bile formation

Glucuronidation

Cholic acid excretion
Bilirubin excretion
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Immunohistochemical and microdissection studies have revealed that the liver

parenchyma shows
periportal

a

striking zonal heterogeneity in

(ie afferent

zone

or

proximal

-

enzyme

activities between the

perfused with blood rich in

oxygen,

substrates, and hormones) and the perivenous zone (ie pericental, centrilobular,
efferent

or

distal

-

but rich in CO2

perfused with blood depleted of oxygen, substrate, and hormones

and other products of metabolism) [Jungermann & Sasse, 1978;

Jungermann & Katz, 1982]. Table 1.3 shows the predominant hepatic localisation of
major functions
structures.

The

as

indicated by zonal distribution of key

periportal cells

possess

enzymes

higher capacity for de

and subcellular

novo

synthesis of

glucose from three-carbon substrates. They contain higher activities of
gluconeogenic

enzymes

such

as

glucose-6-phosphatase and phosphoenolpyruvate

carboxykinase (PEPCK) [Jungermann & Katz, 1989]. In contrast, the perivenous
hepatocytes
contain

higher capacity for breakdown of glucose to pyruvate and

possess a

higher activity of most glycolytic

enzymes

including glucokinase and

pyruvate kinase [Jungermann & Katz, 1989]. Figure 1.5 depicts key enzymes
involved in

In

gluconeogenic and glycolytic pathways.

rodents, heterogeneity in the distribution of carbohydrate-metabolising enzymes

and ultrastructure

in part

develops gradually during the first weeks of life, in part before and

with weaning [Jungermann & Katz, 1989]. The mechanisms involved

unclear but

are

thought to reflect changes in nutrient supply and/or hormonal signal;

in the fetus, the energy
liver has neither
In the

supply is maintained by maternal glucose and the prenatal

gluconeogenic

enzymes nor

zonation [Jungermann & Katz, 1989].

suckling phase, the constant glucose-rich nutrition via maternal/placental

blood is
milk

are

replaced by

a

fat- and protein-rich, but carbohydrate-poor diet via maternal

[Girard, 1989]. The neonatal liver thus has the function to maintain the glucose

supply of other

organs

and gluconeogenesis becomes increasingly important.
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Glycolysis

Gluconeogenesis

Glucose

*

Glucose-6-p

♦
Fructose-6-p
Fructose-1,6

6-phosphofructo-1 kinase

phosphatase
Fructose-1,6-p

♦
Phosphoenolpyruvate

Oxaloacetate

Pyruvate
carboxylase.

Pyruvate
Lactate

Alanine

Figure 1.5

Enzymatic steps that regulate gluconeogenesis and glycolysis.
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Development of the liver-specific
controlled
between

mostly at the level of transcription

cis-acting DNA

of

programme

sequences

gene

as a

expression is thought to be

result of regulatory interactions

in the promoter/enhancer regions and trans¬

acting hepatocyte-enriched transcription factors [Derman et al., 1981; De Simone &
Cortese, 1991; Kuo et al., 1992; Sladek & Darnell, 1992]. Several such hepatocyteenriched

DNA-binding proteins have been isolated, characterised, and their

corresponding

genes

have been cloned. These families include the hepatocyte

nuclear factors

(HNF)-l, HNF-3 and HNF-4

CCAAT/enhancer

binding proteins (C/EBPa and C/EBP13).

as

well

as

members of the

Although the mechanisms that regulate expression of these transcription factors

largely unknown, there is evidence to suggest that hormonal signals

may

play

are
an

important role [McKnight et al., 1989]. In particular, glucocorticoids and glucagon
(via cAMP)

are necessary

for optimal differentiation of fetal hepatocytes in vitro

[Chou, 1988], and prenatal administration of these hormones induces premature

expression of adult liver-specific
PEPCK in fetal rats

genes,

such

as

tyrosine aminotransferase and

[Greengard & Dewey, 1967; Phillippiddis & Ballard, 1970;

Girard et al., 1973; Hanson et al., 1975; Mencher & Reshef, 1979].

Liver-enriched

transcription factors

glucocorticoids in regulating metabolic

are

also essential for the functions of

processes

of mature hepatocytes [Imai et al.,

1990]. The glucocorticoid response unit in the PEPCK promoter has accessory factor

binding sites for C/EBP, HNF-3 and HNF-4, and appropriate occupation of these
sites is

required for

a

full glucocorticoid

disruption of the C/EBPa

gene

response

[Imai et al., 1990]. Thus,

in adult mice results in

a

significant reduction in

expression of the PEPCK gene [Lee et al., 1997].
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Studies described above show that liver-enriched
functions in the

modulating
a

transcription factors have important

regulation of the development of hepatic metabolism,

enzyme

as

well

as

in

activity in mature hepatocytes. These factors, therefore, provide

potential mechanism through which hormones

may programme

hepatic

energy

metabolism.

1.3.3c

(ii) Regulation of gluconeogenesis

In adult

mammals, glucocorticoid hormones regulate several important physiological

processes

during normal homeostasis and co-ordinate adaptation to stress by

maintaining

a permanent energy

brain and muscle. This is

supply for utilisation by other tissues such

as

the

mainly achieved by inducing hepatic gluconeogenesis and

peripheral amino acid mobilisation [Ross et al., 1966; Leung & Munk, 1975;
McDowell, 1983; McMahon et al., 1988], The importance of glucocorticoids in

regulation of glucose metabolism
that

was

shown when Long and Lukens demonstrated

adrenalectomy reduced hyperglycaemia in diabetic rats [Long & Lukens, 1936].

Later Friedmann and

colleagues showed that glucocorticoids

are

important for

hepatic gluconeogenesis by demonstrating that the isolated perfused liver from
adrenalectomised rats failed to

respond to

a

gluconeogenic stimulus of glucagon

or

cAMP, unless first pretreated with dexamethasone [Friedmann et al., 1967].

However, for
role

-

a

long time glucocorticoids

were

thought to play only

a

'permissive'

enhancing the availability of gluconeogenic substrates and increasing

sensitivity of the liver to the actions of glucagon and catecholamines [Exton, 1979;
Salavert

&

Iynedjian, 1982]. Recent studies have revised this view and

glucocorticoids

are now

considered to be central in the regulation of glucose

homeostasis; they have been shown to induce peripheral insulin resistance

[Weinstein et al., 1995], inhibit insulin secretion [Lambillotte et al., 1997] and to

potently stimulate gluconeogenesis [Consoli et al., 1990].
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Transcription of PEPCK, which catalyses the rate-limiting step in gluconeogenesis
[Hanson & Garber, 1972], is tightly regulated by glucocorticoids. PEPCK is thought
to

play

a

role in the pathogenesis of diabetes [Friedman et al., 1993], and the activity

[Chang & Schneider, 1970], protein and mRNA [Veneziale et al., 1983] of this
enzyme are

all elevated in

Unlike most enzymes
modifiers and its

animal models of diabetes.

some

in metabolic pathways, PEPCK has

no

known allosteric

activity is regulated primarily by the transcription rate of its

gene

[Lamers et al., 1982; Granner et al., 1983] and/or mRNA stability [Sasaki et al.,
1984; Hod & Hanson, 1988]. A number of protein binding domains in the PEPCK
promoter have been identified by DNAse I footprinting analyses and gel shift assays.
The sequences necessary

for

many

of the regulatory properties of the PEPCK

promoter are thought to be contained within 500 base pairs of the start site of

transcription [Imai et al., 1990]. Fig. 1.6 shows

a map

of the basal promoter elements

in the PEPCK gene.

The

glucocorticoid

tandem array

of two

response

is mediated by

accessory

a

complex unit which consists of

a

factor-binding sites (AF1, located between positions

-455 to -431, and AF2, located between

positions -420 to -403) and two adjacent

GR-binding sites (GR1 and GR2, located between positions -395 to -349). Although
AF1 and AF2 do not function
deletion

or

as

glucocorticoid

mutation of either AF1

or

response

elements themselves,

AF2 results in 50-70% reduction in the

stimulatory effect of glucocorticoids [Imai et al., 1990]. Two members of the nuclear
receptor superfamily, HNF-4 and chick ovalbumin upstream promoter transcription
factor

(COUP-TF) bind to AF1 and

response
HNF-3

serve as accessory

factors to the glucocorticoid

[Hall et al., 1995]. Two distinct transcription factor families bind to AF2,

proteins and the C/EBP family members. An insulin

within the AF2 element of the GRU

response sequence maps

[O'Brien et al., 1990]. However, there is

no
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correlation between

binding of HNF-3

ability of AF2 element to mediate
addition to their role

as

an

elements in the

or

members of the C/EBP families and the

insulin

response

glucocorticoid

also involved in other hormone actions such

as

[Wang et al., 1996]. In

response,

AF1 and AF2

the retinoic acid response

are

[Hall et al.,

1992],

The cAMP response
appears to

play

transcription,

as

an

element (CRE), located between position -93 and -86, also
important role in glucocorticoid stimulation of PEPCK

deletion of this element severely blunts the glucocorticoid

[Imai et al., 1993], Thus,

a

full glucocorticoid response requires functional

interaction between the GRU and the CRE
the PEPCK gene

response

placed nearly 300 bp apart, showing that

is under complex regulatory mechanisms.

58

Figure 1.6

Hormonal response elements

The PEPCK promoter
hormones

and

has hormone

on

the PEPCKpromoter.

response

elements for several

including glucocorticoids (GRU), insulin (IRE), cAMP (CRE)

thyroid hormone (TRE). The GRU consists of two adjacent GR-

binding sites (GR1 and GR2) and two

accessory

factor-binding sites

(AF1 and AF2). HNF-4 and chick ovalbumin upstream promoter

transcription factor (COUP-TF) bind to AF1 while HNE-3 and the
C/EBP family
the

members bind to AF2 and

glucocorticoid

the AF2 element

response.

The insulin

serve as accessory

factors to

response sequence maps

within

of the GRU.
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1.4

SUMMARY

There is

increasing epidemiological evidence in humans which associates low birth

weight with later cardiovascular and metabolic disorders including hypertension,
insulin resistance,

hyperlipidaemia and death from ischaemic heart disease. The

molecular mechanisms
have been

fetal

proposed,

underlying this link

one

are

largely unknown but two theories

advocating maternal undernutrition and another implicating

glucocorticoid exposure.

In adult

mammals, glucocorticoid hormones are involved in the control of several

physiological

processes

responses to stress.
functions

(such

for metabolic
excess

as

that maintain homeostasis including co-ordination of

During development, glucocorticoids have important regulatory

induction of gluconeogenic enzymes) which

adaptations

necessary

prepare

the organism

for extrauterine life. However, when present in

glucocorticoids retard fetal growth, and human intrauterine growth retardation

is associated with elevated Cortisol levels. Fetal

glucocorticoid load is, in part,

regulated by placental and fetal 11 (3-HSD2 which catalyses
maternal and fetal
with decreased

rapid breakdown of

glucocorticoids into inert products. Human IUGR is associated

placental 11(3-HSD2 activity and elevated fetal Cortisol levels.

Recent studies have
utero reduces birth

in the adult

a

suggested that exposing rats to excessive glucocorticoids in

weight and

causes permanent

offspring. These findings make fetal

hypertension and hyperglycaemia
overexposure to

glucocorticoids

a

possible underlying molecular mechanism for the epidemiological link between low
birth

weight and later disease that has been observed in human studies.

Understanding of the molecular mechanisms involved in glucocorticoid action and

programming

may

provide novel insights into the pathogenesis of

common

cardiovascular and metabolic disorders.
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The aims of this

glucocorticoid

project

exposure

were:

i) to confirm the association between prenatal

and subsequent abnormalities in insulin and glucose

homeostasis and ii) to examine

the molecular mechanisms that

may

be involved in

glucocorticoid programming of hyperglycaemia.

61

CHAPTER 2

MATERIALS AND METHODS

2.1
All

ANIMALS

experiments

were

carried out

and female Wistar rats

on

male Wistar rat offspring bred in

unit. Male

(200-250 g), bought from Harlan UK Ltd, Bicester, were

maintained under conditions of controlled

temperature (22

our

°C) and allowed free

lighting (lights

access to

on

07.00-19.OOh) and

food (standard rat chow; 56.3%

carbohydrate, 18.3% protein, NaCl 0.7%; B.S.&S Scotland Ltd. Edinburgh) and tap
water. After a week

confirmed

of

settling in the unit, rats

were

time-mated. Mating

was

by identification of a vaginal plug and the day of plugging was considered

day 0 of pregnancy.

2.1.1

Prenatal dexamethasone treatment

To examine the effect of

female rats

were

dexamethasone

prenatal dexamethasone

exposure on

divided into four treatment groups

the offspring, plugged

(five females

per

group):

(lOOpg/kg/day, dissolved in 4% ethanol-0.9%saline, 200pg/ml)

given subcutaneously during the first (DEX WK1), second (DEX WK2)

or

was

third

(DEX WK3) week of pregnancy, with vehicle injections in other weeks; a control
group

received injection of vehicle alone throughout pregnancy (SALINE). In a

separate cohort of rats, maternal tail tip blood
pregnancy to
and litters

samples

were

collected

determine plasma glucose. At birth, the offspring

were

culled to 8 to 10 pups per

from each litter, were used in

were

on

day 19 of

sexed, weighed

litter. Male offspring, selected at random

subsequent experiments.
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There is evidence that the maternal pre-pregnancy state can

the outcome of the
pregnancy

have profound effects

on

subsequent offspring. In particular nutritional status before

has been shown to be

an

important determinant of fetal growth in humans

[Tanner & Thomson, 1970], Therefore,

an

experiment

was

designed to look at the

effect of dexamethasone administered to female rats before
dexamathasone

or

problems

observed with plugging. Rats that received dexamethasone before

were

pregnancy gave

2.1.2

Cross

In order to

indirect

saline

conception. 100|ig/kg

birth to

was

pups

given to female rats for

one

week prior to mating. No

with similar birth weight to those born to controls.

fostering experiments

distinguish between prenatal effects of dexamethasone and possible

postnatal effects

on

maternal nursing behaviour, in

animals, half the number of DEX WK3 litters

were

a separate

switched to and nursed by

SALINE dams from birth, and vice versa. All animals were weaned at
21 and male

2.1.3

offspring

were

postnatal day

used in subsequent experiments.

Postnatal dexamethasone treatment

In order to examine the effect of neonatal dexamethasone

untreated dams
vehicle

cohort of

on

were

administration, pups from

given either dexamethasone (O.Olmg/g subcutaneously)

postnatal days 1, 3 and 5. Body weight

treatment. Animals were then left to grow

day 21 and male offspring

were

was

or

measured during and after

normally. Weaning

was

done at postnatal

used in all experiments.
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ORAL GLUCOSE TOLERANCE TEST

2.2
Male

offspring underwent

months. Animals
9.00h the

was

fasted

overnight and tests

following morning. Fasting blood samples

time 0. An oral
were

were

oral glucose tolerance test between the

an

glucose load of 2g/kg

collected in

was

age

of 4 to 6

were

started between 8.30 and

were

collected by tail tipping at

then given by

gavage

and further samples

heparinised eppendorf tubes 30 and 120 min afterwards. Plasma

stored at -20 °C.

Measurement of

2.2.1
Plasma

glucose

glucose

assay

assay

was

plasma glucose concentration

determined by the enzymatic (hexokinase) method using

a

kit supplied by Sigma Chemical Co. (Poole, UK). In principle, the

utilizes the coupled reactions catalysed by hexokinase and glucose-6-

phosphate dehydrogenase
coefficients of variation

reaction

were

shown in Figure 2.1. The intra-assay and inter-assay
<2%.

Coupled reactions of HK and G-6-PDH.

Figure 2.1
Glucose is

as

first phosphorylated by adenosine triphosphate (ATP) in the

catalysed by hexokinase (HK). The glucose-6-phosphate formed is

then oxidized to

6-phosphogluconate (6-GP) in the presence of nicotinamide

adenine dinucleotide

(NAD). This reaction is catalysed by glucose-6-

phosphate dehydrogenase (G-6-PDH). During this oxidation
amount

an

equimolar

of NAD is reduced to NADH. The consequent increase in

absorbance at 340

nm

is

directly proportional to the glucose concentration.
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2.2.2

Determination of plasma

Insulin

was

measured

insulin

by radioimmunoassay (rat insulin

(^5j)

system (Amersham

International, Buckinghamshire, UK). The assay is based on the competition between
unlabelled

(sample) insulin and

number of

binding sites

reacted with

a

second

a

125i_]abeued insulin for a limited

insulin antibody. The antibody bound insulin is then

on an

antibody and the antibody bound fraction

centrifugation. The supernatant
the

fixed quantity of

was

was

separated by

discarded and measurement of radioactivity in

pellet enabled the amount of unlabelled insulin in the bound fraction to be

calculated. The concentration of unlabelled insulin in the

interpolation from
variation

were

a

standard

curve.

<10% and <15%

sample

was

The intra-assay and inter-assay coefficients of

respectively.

2.3

EXPERIMENTS WITH EXOGENOUS CORTICOSTERONE

2.3.1

Basal corticosterone levels and exogenous

Basal

plasma corticosterone

at 8.30h.

Corticosterone

was

was

determined by

corticosterone implants

measured in blood samples collected by tail tipping

measured

by specific radioimmunoassay,

as

by MacPhee et al [MacPhee et al., 1989]. To determine the effect of
corticosterone

on

was

(250(ig/day corticosterone)

anaesthesia; controls

measured in tail

of exogenous

exogenous

fasting blood glucose and hepatic GR mRNA expression, 4 pellets

of corticosterone acetate
under halothane

described

were

corticosterone treatment, animals
were

given subcutaneously

sham operated. Fasting blood glucose

tip samples three days after pellets

decapitation, the livers

were

were

were

inserted. After

a

week

fasted overnight and, following

removed for GR binding studies and mRNA expression.
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2.3.2

GR

Cytosol

binding studies
prepared from fragments of excised livers for dexamethasone and

was

corticosterone

binding studies,

Briefly, each liver sample

was

as

previously described [Penarelli et al., 1995].

homogenized in lOmM Tris-HCl buffer (pH 7.4)

containing 2mM DTT, 1.5mM EDTA, 0.1M sodium molybdate and 10% glycerol.
The

homogenate

was

centrifuged (4 °C) for 20 min at 20,000

supernatant recentrifuged for 60 min (4

cytosolic supernatant

was

°C) at 105,000

x g.

x g,

and the resulting

The protein content of the

adjusted to 4mg/ml. Aliquots (50|il) of liver cystol

incubated for 16h at 4 °C in buffer with 1.5nM

were

^H-dexamethasone (Amersham

International) and various concentrations of either non-radioactive dexamethasone
corticosterone

(0.316nM-100pM). Free and bound radioactivity

dextran-coated charcoal

radioactivity

was

were

or

separated with

(5g/l charcoal and lg/1 dextran T70 in buffer) and bound

counted in

a

liquid scintillation spectrometer (Wallac, Crownhill,

UK). Binding constants for dexamethasone and corticosterone were calculated from

homologous and heterologous competition

2.4

ENZYME ASSAYS

2.4.1

PEPCK

activity

PEPCK is the rate

curves.

assay

limiting

enzyme

of gluconeogenesis and catalyses the

decarboxylation and phosphorylation of oxaloacetate to form phosphoenolpyruvate.
In this reaction

PEPCK

can

also

a

nucleoside

catalyse the

triphosphate is dephosphorylated to diphosphate.
reverse

reaction i.e incorporation of C02 into

phosphoenolpyruvate to yield oxaloacetate. The mammalian
specificity for nucleotides, accepting
xanthosine nucleotides [Petrescu et

as

enzyme

has

a

high

substrates only inosine, guanosine, and

al., 1979].
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PEPCK

activity

can

be measured by coupling the formation of oxalacetate in the

backward reaction with NADH oxidation in the presence

of

excess

malate

dehydrogenase. However, in crude preparations, the relatively higher levels of tissue
pyruvate kinase interferes in coupled assay system with malate dehydrogenase (IDP
and GDP also
of

being

a

being substrates for pyruvate kinase). dGDP has the unique property

good phosphate acceptor for PEPCK but is

a poor

subtrate for pyruvate

kinase, and, is therefore, used in the coupling reaction as shown in Figure 2.2.

Coupled reactions in PEPCK assay.

Figure 2.2

Phosphoenolpyruvate is first converted to oxalacetate by PEPCK.
Malate

dehydrogenase (MDH) then reduces oxalacetate to malate using

NADH

as a

co-factor. During this reaction

NADH is oxidized to

absorbance

at

340

nm

an

equimolar amount of

NAD+. The consequent rate of decrease in

is

directly proportional to the activity of PEPCK.

2.4.1a Materials

Phosphoenolpyruvate, deoxyguanosine 5-diphosphate, and NADH
from

Sigma. Malate dehydrogenase

Lewis, UK. All other chemicals

were

was

were

purchased

obtained from Boehringer Mannheim UK,

of analytical grade.
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2.4.1b
10%

Sample preparation

(w/v) fresh liver homogenates were prepared in ice-cold buffer (250 mM

sucrose

at

8,000

and 5mM
x g

°C) at 105,000

x g.

-70 °C and later used to assay

determined

2.4.1c

were

centrifuged for 10 min (4 °C)

to sediment intact cells, and the resulting supernatant was recentrifuged

for 60 min (4
at

Hepes, pH 7.4). Homogenates

The supernatant (cytosol)

was

collected and stored

PEPCK activity. Protein content of the samples

was

by the Peterson method [Peterson, 1977].

Assay

PEPCK

activity

was

measured at 30 °C by coupling the formation of oxalacetate

with NADH oxidation in the presence

of excess malate dehydrogenase,

as

described

by Petrescu [Petrescu et al., 1979]. The reaction mixture (1ml final volume)
contained 50mM

Hepes (pH 6.5), 50mM sodium bicarbonate, ImM MnC12, 0.25mM

NADH, ImM phosphoenolpyruvate, 1.5U malate dehydrogenase and lOOpl of liver

cytosolic preparation. The reaction
drop in absorbance at 340

lacking bicarbonate
rate

of

2.4.2

was

was

nm was

used

as

initiated with 0.15mM deoxy-GDP and the

followed for 5 minutes. A reaction mixture

control. PEPCK activity

was

calculated from the

drop in absorbance at 340nm.

Glucose-6-phosphatase activity

assay

Glucose-6-phosphatase (G6Pase) catalyses the final step in gluconeogenesis. This
reaction is not carried out in the
into the lumen of the

cytosol. Rather, glucose-6-phosphate is transported

endoplasmic reticulum, where it is hydrolysed by G6Pase,

membrane bound enzyme.

Glucose and Pi

are

then shuttled back to the cytosol by

a
a

pair of transporters.
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2.4.2a Materials

Glucose-6-phosphate (monosodium salt), mannose-6-phosphate (disodium salt) and
histone 2A

were

purchased from Sigma. All other chemicals

were

of analytical

grade.

2.4.2b

Reagents

Solution A: 0.25 mol/1 sucrose, 5 mmol/1

Solution B: 3.4 mmol/1 ammonium

Hepes, pH 7.4.

molybdate in 0.5 mol/1 sulphuric acid (stored at

temperature).

room

Solution C:

0.52 mol/1 sodium

dodecyl sulphate in water (stored at

room

temperature).
Solution D: 0.6 mol/1 ascorbic acid in water

(made fresh daily).

Stopping reagent: prepared by mixing solutions B, C and D in the proportions of
6:2:1

(made fresh daily).

2.4.2c
Liver

Preparation of hepatic microsomes

fragments
A in
at

a

removed from animals

was

were

following decapitation. Fresh unfrozen liver

rapidly weighed and homogenised in 9 parts (w/v) of ice-cold buffer

Teflon/glass homogenizer. The homogenate

8,000

105,000

x g
x g.

and the resulting supernatant
The microsomal pellet

was

was

was

centrifuged for 10 min (4 °C)

recentrifuged for 60 min (4 °C) at

resuspended in 1.0 ml/g wet weight of

original liver in buffer A. Microsomes assayed without further treatment (untreated
microsomes)
in which the

are

heterogeneous comprising of (a) intact vesicles (intact microsomes)

limiting membrane acts

as a

selective permeability barrier and (b)

disrupted structures in which selective permeability is lacking and the enzyme has
free

access

to ionic substrates and inhibitors

the two forms is

[Arion et al., 1980]. The proportion of

readily quantified by assaying mannose-6-phosphatase activity
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which is

expressed only in disrupted microsomes [Arion et al., 1976]. The activity of

glucose-6-phosphatase in intact microsomes is calculated by subtracting the
contribution of the enzyme

in the disrupted component from total activity of

untreated microsomes. Microsomes isolated from
treatment with histone 2A

2.4.2d

homogenates

can

be disrupted by

(treated microsomes).

Assays

Glucose-6-phosphatase activity

assayed by measuring the rate of phosphate

was

production from glucose-6-phosphate,

as

described by Burchel et al. [Burchell et al.,

1988], The reaction mixture (final volume 100 pi) contained 20mM sodium Hepes

(pH 6.5), 2.5mM EDTA and the required substrate concentration. The glucose-6-

phosphate concentrations used for kinetic studies
mmol/1. The assay was
microsomal
was

were

1.0, 1.4, 2.0, 2.6, 5.0 and 30

initiated by the final addition of 20 pi of suitably diluted

suspension to 80 pi of assay medium preincubated at 30 °C. The reaction

stopped after 10 minutes by the addition of 0.9ml of stopping reagent. Blank

reactions

were

carried out for each

sample for

every

substrate concentration, by

adding the microsomal sample immediately after the addition of stopping reagent.
Colour

was

developed maximally by incubating the mixture at 45 °C for 20 min.

Sample absorbance

was

determined at 820nm using

spectrophotometer; the absorbance at 820
released

using

a

standard

curve

solution. Microsomal intactness
in

nm was

determined

were

a

stock of inorganic phosphate

by assaying mannose-6-phosphatase

parallel experiments using mannose-6-phosphate

Vmax and Km

Phillips PU 8620

related to the amount of phosphate

constructed using

was

a

as

substrate. Kinetic constants,

calculated using a BBC computer programme of non-linear

multiple regression analysis based

on

Colquhoun [Colquhoun, 1971].

70

Glucokinase

2.4.3

activity

assay

Glucokinase

catalyses the conversion of glucose into glucose-6-phosphate which is

used in the

synthesis of glycogen

contains two enzymes
hexokinase and

or

in glycolysis. The adult mammalian liver

capable of catalysing the phosphorylation of glucose by ATP,

glucokinase. Glucokinase is

an

unusual form of hexokinase whose

striking characteristic is its low affinity for glucose. The high Km for glucose

most

means

that

glucokinase is only effective when glucose is abundant. This property is

utilised in determination of

glucokinase activity which is calculated from the

difference in rates with 100 mM and 0.5 mM

glucose.

2.4.3a Materials

Glucose-6-phosphatase, ATP (vanadate free) and NAD
All other chemicals

2.4.3b
10%

of

analytical grade.

(w/v) fresh liver homogenates

8,000

and 5mM
x g

2.4.3c

prepared in ice-cold buffer (250 mM

Hepes, pH 7.4). Homogenates

°C) at 105,000

x g.

°C and later used to assay

samples

were

were

centrifuged for 10 min (4 °C)

to sediment intact cells, and the resulting supernatant was recentrifuged

for 60 min (4
at -70

purchased fom Sigma.

Sample preparation

sucrose

at

were

were

was

The supernatant (cytosol)

was

collected and stored

glucokinase activity. Protein concentration of the

determined by the Peterson method [Peterson, 1977].

Assay

Glucokinase

was

assayed using

Davidson and Arion

a

continuous spectrometric method adopted from

[Davidson & Arion, 1987]. Glucose phosphorylation was
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estimated
excess

exogenous

The assay
5mM

by coupling the glucose-6-phosphate formed to NAD+ in the

presence

of

glucose-6-phosphate dehydrogenase (Figure 2.3).

medium contained 50mM sodium Hepes, lOOmM KC1, 7.5mM MgCl2

ATP, 2.5mM dithiothreitol, 0.5mM NAD+, 1U glucose-6-phosphate

dehydrogenase and either 0.5mM
cytosolic preparation

was

or

assayed in

a

100 mM glucose. The activity of 0.01ml of
final volume of 1ml. The reaction initiated by

addition of ATP and the rate of NAD+ reduction

was

recorded at 340

nm.

Control

medium lacked ATP.

Figure 2.3

Coupling reactions of glueokinase and G-6-PDH.

Glucose is first phosphorylated
reaction

by adenosine triphosphate (ATP), in the

catalysed by glucokinase. The glucose-6-phosphate (G-6-P)

formed is then rapidly oxidized to 6-phosphogluconate (6-PG) in the
presence

of nicotinamide adenine dinucleotide (NAD). This reaction is

catalysed by

excess

glucose-6-phosphate dehydrogenase (G-6-PDH).

During this oxidation

an

NADH. The consequent

equimolar amount of NAD is reduced to

increase in absorbance at 340

nm

is directly

proportional to glucokinase activity.
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2.5

IN SITU HYBRIDISATION

2.5.1

Materials

All restriction enzymes,
were

obtained from

RNA polymerases, DNase 1, RNase A and RNase inhibitor

Promega UK Ltd, Southampton, UK.

[a-^^SJUTP

was

purchased from Amersham International. Sephadex G-50 column was purchased
from Pharmacia Biotech, St Albans, UK. All other reagents were

2.5.2

of analytical grade.

Solutions

Dep-H20:

5 drops of DEP (diethyl pyrocarbonate) added to distilled water,
mixed well, and allowed to stand for 1 to 24 hours before

IOxTBE:

53g Tris base, 27.5g boric acid and 4.65g EDTA made

autoclaving.

up to

500 ml

with distilled water and autoclaved.

20xSSC:

175.3g NaCl and 88.23g trisodium citrate made

up to

1 litre with

distilled water and autoclaved.
TE buffer:

1.21g Tris base and 0.372g EDTA made
water,

Graded ethanol:

up to

1 litre with distilled

pH 8, and autoclaved.

50%to

11.55g ammonium acetate and 250ml ethanol made

up

500ml with distilled water.

70%

-

11.55g ammonium acetate and 350ml ethanol made

up

to 500ml with distilled water.

90%

-

11.55g ammonium acetate and 450ml ethanol made

up

to 500ml with distilled water.

4%

paraformaldehyde in 0.1M phoshate:
and

3.12g NaH2P04.H20, 11,28g Na2HP04

40g paraformaldehyde made

up to

1 litre with Dep-H20,

stored at 4 °C
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2.5.3

Subbing of slides

Glass
and

microscope slides (with frosted end)

are

retained

were

for 3 min and then washed in
were

subbed

that tissue sections adhere

so

during the subsequent steps of in situ hybridization. Slides

placed in plastic racks and

slides

are

subbed

as

follows. Slides

Dep-H20 for 3 min. After

were

were

placed in 0.2M HC1

further 3 min in acetone,

a

dried at 50-60 °C for at least 15 minutes. Slides

then

were

placed in

subbing solution (0.15% gelatin and 0.03% sodium azide solution in Dep-H20) for 5
min and further dried at 50-60 °C

overnight before dipping in poly-L-lysine solution

(20mg/100ml in Dep-H20) twice for 10 seconds. Finally slides

were

washed in Dep-

H2O for 10 min and dried overnight at 50-60 °C.

2.5.4

Tissue sections

Livers

were

removed after

decapitation and fragments quickly frozen in liquid

nitrogen and stored at -70 °C. 10pm thick sections

were cut at

(Bright Instrument Co Ltd, Huntingdon, UK), and mounted
slides. Sections

2.5.5
A

RNA

were

then stored at -70 °C until the time of

-20 °C using

on

poly-L-lysine-coated

hybridisation.

probe synthesis

360bp fragment derived from the coding region of rat PEPCK cDNA

generated

in

the

laboratory

by

Val

Lyons

using

two

was

cloned into the

pGEM-T

easy vector.

Fidelity of amplification

sequencing. Complementary antisense RNA strand

was

was

were

(5'

3'), and

confirmed by

generated by SP6 RNA

polymerase following Ncol linearisation of vector. Noncomplementary
transcribed

PCR-

primers

AGCTGCATAATGGTCTGG 3' and 5' GAACCTGGCGTTGAATGC

was

a cryostat

sense

strand

by T7 RNA polymerase from Sacl-linearised vector. GR templates

made from

a

674bp fragment of rat GR cDNA subcloned into pGEM3
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[Miesfeld et al., 1984]. The

sense

while the antisense strand

was

11B-HSD1

antisense

strand

was

transcribed using SP6 RNA polymerase

obtained from T7 RNA

template

was

polymerase transcription.

transcribed by T3 polymerisation from

pBluescript vector containing 1.2kb 11B-HSD1 cDNA insert [Agarwal et al., 1989];
T7 RNA

cDNAs

polymerase

were a

made from

a

kind

was

used to make the

sense

transcript. C/EBPa and C/EBPG

gift from W.C. Yeh and S.L. McKnight. C/EBPa probes

300bp fragment derived from the coding region of rat C/EBPa cDNA

subcloned into the

pGEM3 vector; antisense RNA

was

generated by T7 RNA

polymerase following Hind III linearisation of vector and noncomplementary
strand

was

C/EBPB

transcribed

templates

pGEM3. The

sense

were

made from

strand

was

a

390bp Ncol fragment C/EBPB subcloned into

transcribed using SP6 RNA polymerase (after EcoRI

while the antisense strand

was

obtained with T7 RNA

polymerase following Hind III linearisation. HNF-4 templates

KS
to

were

generated from

make the antisense
was

Radioactive

a

fragment of rat HNF-4 cDNA cloned into the Sma I site of Bluescript

(gift from G. Kelsey and G. Schutz, Heidelberg). T7 RNA polymerase

template

sense

by SP6 RNA polymerase from EcoRI-linearised vector.

linearisation of vector)

1.2 kb Pvu II

were

used

transcript (from EcoRI linearised vector), while antisense

made by T3 polymerisation from

probes

was

were

a

SacII linearised vector.

synthesised by incubating the appropriate RNA polymerase

(15U) with 0.5pg linearised plasmid, lx transcription buffer, lOmM DTT, 3mM
ATP/GTP/CTP,

200|aCi[a-35s]UTP

and 4U RNase inhibitor in

a

total volume of

lOpl for lhour at 37 °C (or 40 °C for SP6 RNA polymerase). lOpl of 0.1U of
DNasel in lx
10 minutes.
a

transcription buffer was added to the mixture and incubated for further

Unincorporated nucleotides

were

removed by running the probe through

Sephadex G-50 column.
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lpl of the probe solution
estimate the total

vertical 5.3%

was

counted in 3ml scintillation fluid in

activity of the probe and another pi

polyacrylamide denaturing gel (at

exposed against

a

was

beta counter to

also electrophoresed

on a

of 14 mA), and gel

was

a current

B-max film (Amersham International) for 10-16 hr to check for the

incorporation of nucleotides and to verify that the probe

Polyacrylamide gel

was

lOxTBE and made up

addition of

a

made by mixing 3.6g

urea,

was not

degraded.

1.32 ml 40% acrylamide, 1ml

to 10ml with distilled water. Polymerisation was initiated by

lOOpl of 10% APS and lOpl of TEMED and the electrophoresis tank

contained lx TBE.

2.5.6

Hybridisation.

Cryostat sections (10pm, mounted
minutes in 4%

on

poly-L-lysine-coated slides)

were

fixed for 10

paraformaldehyde solution in 0.1M phosphate buffer, pH 7.4 and then

washed three times in 2xSSC. RNA

probes

were

diluted in hybridisation buffer to

5x10^ cpm/pl. The hybridisation mixture contained 0.5M NaCl, 0.01M Tris, ImM
EDTA, 10 mM DTT, 10% dextran sulphate, lx Denhardt's solution, 2pg/ml herring
testis DNA,

0.125mg/ml yeast tRNA and 50% (v/v) deionised formamide.

Hybridisation

was

carried out overnight at 55 °C in

deionised formamide/4xSSC.

2xSSC, the sections

were

a

chamber humidified with 50%

Following washes (three times,

room

temperature) in

treated with 30pg/ml bovine pancreatic RNase A in buffer

containing 0.5M NaCl, 0.01M Tris and ImM EDTA, and incubated for 1 hour at 37
°C. The sections

were

then washed in 2xSSC at

room

twice in O.lxSSC at 60 °C for 30 minutes. After
slides

were

dehydration in graded ethanol the

dipped in Kodak NTB 2 emulsion diluted 1:1 with distilled water.

Autoradiography
sections

temperature for 30 minutes and

were

was

performed at 4 °C for 2 to 4 weeks. After development,

counterstained with

haematoxylin and eosin. The hybridisation signal
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quantified by counting silver grains (in 2 sections

was

per

animal) in the periportal

using

a computer

was

slide and at least 2 slides

perivenous regions under bright-field illumination

driven image analysis system (Seescan, Cambridge, UK).

Background, counted
hybridisation

or

per

over

adjacent acellular

areas, was

subtracted. Specificity of

demonstrated using non-complementary

sense

RNA probes

hybridised under identical conditions.

2.6

WESTERN BLOTTING

2.6.1

Materials

Nitrocellulose

blotting membrane

was

obtained from Amersham International. Anti-

phosphotyrosine and anti-insulin receptor antibodies

were

obtained from Affiniti

Research Products Ltd, Mamhead, UK. Western blot detection reagents

peroxidase-linked secondary anti-rabbit IgG and anti-mouse IgG
from Amersham International. Protein molecular
Bio-Rad. All other reagents were

2.6.2

weight markers

were

were

with

purchased

obtained from

of analytical grade.

Solutions

Homogenising buffer: 1% SDS, l.OmM sodium vanadate, lOmM Tris-HCl, pH 7.4.
2x

Sample buffer:

250mM Tris-HCl pH 6.8, 2%SDS, 5% glycerol, 0.003%

bromophenol blue and 1% P-mercaptoethanol.
lOx

Running buffer:

30.2g Tris Base, 188g glycine and 100ml of 10% SDS made
up to

PBS:

1 litre with distilled water.

23g disodium hydrogen orthophosphate anhydrous and 5.92g
sodium

dihydrogen orthophosphate -1- hydrate, and 11.68

NaCl made up to

2 litres with distilled water.
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PBS-T:

PBS

Blocking buffer:

PBS-T + 5% albumin

Towbin buffer:

6.07g Tris HC1, 28.83g glycine (pH 8.3) and 200ml methanol

+

0.01% Tween.

made up to

2.6.3

2 liters with distilled water.

Sample preparation

Liver

fragments

were

homogenized in approximately 10 volumes of boiling

homogenizing buffer and the homogenate
cooled in ice bath for 40 min. The
for 10 min to

remove

was

homogenate

insoluble material.

further boiled for 10 min and then
was

centrifuged (12,000

Samples

were

xg,

15 °C)

treated with Laemmli

(sample) buffer [Laemmli, 1970] and boiled for 5 min before applying to SDSpolyacrylamide gel.

2.6.4
SDS

Polyaery lamide gel electrophoresis and blotting

polyacrylamide gels:
6% acrvlamide
of 30%

resolving gel: made by mixing 13.2 ml distilled water, 10ml

acrylamide, 6.3ml of 1.5M Tris-HCl, 0.25ml of 10% SDS, 0.25ml of

10% APS, and 0.01ml of TEMED.
5%

acrylamide stacking gel: made by mixing 3.4ml distilled water, 0.83ml of

30%

acrylamide, 0.63ml of 1M Tris-HCl, 0.05ml of 10% SDS, 0.05ml of

10% APS, and 0.004ml of TEMED.

To prepare
cm

the gels, resolving gel

was

poured between glass plates, leaving about 1.5

below the level of comb teeth, the

saturated butanol and

gel surface

was

gel allowed to set. Once set, butanol

gel added, and comb inserted. 5-25(0.1 of sample

was

levelled out with waterwas

poured off, stacking

applied to each well and
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electrophoresed in

a

Bio-RaD tank containg running buffer (23 mA/gel; <150 mV).

The electrotransfer of

proteins from the gel to nitrocellulose

overnight at 25 V (constant) using

a

was

performed

Hoefer Scientific Instruments miniature

apparatus as described by Towbin et al [Towbin et ah, 1979]. Non-specific protein

binding to nitrocellulose

minimized by incubating the filter in blocking buffer at

was

room

temperature for 2 h. The following prestained molecular weight standards were

used:

myosin (200 kD), (3-galactosidase (117 kD), BSA (75 kD), carbonic anhydrase

(42.9 kD), and soya bean trypsin inhibitor (31.8 kD).

The nitrocellulose blot

was

phosphotyrosine antibody
PBS-T. The blot

incubating with

was

a

or

detection reagents

temperature with anti-

then washed twice

(for 1 min and 20 min) in PBS-T before

secondary antibody diluted 1 in 5,000 blocking buffer. The blot
(15 min each) and then transfered to

(Amersham International). Binding

by exposing the blot to

2.7

room

anti-insulin receptor antibody diluted 1 in 10 000 in

further washed three times

was

a

was

a

mixure of

detected radiographically

Kodax beta-max film.

STATISTICS

Data
tests
test

incubated for 2 hours at

are

or

expressed

one-way

where

as mean ±

SEM. Data

were

compared using unpaired Student's t

ANOVA followed by Newman-Keuls post-hoc multiple comparison

appropriate values

were

considered significant when p<0.05.
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CHAPTER 3

GLUCOCORTICOIDS,

BIRTH

WEIGHT

AND

OFFSPRING

GLUCOSE/INSULIN HOMEOSTASIS.

3.1

INTRODUCTION

It is well established that

retards intrauterine

prenatal

exposure to

glucocorticoids in humans and animals

growth [Reinisch et al., 1978; Goland et ah, 1993]. The

molecular mechanism for this effect is unclear, but there are three

explanations. First, glucocorticoids
upon

can cross

the placenta and exert

the fetus to retard fetal growth. Indeed, prolonged

excess,

exposure to

a

possible

direct effect

corticosteroid

whether of exogenous or endogenous origin, leads to significant impairment

of linear

growth in childhood [Hyams & Carey, 1988]. Second, the effects

mediated

by placental abnormalities resulting from glucocorticoid

be

may

exposure.

This

possibility is supported by data demonstrating that adrenocorticosteroid-exposed
placentas show decreased growth [Gunberg, 1957]. Finally, it is also possible that

a

direct effect of exogenous

a

glucocorticoids

subsequent indirect influence
explanations

are not

on

on

placental

mutually exclusive since

maternal physiology leads to
fetal growth,

or
any

or

both. These

combination of the three could

theoretically operate in concert.

Apart from their effects
actions

on

on

growth, glucocorticoids have several well established

homeostasis. In the adult animal,

regulation of blood

pressure

[Drayer et

al., 1984; Krakoff, 1988] and maintenance of blood glucose [McDowell, 1983;
Kraus-Friedmann, 1984; McMahon et al., 1988]
control. Excessive

are

glucocorticoid levels, either from

under potent glucocorticoid

exogenous

administration

or as
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a

result of

pressure

endogenous overactivity (as in Cushing's syndrome), elevate blood

and produce features of diabetes [Ross et al., 1966; Leung & Munk, 1975].

During development, glucocorticoids
organs

are

important for maturation of various fetal

in preparation for extrauterine life [Ballard, 1979]. Mice with targeted

disruption of the GR

gene

show impaired development of the adrenergic

nervous

system and maturation of hepatic gluconeogenic enzymes [Cole et al., 1995]. These
observations show that

development of hepatic glucose metabolism is under tight

glucocorticoid control.

It is well established that effects of

(such

as

androgens)

can

perinatal administration of steroid hormones

be imprinted for life [Arai & Gorski, 1968; Gustafsson &

Sternberg, 1974]. This makes it plausible to hypothesise that abnormal
glucocorticoid

exposure

glucocorticoids

programming
of

are

may

during development

may

have long lasting effects. Since

involved in regulation of important metabolic pathways, this

result in later

organ

dysfunction and disease. In particular, the role

glucocorticoids in fetal growth and maturation of hepatic gluconeogenic

combined with well described effects of these hormones

on

enzymes,

glucose metabolism in

adulthood, gives glucocorticoids a significant potential in linking low birth weight to
later

abnormality in glucose control.

The fetus is

levels

normally protected from the relatively higher maternal glucocorticoid

by feto-placental 11 [3-HSD2 which rapidly breaks down active glucocorticoids

into inert

products [Murphy et al., 1974; Lopez-Bernal et al., 1980; Seckl, 1993].

Previous studies have showed that administration of carbenoxolone, an

11(3-HSD

inhibitor, reduced birth weight and produced hyperglycaemia in adult offspring

[Lindsay et al., 1996b]. The reasoning for this observation is that carbenoxolone
breaks the

placental glucocorticoid barrier and that the effects

on

the offspring

are a
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result of excessive fetal exposure to
carbenoxolone is, however, not
isoform

glucocorticoids. The inhibitory effect of

specific for 11 (3-HSD2. It also inhibits the type 1

(lip-HSDl) which catalyses the

reverse

reaction [Walker et al., 1995].

Moreover, it may be argued that the programming of hyperglycaemia could be

secondary to other actions of carbenoxolone (on the mother

or

fetus) which

are

independent of the fetal glucocorticoid load.

One aim of this

glucocorticoids

project

programmes

with carbenoxolone, the
rats subcutaneous

poor

was,

therefore, to confirm that fetal

glucose control. Instead of inhibiting the 11P-HSD2

placental

experiments

tested in rats

were

was overcome

by giving pregnant
a

also designed to explore the nature of glucocorticoid
so

that the critical window for this programming

exposed to dexamethasone at different times during gestation

early postnatal period. Birth weight

male

barrier

injections of a synthetic glucocorticoid, dexamethasone, which is

programming of hyperglycaemia,

the

enzyme

substrate for lip-HSD [Brown et al., 1996b; Benediktsson et al., 1997].

These

was

overexposure to

offspring

was

was

or

in

noted and glycaemic control in adult

measured in standard oral glucose tolerance tests.
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3.2

RESULTS

3.2.1

Effect of

prenatal dexamethasone

gestational weight gain and

on

offspring body weight
Maternal
saline

weight gain

was

measured in pregnant rats treated with dexamethasone or

during the first, second

In all groups

or

third week of pregnancy (Figure 3.1 and Table 3.1).

the highest rate of maternal weight gain occurred late in gestation.

Dexamethasone administration reduced maternal
treatment, with a compensatory
and Table

weight gain during the week of

increased gain in the subsequent week (Figure 3.1

3.1).

Week

Group

one

Week two

Week three

SALINE

12.0±1.2

18.6±2.3

81.2±3.3

DEX WK1

7.5±1.1*

31.5±3.5*

75.8±4.3

DEX WK2

9.0±0.7

11.2±3.2*

82.7±5.1

DEX WK3

14.0±1.5

23.2±4.9

58.3±6.7*

Table 3.1

Effect of dexamethasone

on

maternal weight gain.

Weekly maternal weight gain (g) during gestation

was

measured in pregnant rats

from different treatment groups. The control group (SALINE) received vehicle alone
throughout

pregnancy.

dexamethasone

In the treatment

groups

saline

was

during the first (DEX WK1), second (DEX WK2)

replaced by
or

third (DEX

WK3) week of pregnancy. n=5 per group. *p<0.05 compared with SALINE.
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gestational period (days)

Figure 3.1

Curve fits of daily maternal weight gain.

Daily weight gain (g)
control group

was

measured and plotted against gestational length. The

(SALINE) received vehicle alone throughout

treatment groups

saline

was

WK1), second (DEX WK2)

pregnancy.

In the

replaced by dexamethasone during the first (DEX

or

third (DEX WK3) week of pregnancy. n=5

per

group.
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Thus, during the first week of pregnancy DEX WK1

dams had significantly reduced

weight gain compared to control dams. However, during the second week, DEX
WK1

offspring had

offspring

was

a

higher rate of weight gain but weight gain in DEX WK2

lower than controls. At term, only dams that were on dexamethasone

during the last week of

pregnancy

had

a

lower rate of weight gain compared to

controls.

Dexamethasone treatment did not affect maternal
and there

groups

were no

differences in

length of gestation, litter size

or

viability

among

had significantly lower birth weight than those born to control

(for males, 5.6±0.1

vs

6.2±0.1

g,

p=0.004), Table 3.3.

Litter size

Male

Female

Male: Female

SALINE

10.5±0.6

5.7±0.7

4.8±0.5

1.3±0.3

DEX WK1

10.6±0.9

5.6±0.5

5.0±0.7

1.3±0.3

DEX WK2

11.4±0.7

5.2±0.9

6.2±0.6

0.9±0.2

DEX WK3

11.4±1.1

6.0±0.5

5.4±1.1

1.4±0.4

Group

Table 3.2
Litters

Effect of dexamethasone

from various

determined.
pregnancy.

the first
Results

the

(Table 3.2). However, offspring of dams that had dexamethasone in the third

week of pregnancy
dams

plasma glucose levels (Figure 3.2),

In the treatment

average

sex

of the offspring

(SALINE) received vehicle alone throughout

groups

saline

(DEX WK1), second (DEX WK2)

are an

litter size and sex ratio.

counted at birth, and the

groups were

The control group

on

was
or

replaced by dexamethasone during

third (DEX WK3) week of pregnancy.

of 5 litters per group.
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8 "|

Figure 3.2
A separate

n=4)

or

Maternal glucose levels during pregnancy

cohort of pregnant rats treated with either vehicle (SALINE,

dexamethasone (DEX WK3, n=4) during the third week of

pregnancy was

used to

maternal fasting

measure

the effect of dexamethasone injections

glucose levels. Tail tip blood samples

were

on

collected at

day 20 of pregnancy after an overnightfast.
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Female control and DEX WK1
birth. The difference in birth
exposure to
and

Table

lighter than their male litter mates at

were

weight between

dexamethasone during the second

or

sexes was,

however, abolished by

third week of pregnancy (Table 3.3

3.4). DEX WK1 male offspring showed increased abdominal

circumference and liver
male

offspring

offspring

were

weight when compared to control. In contrast, DEX WK2

shorter at birth with relatively bigger head circumference (Table

3.3). DEX WK3 male offspring tended to have reduced abdominal circumference but
other measurements,

including liver weight,

general, the ponderal index
not

reach statistical

was

significance. Unlike these effects
were

birth weight length
(g)
(cm)

on

the male offspring, body

largely unaffected by prenatal

(Table 3.4). These data

small measurements where there is

Group

similar to controls (Table 3.3). In

lowest in DEX WK3 offspring but the difference did

proportions of female offspring
dexamethasone

were

are

by

likely to be

no means

a

precise

as

exposure to

they involved

significant degree of error.

head
abdomen
circum (cm) circum (cm)

liver weight
(g)

liver weight/ ponderal
body weight index

SALINE

6.2±0.1

4.1±0.2

1.47+0.05

4.5+0.1

0.209+0.012

0.034+0.002

0.090

DEXWK1

6.5+0.1

4.0+0.2

1.60+0.11

4.9+0.2*

0.271+0.021

0.042+0.004

0.101

DEXWK2

6.1+0.1

3.5+0.2*

1.85+0.22 *

4.5+0.1

0.225+0.012

0.037+0.002

0.142

DEXWK3

5.6+0.1*

4.0+0.1

1.43+0.08

4.2+0.1

0.215+0.009

0.038+0.001

0.087

Table 3.3

Characteristics

Measurements

of different parameters

treatment groups

throughout

at birth. The

pregnancy.

dexamethasone

of male offspring at birth
were

made in male offspring of the various

control group (SALINE n=27) received vehicle alone

In the treatment

groups

saline

was

replaced by

during the first (DEX WK1 n=28), second (DEX WK2 n=31)

or

third

(DEX WK3 n=33) week of pregnancy. *p<0.05 compared with SALINE.
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head

birth

weight length
(cm)
(g)

Group

crcum

(cm)

abdomen
circum (cm)

Liver weight

(g)

Liver weight/

ponderal
body weight index

SALINE

5.8*0.1

3.9*0.1

1.80*0.17

45*0.1

0.218*0.008

0.038*0.002

0.098

DEXWK1

6.1*0.2

3.8*0.2

1.65*0.04

4.6*0.1

0.213*0.012

0.035*0.002

0.111

DEXWK2

5.8*0.2

3.9*0.1

1.71*0.07

4.6*0.1

0.218*0.002

0.038*0.001

0.098

DEX WIG

5.5*0.1 *

4.0*0.2

1.64*0.08

45*0.1

0.214*0.02

0.038*0.003

0.086

Characteristics

Table 3.4

Measurements

offemale offspring at birth

of different parameters

treatment groups

made in female offspring of the various

were

at birth. The control group (SALINE n=21) received vehicle alone

throughout pregnancy. In the treated

groups

saline

was

replaced by dexamethasone

during the first (DEX WK1 n=23), second (DEX WK2 n=34)

or

third (DEX WK3

n=27) week of pregnancy. *p<0.05 compared with SALINE.

After birth all litters
were

WK3

used in

up

weight

were

eight
age

per

dam and only male offspring

of weaning (postnatal day 21) DEX

in growth and their body weight

offspring (Table 3.5). In

pancreas

to

culled to about

subsequent experiments. By the

offspring had caught

control

WK3

were

a separate

measured at the

age

was

similar to that of

cohort of animals body weight and

of 8 months. In this experiment, DEX

offspring tended to have higher pancreatic weight

per

body weight compared

controls, although this difference was of borderline significance (1.77±0.08 vs

1.50±0.08

mg/g body weight, p=0.05, n=12

per

group)

88

Group

Weight at Day 21

Weight at 6 months

SALINE

47.3±1.3(n=ll)

455.6±22.4 (n=9)

DEX WK1

49.7±0.9

(n=8)

454.7±27.3 (n=9)

DEXWK2

50.4±1.0

(n=12)

458.5±18.2 (n=13)

DEXWK3

48.8±1.3

(n=8)

445.8±17.8 (n=l 1)

Table 3.5

Effect of dexamethasone

offspring body weight.

on

Body weight (g) of the offspring from all the
21 and at the age

throughout

of 6 months. The control

pregnancy.

dexamethasone

groups was

group

In the treatment

measured at postnatal day

(SALINE) received vehicle alone

groups

saline

was

during the first (DEX WK1), second (DEX WK2)

replaced by
or

third (DEX

WK3) week of pregnancy.

3.2.2

The effect of

prenatal dexamethasone treatment

on

glucose/insulin

homeostasis
Adult control male rats and

offspring of dams that

the various weeks of pregnancy

were

given dexamethasone during

underwent oral glucose tolerance tests. The offspring

exposed to dexamethasone during the first

or

second week of gestation had similar

fasting and post-load plasma glucose levels to controls (Figure 3.3). In sharp
contrast,

offspring of dams that had dexamethasone during the third week of

pregnancy

had significantly higher fasting plasma glucose concentrations (5.3±0.3

4.3±0.2 mmol/1,

p=0.04), and showed exaggerated

glucose challenge (8.7±0.4

vs

responses

following

an

vs

oral

7.5±0.2 mmol/1, p=0.03; after 30 minutes) (Figure

3.3).
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Figure 3.3

Effect of dexamethasone on offspring fasting plasma

glucose and

glucose tolerance.
The

offspring from each treatment group

the age

underwent an oral glucose tolerance test at

of 6 months. Fasting plasma glucose was

measured at time 0 and further

body
weight). The control group (SALINE n=9) received vehicle alone throughout
pregnancy. In the treatment groups saline was replaced by dexamethasone during
the first (DEX WK1 n=8), second (DEX WK2 n=13) or third (DEX WK3 n=8) week
samples were collected 30 and 120 minutes

of pregnancy. *p<0.05,

after oral glucose loading (2g/kg

compared to SALINE.
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Fasting plasma insulin levels

were not

statistically different

among

the

groups.

However, 30 minutes after oral glucose loading, DEX WK3 offspring had nearly
50%

higher insulin levels compared to controls (6.1±0.4 vs 3.8±0.5 ng/ml, p=0.01)

(Figure 3.4). Similarly, the 30 min insulin-to-glucose ratio for DEX WK3 offspring
was

higher than in control offspring (0.71±0.06

vs

0.50±0.07 mg/mmol, p=0.03)

(Table 3.6), suggesting that DEX WK3 offspring were secreting more insulin per
unit of

glucose. When incremental insulin secretion

used

was

as an

index of

secretory capacity, this was also higher in animals exposed to dexamethasone during
the last week of intrauterine life

showed
and

a

(Figure 3.5). DEX WK1 and DEX WK2 offspring

similar insulin response to

oral glucose challenge

as

controls (Figures 3.4

3.5; Table 3.6).
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Offspring insulin

Figure 3.4

Plasma insulin

was

and 30 minutes
group

30

response

measured in adult

to an oral glucose load.

(6 months) offspring at time 0 (fasting)

after oral glucose loading (2g/kg body weight). The control

(SALINE n=9) received vehicle alone throughout

treatment groups

saline

was

.

pregnancy.

In the

replaced by dexamethasone during the first

(DEX WKI n=8), second (DEX WK2 n=13)
pregnancy

min

or

third (DEX WK3 n=8) week of

*p<0.05, compared to SALINE.
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Fasting

30 min post-loading

SALINE

0.42±0.04

0.50±0.07

DEX WK1

0.43±0.03

0.54±0.04

DEX WK2

0.44±0.03

0.53±0.04

DEX WK3

0.51±0.08

0.72±0.06*

Group

Table 3.6

Plasma

insulin-to-glucose ratio.

Insulin-to-glucose ratio (mg/mmol)
the

calculated by dividing the insulin value by

corresponding glucose value at the given times during

The control group
the

was

oral glucose testing.

(SALINE n=9) received vehicle alone throughout pregnancy. In

treatment groups

WK1

an

saline

was

replaced by dexamethasone during the first (DEX

n=8), second (DEX WK2 n-13)

or

third (DEX WK3 n=8) week of pregnancy.

*p<0.05, compared to SALINE.

Incremental insulin secretion.

Figure 3.5
The response

challenge

ofplasma insulin relative to changes in glucose following oral glucose

was

calculated by dividing the difference in plasma insulin levels at time 0

from level at time 30 by the corresponding difference in glucose level. The rest of the

experimental details are

as

given in legend to Table 3.6.
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In order to

explore further the nature of the late gestational window of sensitivity to

glucocorticoids (as

seen

in DEX WK3 offspring), dexamethasone

was

given to

pregnant rats only during the last two days (instead of the whole last week) of
pregnancy.

Under these conditions dexamethasone

weight

offspring plasma glucose control (Figure 3.6), suggesting that the timing

nor

and/or duration may

exposure

affected neither birth

be vital.

2"

O"1

'

T

1

0 min

30 min

120 min

Effect of dexamethasone administration during the last two days of

Figure 3.6
gestation.
Pregnant rats
20 and 21

were

of pregnancy. Male offspring from each

tolerance testing
collected

given either dexamethasone (DEX)

at

(2g/kg body weight) at the

time 0

age

or

group

saline (SALINE)

on

days

underwent oral glucose

of six months; blood samples

were

(fasting) and 30 and 120 minutes after oral glucose challenge.
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Effect of pre-pregnancy

3.2.3

dexamethasone

offspring glucose homeostasis

on

Human studies have shown that maternal pre-pregnancy

status, can have

Therefore,

profound effects

experiment

an

was

on

fetal growth [Tanner & Thomson, 1970].

designed to look at the effect of dexamethasone

administered to female rats before

conception

control.

saline

100(ig/kg dexamethasone

prior to mating. No problems

or

were

(5.9±0.2

vs

control of the adult

subsequent offspring glucose

on

given to female rats for

was

one

week

observed with plugging. Rats that received

dexamethasone before pregnancy gave

controls

state, particularly nutritional

birth to

6.1±0.2). Similarly, there

pups

with similar birth weight to

were no

differences in the glucose

offspring (Figure 3.7).

10 1

8

s
o

6
a

6

<D
cn

O
O

4

W)

0

—i—

0

Figure 3.7

30

Effect of maternal

pre-pregnancy

120

dexamethasone

on

min

offspring

glucose tolerance
Female rats

prior to

were

given dexamethasone (DEX)

pregnancy.

or

vehicle (SALINE) for

The adult offspring underwent

(2g/kg body weight) at 6 months.

n=

a

one

week

standard oral glucose test

10 per group.
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3.2.4

Effect of postnatal

dexamethasone treatment

In order to test whether the window of

into the neonatal

period,

pups

(O.Olmg/g subcutaneously)

or

programming of hyperglycaemia extended

from untreated dams

vehicle

on

were

postnatal days 1, 3 and 5. All

after this treatment. However dexamethasone caused

weight (Figure 3.8). Although the catch
age

given either dexamethasone

up

a

survived

significant reduction in body

in body weight

the differences in body weight between the

pups

was

slow, by 8 months of

groups were no

longer significant

(Figure 3.8).

Upon glucose tolerance testing at 8 months, dexamethasone-treated animals had
similar

fasting plasma glucose concentration to controls, and there

differences in the

glucose

response to

oral glucose loading (Figure 3.9).

5 WEEKS

Pups born from untreated dams
(DEX)

or

measured

8 MONTHS

Effects of neonatal dexamethasone

Figure 3.8

saline (SALINE)
at

the age

on

were no

were

on

body weight.

either given O.Olmg/g dexamethasone

postnatal days 1, 3 and 5. Body weights

were

of 5 weeks and 8 months. *p<0.01 compared to SALINE.
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121

Figure 3.9

Effect ofpostnatal dexamethasone

Pups from untreated dams

were

on

later glucose tolerance.

given dexamethasone (DEX)

neonatally. An oral glucose tolerance test (2g/kg body weight)
months
were

of age. Fasting blood samples

were

or

saline (SALINE)

was

performed at 8

collected at time 0 and further samples

collected at 30 and 120 minutes following

oral glucose challenge.
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3.2.5

Cross-fostering experiments

There is

period
et

increasing evidence that maternal behaviour during the early postnatal

can

critically influence the physiological adaptation of the offspring [Meaney

al., 1988; Meaney et al., 1989; Brown et al., 1996a; Thomas & Palmiter, 1997].

This raises the

possibility that the effects of perinatal maternal manipulation (such

as

dexamethasone

administration)

on

the offspring may not necessarily be a result of

direct effects

the fetus, but may

be effected by altered maternal behaviour during

the

on

postnatal period. This question is of particular importance because prenatal

dexamethasone treatment

programmed hyperglycaemia only when administered

during the last week of

pregnancy.

experiment

was

dexamethasone

dams, and vice
same

day

were

To address this matter

a

cross-fostering

designed in which half the litters born to dams that received

during the third week of
versa.

Cross-fostering

switched. There

was

were no

pregnancy were

raised by saline-treated

done at birth and only litters born

problems with

6 months animals from the four final groups

pup acceptance.

At the

on

the

age

of

underwent oral glucose testing. Cross-

fostering did not change the pattern of fasting plasma glucose concentration in the
adult

offspring, with offspring exposed to dexamethasone in utero showing

significantly higher levels of glucose, irrespective of treatment
mother

group

of the rearing

(Figure 3.10). Similarly, DEX WK3 offspring had higher post-load glucose

levels than controls

regardless of the fostering status (Figure 3.10).
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Figure 3.10

Effect of crossfostering on glucose tolerance.

Pregnant rats received vehicle alone (SALINE)

or

dexamethasone (DEX WK3)

during the third trimester. At birth, half the litters born to DEX WK3 dams

were

crossfostered and reared by saline-treated dams (DEX CROSSED) while half the
number

of litters born to saline-treated dams

(SALINE CROSSED). Weaning
underwent oral

was

were

transferred to DEX WK3 dams

done at postnatal day 21 and the offspring

glucose tolerance test (2g/kg body weight) at 6 months.

compared to SALINE (*)

or

p<

0.05

SALINE and SALINE CROSSED (§). n=8 per group.
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3.3

DISCUSSION

Administration of carbenoxolone, an inhibitor of
shown to reduce birth

weight and to

11(3-HSD, to pregnant rats has been

cause permanent

hyperglycaemia in adult

offspring [Lindsay et al., 1996b]. This effect is thought to result from increased fetal

glucocorticoids due to inhibition of feto-placental 11 (3-HSD2 (the

exposure to
enzyme

that metabolises active glucocorticoids into inert products). However, since

carbenoxolone is

a

prenatal treatment

may not

load.

This

non-specific inhibitor, it

may

necessarily depend

on

be argued that the effects of
increasing fetal glucocorticoid

question has been addressed by administration of

glucocorticoid, dexamethasone, which is

a poor

a

synthetic

substrate for 11[3-HSD [Brown et al.,

1996b; Benediktsson et al., 1997], and therefore should freely cross the placenta to
increase the fetal

glucocorticoid signal. Like carbenoxolone, prenatal dexamethasone

administration reduced birth
adult

weight and caused permanent glucose intolerance in the

offspring, supporting the suggestion that the effect of carbenoxolone is

of increased fetal
exposure

glucocorticoid

exposure.

a

result

In this respect prenatal glucocorticoid

mimics the human epidemiological data that have associated low birth

weight and disease in adulthood. Additionally, results described in this chapter show
that the effect

on

both birth

weight and glucose-insulin homeostasis of the offspring

only occurred when dexamethasone
gestation and not earlier in

was

pregnancy,

administered during the third week of

suggesting

a

late gestational 'window' of

sensitivity to glucocorticoids.

One

important question is whether reduction in birth weight is

programming
dexamethasone

process
on

or

maternal

is only

weight gain

Dams treated with dexamethasone

showed

a

slower rate of

a

an

integral part of the

parallel manifestation. The effects of
were not

during the first

or

restricted to DEX WK3 dams.
second week of pregnancy also

weight gain during the period of treatment. However, DEX

WK1 and DEX WK2 dams had

an

exaggerated rate of weight gain

soon

after the
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treatment was

stopped,

so

that at term these dams had comparable rates of weight

gain to controls. In contrast, DEX WK 3 dams, which were still on dexamethasone
treatment, had lower rate of
dexamethasone
the

on

weight gain at term. Interpretation of the effect of

gestational weight gain is obviously complicated by the fact that

changes in weight

may

be

a

combined result of action

on

the mother and fetus.

However, if these changes reflect changes in fetal growth, it would suggest that DEX
WK1 and DEX WK2

offspring had

a

period of "catch up" growth in utero, and DEX

WK3 would have been bom without this catch up.

This

offspring have reduced birth weight but achieve

a

that their

body weights

are

offspring purely
unless the

on

up

postnatally,

growth in all treatment

being

a

be

a

it

explain the programming of hyperglycaemia in DEX WK3

may

well be that low birth weight

per se

is only

a

are

-

also

marker, rather

clue to the aetiological factors in programming. In other words, the
hyperglycaemia in the DEX WK3

group may

reflect programming

pathways of glucose metabolism that develop in late gestation such

involved in

so

groups,

timing/degree of retardation and/or the resulting catch-up growth

manifestation of
of

similar catch

the basis of fetal growth retardation (and therefore birth weight)

important. Indeed, it
than

explain why DEX WK3

comparable to controls by the time of weaning. On the

other hand, if dexamethasone reduced fetal

becomes difficult to

may

as enzymes

hepatic gluconeogenesis. The reduction in birth weight would, therefore,

parallel phenomenon. This notion is supported by evidence from experiments in

which reduction in birth

glucocorticoid

exposure.

weight

was

achieved through

means

other than

excess

Thus, maternal adrenalectomy also reduces fetal growth,

but

importantly the offspring of adrenalectomised pregnancies, although small, do

not

display attenuation in glucose control [Lindsay et al., 1996b]. This shows that

not all

manipulations that reduce birth weight

human

epidemiological data emphasizes the importance of low ponderal index rather

than birth

weight

per se

programme

hyperglycaemia. Indeed,

[Hales et al., 1991; Phillips et al., 1994; Lithell et al., 1996],
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As dexamethasone
not

was

administered to the mother (and not

possible to rule out

offspring

may

a

directly to the fetus), it is

possibility that programming of hyperglycaemia in the

be secondary to effects of dexamethasone on the mother or placental

function, rather than direct effects
dexamethasone administration may

on

the fetus. Indeed there evidence that

reduce maternal food intake [Welberg, personal

communication], which raises the possibility that programming may be mediated

through maternal undernutrition. However, the change in maternal food intake
small and evidence suggests
disease. Moreover in these
appear to
pressure
this

that food restriction has to be

were

severe to programme

experiments, dexamethasone administration did not

significantly affect maternal physiology, at least at the level of blood

and blood glucose,

as

these parameters

were

unaltered by the treatment (in

study and references [Lindsay et al., 1996b]). Experiments involving direct fetal

administration of

glucocorticoids

may

certainty but this remains

a

these

are more

programming effects

be required to exclude maternal effects with

technical challenge. It is

our

contention, however, that

likely to be primarily due to fetal glucocorticoid

overexposure,

rather than resulting from changes in maternal metabolism. Indeed,

inhibition of

lip-HSD by carbenoxolone treatment during

programmes

requires intact maternal adrenal glands, suggesting that its action is

through inhibition of placental llfi-HSD and thus causing fetal

overexposure to
the effects of

such

as

also

hyperglycaemia [Lindsay et al., 1996b]. Importantly, the effect of

carbenoxolone
mediated

pregnancy

maternal glucocorticoids [Lindsay et al., 1996b]. Within the fetus

glucocorticoids

may

be mediated through several possible mechanisms

regulation of growth factors (such

as

the IGF system)

or

by influencing the

development of metabolic systems involved in glucose metabolism.

Glucocorticoid
of

programming of hyperglycaemia clearly took place in the last week

gestation. However, when dexamethasone

pregnancy

it had

no

effect

on

birth weight

or

was

given during the last two days of

glucose control in the adult offspring.
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It may

be that the duration of exposure (within the last week of pregnancy) is critical.

Alternatively, if only

brief

a

exposure

time is

necessary

to programme

hyperglycaemia, then that period is not in the immediate perinatal period. If there is
such

a more

finite 'time window', its definition will

effects of short exposures to
most

species development of

This makes the neonatal

require detailed analysis of the

dexamethasone within the last week of
organs

period

an

pregnancy.

In

continues well into the early postnatal period.

important potential window for programming.

Indeed, hormonal manipulations during this period have been shown to induce
permanent changes in the structure and function of the central nervous system [Arai
&

Gorski, 1968; Csaba et al., 1979]

as

well

as

in the pattern of hepatic enzyme

expression [Gustafsson & Stenberg, 1974; Gustafsson & Sternberg, 1974], Similarly,
neonatal stress

causes

behaviour in rats

permanent alterations in the HPA axis responsiveness and

[Meaney et al., 1989; Meaney et al., 1996]. Moreover, early

postnatal administration of dexamethasone has been shown to induce permanent
changes in the distribution of MR and GR in the brain [Catalani et al., 1993;

Felszeghy et al., 1996], It

was,

therefore, important to test whether early postnatal

dexamethasone treatment would programme
Administration of dexamethasone
reduction in

hyperglycaemia in the adult rat.

during the neonatal period produced

body weight. However, this treatment had

levels in the adult rats

-

a

profound influence

on

on

blood glucose

sensitive window.

Several studies have shown that maternal behaviour
a

effect

significant

suggesting that, in glucocorticoid programming of

hyperglycaemia, the neonatal period is not

has

no

a

during the early postnatal period

offspring pathophysiological adaptation [Meaney et al.,

1988; Meaney et al., 1989; Brown et al., 1996a; Thomas & Palmiter, 1997]. The

setting of the HPA axis

appears to

be particularly sensitive to early neonatal

manipulations. Animals exposed to short periods of infantile stimulation (15 minutes
of

handling of rat

pups

everyday for the first two weeks of life) have permanently
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decreased HPA

responsivity to stress. In contrast,

minutes of maternal
immune

separation

per

more severe stress

(such

as

180

day [Meaney et al., 1988; Meaney et al., 1989]

or

challenge [Reul et al., 1994]) enhances HPA responsivity to stress.

Moreover, manipulations in the postnatal period may override the effects of insults
administered

prenatally. For example, although repeated maternal restraint during the

last week of pregnancy programmes

offspring, this effect
These data raise the

dexamethasone)

can

be reversed by adoption at birth [Maccari et al., 1995].

question

may

increased HPA responsivity to stress in the adult

as to

whether the effect of prenatal treatment (such

be mediated through changes in maternal nursing behaviour

postnatally. Crossfostering of DEX WK3 offspring to control dams
birth did not, however, alter

or

vice

versa at

glucose handling in the adult offspring. It is, therefore,

unlikely that programming of hyperglycaemia is mediated
maternal

as

or

affected by altered

postnatal behaviour.

The processes

involved in glucocorticoid programming of hyperglycaemia

known but may

include changes in structure

metabolism such

as

the liver, pancreas,

function of key

organs

of glucose

muscle and adipose tissue. Indeed, rats

exposed to maternal undernutrition during
programmes

or

are not

pregnancy

and/or lactation (which also

hyperglycaemia in adult offspring) have impaired pancreatic beta cell

development [Snoeck et al., 1990; Garofano et al., 1997] and show changes in
hepatic gluconeogenic and glycolytic

enzymes

[Desai et al., 1995]. DEX WK3

offspring had higher fasting glucose levels and exaggerated insulin

response to

glucose compared with controls. This would suggest that these animals have

peripheral resistance to insulin rather than

a

deficiency of insulin secretion.

However, detailed analysis of pancreatic beta-cell mass and studies examining the

profile of insulin secretion
function

in these

are

animals.

required for

a

better understanding of the beta-cell

The rest of this

project, however, focused

on

understanding programming mechanisms involving the liver.
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3.4

SUMMARY

There is

increasing epidemiological evidence associating low birth weight with later

cardiovascular and metabolic disorders
diabetes. This association has
mechanisms and

one

number of

generated interest in finding underlying molecular

hypothesis has implicated glucocorticoids

These hormones possess a

potential to

including insulin resistance and type 2

programme

as a

possible link.

number of important characteristics which give them the

metabolic pathways. In adult life glucocorticoids regulate

important homeostatic

processes

During development glucocorticoids play

a

(including the control of blood glucose).
an

important role in fetal growth and

maturation, but when present in excess they retard fetal growth.

Fetal exposure to

glucocorticoids is, in part, regulated by feto-placental 11(3-HSD2

which breaks down active hormone into inert

products. Previous experiments have

demonstrated that administration of carbenoxolone, an inhibitor of

during
adult

pregnancy

11(3-HSD2,

in rats reduced birth weight and caused hyperglycaemia in the

offspring. These observations provided indirect support for the hypothesis that

fetal overexposure to

glucocorticoids

dexamethasone, which is

a poor

programmes

adulthood disease. By using

substrate for 11 (3-HSD2, data presented in this

chapter have confirmed that prenatal

overexposure to

glucocorticoids

programmes

hyperglycaemia and glucose intolerance. In particular, it is only when
dexamethasone
first

or

was

given during the last week of rat

second week of

reduces birth

but not during the

gestation, that it produced hyperglycaemia in the offspring.

Similarly, giving dexamethasone to
in the adult rats. These

pregnancy,

pups

postnatally had

no

findings show that glucocorticoid

weight and

causes permanent

and make these hormones

a

effect

on

exposure

glucose control

late in gestation

hyperglycaemia in the adult offspring,

possible molecular link between low birth weight and

later disease observed in human

epidemiological studies.
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CHAPTER 4

PRENATAL

GLUCOCORTICOIDS

PROGRAMME

ENZYMES

OF

HEPATIC GLUCOSE METABOLISM

4.1

INTRODUCTION

As

a

chief

supplier of glucose, the liver helps in maintaining plasma glucose under a

wide spectrum
and

be

a

of physiologic conditions, such

during exercise

as

in the fasting

or

postprandial states,

In addition hepatic glucose overproduction is thought

or stress.

major contributor to the hyperglycaemia and glucose intolerance of diabetes

[Consoli et ah, 1990].

There

are

two

main

sources

of

glucose in the liver, glycogen breakdown and

gluconeogenesis, but gluconeogenesis

appears to

be particularly important in

sustaining hepatic glucose output [McDowell, 1983]. Gluconeogenesis is under
complex hormonal control. Under catabolic conditions, glucagon and glucocorticoids
simulate

gluconeogenesis, and during anabolism it is suppressed by insulin to

conserve

nervous

energy

[McDowell, 1983; Kraus-Friedmann, 1984]. The sympathetic

system (via reflexes involving adrenal secretion and through direct hepatic

innervation) is also thought to modulate hepatic glucose production, particularly

during exercise [McDowell, 1983].

The

key

enzymes

in gluconeogenesis

are

PEPCK, fructose 1,6-bisphosphatase and

glucose-6-phosphatase. PEPCK, which catalyses the conversion of oxaloacetate to
phosphoenolpyruvate, is the rate limiting
enzyme
its

is regulated solely by

an

increase

enzyme

or

[Kraus-Friedmann, 1984], This

decrease in transcription of its

gene,

and

activity is not controlled at protein level [Lamers et al., 1982; Granner et al.,

1983; Sasaki et al., 1984; Hod & Hanson, 1988], Glucocorticoids and glucagon
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(acting via cAMP) stimulate PEPCK

gene

transcription while insulin is inhibitory

[O'Brien & Granner, 1991; Lucas & Granner, 1992]. These hormonal effects are
mediated

through their respective hormone-responsive

region of the PEPCK

In the rat liver the

gene

sequences

in the promoter

[Imai et al., 1990; O'Brien et al., 1995].

capacity for gluconeogenesis is absent during fetal life and is

acquired only after birth, in parallel with the postnatal induction of PEPCK [Ballard
& Hanson,

1967]. It is thought that the hormonal changes that occur around the time

of birth

responsible for the

are

1973; Girard,

glucocorticoids

appearance

1989; Sulyok,
may

play

an

of gluconeogenic

enzymes

[Girard et al.,

1989]. In particular, insulin, glucagon and

important role. Injection of glucagon into fetal rats

induces the premature appearance

of PEPCK [Phillippiddis & Ballard, 1970; Ruiz et

al., 1978], but administration of insulin into newborn rats markedly impairs the

postnatal increase in liver PEPCK [Girard, 1986]. In the sheep and other mammals,
the increase in free Cortisol which
to

occurs

during the last days of gestation is thought

trigger the induction of gluconeogenic

enzymes,

enhancing the gluconeogenic

capacity of the fetus during late gestation [Fowden et al., 1993; McCaffrey &
Hamilton, 1994],

The liver also possesses

the capacity to breakdown excessive glucose through the

of glycolysis [Burns et al., 1997]. The pathway

process

limiting the net glucose output from the liver.
enzyme

also be important in

Glucokinase is the rate-limiting

of glycolysis [Niemeyer et al., 1975].

There is
have

may

plentiful evidence that perinatal administration of steroid hormones

long lasting effects

on

treatment has been shown to

can

hepatic metabolism. For example, perinatal testosterone
permanently induce hepatic 5(3-reductase but

5a-reductase [Gustafsson &

suppresses

Stenberg, 1974; Gustafsson & Sternberg, 1974], The
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last

chapter described experiments that showed that prenatal administration of

dexamethasone caused permanent
Increased

hyperglycaemia in the adult rat offspring.

hepatic gluconeogenesis is thought to be the main contributor to

hyperglycaemia of diabetes [Consoli et al., 1990], and gluconeogenic
increased in human and animal models of type
Taketomi et ah, 1973;

enzymes are

2 diabetes [Chang & Schneider, 1970;

Andrikopoulos & Proietto, 1995], Since glucocorticoids

critically involved in perinatal induction of hepatic gluconeogenic

enzymes,

it

are
was

hypothesised that the programming of hyperglycaemia might involve alterations in
hepatic glucose metabolism. Therefore, experiments
effects of
critical

prenatal

hepatic

exposure to

dexamethasone

on

were

designed to examine the

expression and activity of

some

enzymes.
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4.2

RESULTS

Effect of

4.2.1

PEPCK

prenatal dexamethasone treatment

on

hepatic mRNA

expression

Expression of mRNA

was

measured by in situ hybridisation using radiolabeled

riboprobes. Within the hepatic acinus, PEPCK mRNA expression was higher in the
periportal

zone

than in the perivenous

varied with age,

with

a

zone

(Figures 4. land 4.2). The zonal gradient

perivenous-to-periportal ratio (pp:pv) of 1:1.5 at birth and

peaking to 1:3 by weaning (Figure 4.1).

Figure 4.1

Gradient of PEPCK expression

across

the hepatic acinus.

The

periportal-to-perivenous ratio of PEPCK expression in offspring of pregnant

rats

that received vehicle alone

gestation (DEX WK3)
the

was

(SALINE)

or

dexamethasone during the third week of

calculated by dividing the level of mRNA expression in

periportal region by that

seen

in the perivenous region. *p<0.05 compared to

SALINE
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Figure 4.2

In situ hybridisation ofPEPCK mRNA in the liver

Darkfield views of sections from control (A) and DEX WK3 (B) adult
offspring show zonal distribution ofPEPCK between the periportal (PP) and
perivenous (PV)
had

areas.

As shown in high

power

views, DEX WK3 (D) rats

higher periportal PEPCK expression than controls (C). E shows

specific binding with

a sense

non¬

riboprobe.
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Offspring of dams treated with dexamethasone during the first

or

second week of

gestation had reduced periportal PEPCK mRNA expression between birth and

weaning

age

(postnatal day 21); at 8 months expression

similar to controls

was

(Figure 4.3). In contrast, dexamethasone treatment during the third week of

had

pregnancy

no

effect

on

offspring PEPCK mRNA expression at birth, but

permanently increased periportal PEPCK mRNA expression from postnatal day 5
onwards

region

(Figure 4.3). This increase represented

as

well

as an

dexamethasone. The pp:pv

expression

was not

per

cell (Figure 4.2).

significantly affected by prenatal

gradient in PEPCK expression

was

therefore greater in

offspring compared to controls (Figure 4.1). Measurement of lobular

dimensions revealed
and controls

relative expansion of the periportal

elevation in the hybridisation signal

Perivenous PEPCK mRNA

DEX WK3

a

no

differences in lobular volume between DEX WK3

(378.6±13.7

vs

offspring

378.1±13.3, respectively; n=6 per group).
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periportal

perivenous

Effect ofprenatal dexamethasone

Hepatic mRNA

was

on

periportal

hepatic PEPCK expression.

measured by in situ hybridization in the offspring at days 1, 5,

21, and at 8 months of age. The control group (SALINE) received vehicle alone

throughout

pregnancy.

dexamethasone

In the treatment

groups

saline

was

during the first (DEX WK1), second (DEX WK2)

WK3) week of pregnancy. Results

are

expressed

as percentage

replaced by
or

third (DEX

of expression in the

perivenous region of SALINE. *p<0.05, compared to SALINE.

Ill

Effect of prenatal

4.2.2
PEPCK

activity

exposure

was

dexamethasone

hepatic PEPCK activity

on

measured in liver cytosol from fed male rats. Dexamethasone

during the first and second week of pregnancy had no effect on PEPCK

activity of the adult offspring. In contrast, animals exposed to dexamethasone during
the last week of intrauterine life had

permanently increased activity of PEPCK

(Figure 4.4), in parallel with the increased mRNA expression.

□ SALINE
□ DEX WK1
0 DEX WK2
■ DEXWK3

c

*

'55

*

o

Ih

>
E
t> "c
*

1
o

E
c

day5

Figure 4.4

Effect ofprenatal dexamethasone

Hepatic PEPCK activity

was

8 mo

day21

on

hepatic PEPCK activity.

assayed in fed offspring (aged 5 days, 21 days, and 8

months) of pregnant rats that received vehicle alone (SALINE)

during the first (DEX WK1), second (DEX WK2)

or

or

dexamethasone

third week of gestation (DEX

WK3). *p<0.05 compared to SALINE.
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Effect of

4.2.3

prenatal dexamethasone

on

hepatic glucose-6-phosphatase

activity
Glucose-6-phosphatase is

a

microsomal

enzyme

and catalyses conversion of glucose-

6-phosphate to glucose in the gluconeogenic pathway. Activity of glucose-6was

measured in intact and disrupted microsomes prepared from livers

of fed male rats

(see Methods). Prenatal dexamethasone exposure at any period

phosphatase

during gestation had
in the adult

no

significant effect

on

hepatic glucose-6-phosphatase activity

offspring (Figure 4.5).

0.3

□

SALINE

U DEXWK1
E3
m

G
a>

>> o

."G

DEXWK2
DEXWK3

0.2

2

_> ft

3 jf

0.1

0.0

disrupted microsomes

Effect ofprenatal dexamethasone

Figure 4.5

on

intact microsomes

hepatic glucose-6-phosphatase

activity.
Hepatic glucose-6-phosphatase activity
microsomes

was

assayed in intact and disrupted liver

from fed 8 months old offspring. The control

received vehicle alone

throughout

pregnancy.

group

In the treatment

(SALINE, n=9)

groups

saline

was

replaced by dexamethasone during the first (DEX WKI, n=9), second (DEX WK2,
n=13)

or

third (DEX WK3, n=12) week of

microsomes

are

pregnancy.

Intact and disrupted

described in Methods.
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4.2.4

Effect of

Glucokinase
DEX WK3

prenatal dexamethasone

on

hepatic glucokinase activity

catalyses the rate-limiting step in glycolysis. Glucokinase activity in
offspring (animals with increased PEPCK activity) was compared to

controls. DEX WK3

offspring tended to have decreased activity of hepatic

glucokinase than control animals, but this effect did not reach statistical significance
(Figure 4.6).

2.5

□
■

SALINE (n=9)
DEX WK3 (n=12)

day5

Figure 4.6

Effect of prenatal dexamethasone

day21

on

hepatic glucokinase

activity.
Hepatic glucokinase activity

was

assayed in fed offspring (at 5 and 21 days of age)

of pregnant rats that received vehicle alone (SALINE)
the third week

or

dexamethasone during

of gestation (DEX WK3)
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4.3

DISCUSSION

Chapter 3 established that excessive prenatal exposure to glucocorticoids

hyperglycaemia and glucose intolerance in the adult rat offspring. The

programmes

present chapter has shown that prenatal glucocorticoids permanently increase activity
of PEPCK in the liver. In

activity

were

particular, both hyperglycaemia and elevated PEPCK

observed specifically in animals exposed to dexamethasone during the

third week of intrauterine life, but not in
PEPCK has
an

no

offspring exposed early in

known allosteric modifiers, the increase in its

increase in gene

transcription

or

pregnancy.

Since

activity would reflect

mRNA stability [Lamers et al., 1982; Granner et

ah, 1983; Sasaki et ah, 1984; Hod & Hanson, 1988]. Indeed, DEX WK3 offspring
had increased

expression of PEPCK mRNA in the liver. These data suggest that the

programming of hepatic PEPCK activity by prenatal glucocorticoid
involves control of gene

Within the

transcription (or mRNA stability).

hepatic acinus PEPCK expression is highest in the periportal region (the

principal site of gluconeogenesis) with
zone

exposure

gradual decline towards the perivenous

a

[Jungermann & Katz, 1989]. This zonation is, to

relative size of each

zone

dependent

on

some extent,

the nutritional state

or

dynamic with the
hormonal signal

[Jungermann, 1986]. The increase in PEPCK mRNA expression in DEX WK3
offspring
were

an

was seen

observed:

an

increase in the

selectively in the periportal

zone.

At cellular level, two

processes

apparent expansion of the periportal region and, most importantly,

hybridisation signal

per

cell

-

a

shift similar to the pattern

seen

following starvation [Jungermann, 1986].

An

important question from these observations is whether the increase in hepatic

PEPCK

expression and activity observed in DEX WK3 animals has

significance. PEPCK is the rate-liming

enzyme

any

functional

of gluconeogenesis [Pilkis &

Granner, 1992], and increased hepatic glucose production is a major contributor to
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hyperglycaemia in diabetes [Consoli et al., 1990]. This makes it plausible to
speculate that increased PEPCK expression may, at least in part, contribute to the
hyperglycaemia

seen

in DEX WK3 offspring. In support of this notion, a mutation

that results in loss of

transcriptional repression of PEPCK by insulin leads to

unrestrained

gluconeogenesis [Rosella et al., 1993]. In addition, transgenic mice that

overexpress

the PEPCK

have been shown to develop hyperglycaemia and

gene

glucose intolerance [Valera et al., 1994], Importantly, offspring of rats that have
undergone protein restriction during

pregnancy

and lactation also have

hyperglycaemia and increased hepatic PEPCK activity [Desai et al., 1995],
supporting the idea that hepatic PEPCK overexpression in DEX WK3 offspring
be

may

functionally important in the programming hyperglycaemia. However, this

remains to be demonstrated in vivo

Dexamethasone exposure

or

in

perfusion studies.

during the first

or

second week of gestation reduced

offspring hepatic PEPCK mRNA expression from birth till weaning
decline in PEPCK

expression

WK1 and DEX WK2

was not

offspring

for this transient decline in

were

diet rich in

fat) that

occurs at

This

sustained, and the adult levels in both DEX

similar to those

seen

in control rats. The

hepatic PEPCK expression is unclear but

involve the transition in nutrient

age.

may,

reason

in part,

composition (from largely carbohydrate rich to

a

birth. PEPCK transcription is inhibited by high

carbohydrate [Girard, 1989; Wimmer & Colombi, 1990] and DEX WK1 and DEX
WK2

offspring

may

carbohydrates that

be particularly sensitive to the relatively high plasma levels of

are present

PEPCK mRNA levels may
influenced

before birth. Alternatively, the attenuated preweaning

be due to

a

developmental factor(s) whose effect is

by treatment with dexamethasone in early gestation. Perinatal

development of PEPCK is, for example, tightly regulated by C/EBPa [Wang et al.,
1995] and prenatal interaction between glucocorticoids and members of this family
may

be important (see chapter 6).
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Despite the effect
alter the

on

PEPCK, prenatal glucocorticoid exposure did not significantly

activity of glucose-6-phosphatase in the adult offspring. Glucose-6-

phosphatase is the last

enzyme

in the gluconeogenic pathway and, although not rate-

limiting, is of special interest because it also catalyses the last step in the synthesis of
glucose from glycogen breakdown [Cori & Cori, 1952; Kraus-Friedmann, 1984], In
adult animals

glucose-6-phosphate is also stimulated by glucocorticoids [Lange et

al., 1994; Kraus-Friedmann, 1984]. Thus, it is unclear how in utero exposure to

glucocorticoids selectively
gluconeogenic

enzyme

programmes

PEPCK, leaving expression of another

unaltered. But these

PEPCK the last enzyme

enzymes

have different ontogeny, with

of gluconeogenesis to develop in the rat [Ballard & Hanson,

1967] and this difference may be an important determinant. However these findings

probably reflect other complex mechanisms that regulate these
selective

changes in

enzyme

enzymes.

activity within the gluconeogenic pathway

in other animal models of diabetes

Indeed,

are common

[Chang & Schneider, 1970; Taketomi et ah,

1973],

Glycolysis, the

process

through which glucose is utilised, is thought to play

an

important role in regulating the net glucose output from the liver [Burns et al., 1997].
The enzymes
of the

involved in this

process are

mainly expressed in the perivenous region

hepatic acinus and glucokinase catalyses the rate limiting step [Niemeyer et

al., 1975; Hers, 1976]. Besides

an

undernutrition

and lactation have been observed to show

decrease in

during

pregnancy

increase in PEPCK, rats exposed to maternal
a

50%

hepatic glucokinase activity in adulthood [Desai et al., 1995], Reduced

glucokinase would impair the rate of perivenous glucose extraction and this is
thought to contribute to the hyperglycaemia

seen

in these rats [Burns et al., 1997].

Compared to controls, lower levels of glucokinase activity

offspring, but the decline

was not

were seen

in DEX WK3

statistically significant. Since Wistar rats

were
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used in both studies, this

discrepancy in glucokinase activity between DEX WK3

offspring and animals exposed to early protein restriction cannot be explained on the
basis of animal strain. One
the rats at sacrifice (rats
studies

possible explanation is, however, the nutritional state of

in [Desai et al., 1995] had been starved while those used in

reported in this chapter

were

fed). It also

may

be that, although both

experimental models produce hyperglycaemia and increased hepatic PEPCK activity,
the mechanisms that mediate this

programming

different in rats exposed to

are

dexamethasone in utero from those that mediate the effects of
restriction. Indeed, these models appear to
of the

have different effects

the development

hepatocellular structure. In the maternal undernutrition model, hepatic lobular

volume is twice the size

seen

in controls [Burns et

programming of PEPCK expression by glucocorticoids
gene

on

early protein

expression (with increased mRNA levels

lobular size. Indeed,
dexamethasone

preliminary data

on

per

data is that in the maternal low

one

was

clearly at the level of

cell) rather than merely increased

lobular measurements in animals exposed to

during the last week of pregnancy show

compared to controls. However,

al., 1997]. In contrast,

no

differences in lobular size

confounding factor in interpretation of these

protein model the liver

was

perfusion fixed [Burns et

al., 1997] while livers of DEX WK3 offspring were not fixed. A repeat experiment

using fixed liver is currently being carried out in order to draw firm conclusions
about the effect of in utero dexamethasone exposure on

hepatic structure.
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4.4

SUMMARY

Administration of steroid hormones
mammals
data have

can

have permanent

suggested that fetal

during critical periods of development in

pathophysiological effects
overexposure to

on

the organism. Recent

glucocorticoids

can programme

hyperglycaemia in the adult rat. These observations have been confirmed by data
presented in the last chapter in which administration of dexamethasone during the
last week of pregnancy
adult rat

reduced birth weight and caused glucose intolerance in the

offspring. The molecular mechanisms involved in this programming

are

unclear.

In

early life glucocorticoids

are

involved in maturation of fetal

pathways including those of hepatic gluconeogenic

organs

enzymes.

and metabolic
In adulthood

glucocorticoids increase hepatic glucose output by stimulating gluconeogenesis.
Since increased

hepatic glucose production is

an

important contributor to

hyperglycaemia in diabetes, it

was

glucocorticoids would

hyperglycaemia by permanently altering hepatic

programme

expression of key glucose metabolising

In support

prenatal

hypothesised that fetal

enzymes.

of this hypothesis, data presented in this chapter have established that

exposure to

dexamethasone in the rat selectively increases hepatic

expression of PEPCK activity, with other
and

overexposure to

enzymes

such

as

glucose-6-phosphatase

glucokinase not significantly affected. The increase in PEPCK activity

paralled by
programming

an

elevation in expression of its mRNA, suggesting that this

was at

the level of

gene

transcription. Like hyperglycaemia,

programming of PEPCK expression occurred only when dexamethasone
administered in late

limiting

enzyme

was

gestation but not earlier in

pregnancy.

was

Sine PEPCK is the rate

of gluconeogenesis, it is plausible that PEPCK overactivity, and
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therefore increased

hepatic gluconeogenesis,

may

contribute to the hyperglycaemia

programmed by in utero exposure to glucocorticoids.
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CHAPTER 5

PROGRAMMING OF HEPATIC GLUCOCORTICOID ACTION

INTRODUCTION

5.1

The HPA axis is

important in controlling the level of circulating glucocorticoids

[Orth et al., 1992; Chrousos, 1995]. Stress stimulates the HPA axis resulting in
increased

glucocorticoid levels in blood. This axis is modulated by negative

feedback

by glucocorticoids which inhibit hypothalamic and pituitary hormone

secretion. The

biological function of glucocorticoids is largely dependent

levels of GR,

and glucocorticoids also modulate their own action by altering the

concentration of their receptor.

by

a

upon

tissue

In adult vertebrates glucocorticoids regulate the GR

negative feedback downregulation of receptor number [Schmidt & Meyer,

1994]. The nature of this autoregulation is not fully understood but it is thought to
operate at the level of GR gene transcription, involving factor(s) that bind to and
repress

expression of the

gene

however, not be universal

as

[LeClerc et al., 1991]. This type of regulation
in

some

may,

cell lines GR expression is stimulated by

glucocorticoids [Eisen et al., 1988]. Additionally, in the fetus and the neonate GR
mRNA abundance does not appear to

be repressed by circulating glucocorticoids

as

during this period circulating glucocorticoid levels and tissue GR expression increase
in

parallel. Moreover, accumulation of GR mRNA postnatally tends to follow

tissue

In

a

specific developmental pattern [Kalinyak et al., 1989].

peripheral tissues reaction by 1 l(3-hydroxysteroid dehydrogenases

determine

also

glucocorticoid action by either 11 p-hydrogenation (11(3-HSD2) which

oxidizes and inactivates
reaction

may

glucocorticoids

or

through the

reverse or

11 P-reductase

(11(3-HSD1) which reactivates inert products [Seckl, 1993; Chapman et al.,

121

1997]. 11[3-HSD1 is highly expressed in the liver where it is thought to amplify

hepatic glucocorticoid action by catalysing the conversion of the ample supply of
inert

circulating metabolites (cortisone and 11-dehydrocorticosterone) into bioactive

glucocorticoids (Cortisol and corticosterone, respectively) [Jamieson et al., 1995]. In
contrast, 1

It is

lp-HSD2 has not been found in the liver [Brown et ah, 1993].

clear, therefore, that at tissue level glucocorticoid action is modulated by several

factors

including the level of circulating glucocorticoids, tissue GR mRNA

expression and expression of 11(3-HSD
at any

such

of these steps

as

may

liver. Since

enzymes.

A change in expression or activity

affect the final glucocorticoid signal in the target tissues,

glucocorticoids control several key metabolic

including gluconeogenesis in the liver, the altered glucocorticoid signal

significant

organ

processes

may

result in

dysfunction and disease. It follows from this argument that

a

permanent alteration of the glucocorticoid action itself may be all that is required to
programme

expression

glucocorticoid mediated metabolic

or

function

Indirect support
comes

may

processes,

and changes in

enzyme

be secondary.

for the notion that glucocorticoids

from well established evidence

can programme

their

own

action

showing that early neonatal manipulations

can

permanently influence the sensitivity of the HPA axis. Rats exposed to short periods
of infantile stimulation
These effects
increased

al.,

or

handling show decreased HPA responsivity to stress.

persist throughout the life of the animal and

glucocorticoid receptor

1994; Meaney et al.,

gene

accompanied by

expression in the hippocampus [O'Donnell et

1996]. In contrast, prenatal administration of

dexamethasone has been shown to
the

are

permanently decrease GR mRNA expression in

hippocampus and the rat adult offspring have elevated basal corticosterone levels

[Levitt et al., 1996].
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Given that

early glucocorticoid

altering the glucocorticoid
the effects of

response

potentially

itself, experiments

prenatal dexamethasone treatment

The parameters
HSD1 mRNA

exposure can

on

were

cause

dysfunction by

undertaken to examine

hepatic glucocorticoid action.

analysed included plasma basal corticosterone levels, hepatic 11(3-

expression, and hepatic GR mRNA and binding properties.
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5.2 RESULTS

Effect of

5.2.1

prenatal dexamethasone

on

offspring hepatic 11 (3-HSD1 mRNA

expression

Hepatic 11(3-HSD1 mRNA expression was detected by in situ hybridization. There
was

significant expression of 11 (3-HSD1 in the liver, and its distribution within the

hepatic acini did not show

any

zonation between the periportal and perivenous

regions (Figures 5.1 and 5.2). In utero exposure to dexamethasone during the first,
second
or

or

third week of pregnancy

distribution of

had

no

significant effect

on

levels of expression

hepatic lip-HSDl mRNA in the adult offspring (Figures 5.1 and

5.2).
□ SALINE (n=9)
M DEX WK1 (n=9)
E2 DEX WK2 (n=13)
■ DEX WK3 (n=12)

2501
o

□ SALINE (n=ll)
■ DEX WK3 (n=12)

200

!,»
<D

1001

perivenous

perivenous periportal

Figure 5.1

Effect of prenatal dexamethasone

on

periportal

hepatic 11 (3-HSD 1 mRNA

expression.
Hepatic mRNA

was

measured by in situ hybridisation in offspring at postnatal

day 5

or at

8 months of age. The control

alone

throughout pregnancy. In the treatment

dexamethasone

(SALINE) received vehicle

groups

saline

was

during the first (DEX WK1), second (DEX WK2)

WK3) week of pregnancy. Results
the

group

are

replaced by

or

third (DEX

expressed as percentage of expression in

perivenous region of SALINE.
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Figure 5.2

In situ hybridisation of 11 fi-HSDl mRNA in the liver

Hepatic 1 If-HSDl mRNA
mRNA

was

detected by in situ hybridisation. The level of

expression in the periportal (PP) and perivenous (PV) regions

similar

as

shown in the

was

darkfield view (A). Prenatal dexamethasone had

expression of hepatic 11 (3-HSD1 mRNA: B and C show high

no

effect

on

views

of sections from control and DEX WK3 offspring respectively. In D

non-complementary

sense

probe

was

power
a

used to show background binding.

125

5.2.2

Effect of

prenatal dexamethasone

on

offspring GR mRNA expression in

the liver
GR mRNA

expression

described in

chapter 2. GR mRNA

was

measured by the in situ hybridization technique
was

as

highly expressed in the liver. Within the

hepatic acinus, GR mRNA expression

was

perivenous region (Figure 5.3), with

perivenous-to-periportal ratio of about 1:1.5.

Adult animals
had similar

5.3 and

than in the

was a

tendency

offspring to show increased hepatic GR expression but the difference

did not reach statistical
administration

area

exposed to dexamethasone during the first week of intrauterine life

hepatic GR mRNA expression to control animals. There

for DEX WK2

increase in

a

higher in the periportal

significance (Figure 5.4). In contrast, dexamethasone

during the third week of

pregnancy

(DEX WK3) caused

a

25%

hepatic periportal GR mRNA expression in the adult offspring (Figures

5.4) and this increase reflected

an

increase in hybridisation signal per cell

(Figure 5.3). Dexamethasone treatment did not significantly affect perivenous
expression of GR mRNA in the offspring (Figure 5.4).
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Figure 5.3

In situ hybridisation ofGR mRNA in the liver

Hepatic GR mRNA

high

power

adult

was

detected by in situ hybridisation. A and B represent

views of liver sections from controls and C and D from DEX WK3

offspring. GR mRNA expression

than in the

perivenous

zone

was

higher in the periportal (B and D)

(A and C) and DEX WK3 offspring showed

significant elevation in periportal GR expression compared with controls (D
B). Background binding

was

assessed using

a

vs

non-complementary sense probe.
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Figure 5.4
mRNA

on

hepatic GR

expression.

Hepatic mRNA

postnatal day 5

was

measured by in situ hybridisation in offspring at

or at

received vehicle alone
saline

periportal

perivenous

was

SALINE.

throughout

age.

The control

pregnancy.

group

(SALINE)

In the treatment

groups

replaced by dexamethasone during the first (DEX WK1),

second (DEX WK2) or

expressed

8 months of

third (DEX WK3) week of pregnancy. Results

as percentage

are

of expression in the perivenous region of

*p<0.05 compared to SALINE.
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5.2.3

In utero exposure to

the adult

Basal

dexamethasone and plasma corticosterone levels in

offspring

plasma corticosterone levels

were

adult animals between 8.30-900 hr.

measured in tail tip samples collected from

Although DEX WK3 offspring tended to show

higher basal corticosterone levels than controls, this trend did not reach statistical
significance (Figure 5.5). Levitt et al had found significantly higher levels of
corticosterone in

similarly treated animals [Levitt et al., 1996]. The discrepancy

probably reflects the difficulty in ensuring that animals

are not

stressed during blood

collection.

4

-i

3"

2-

1

-

0

SALINE

Plasma corticosterone.

Figure 5.5

Samples for basal plasma corticosterone
at

8.3Oh from

DEX WK3

were

collected by tail tipping

adult offspring of dams that received vehicle (SALINE)

dexamethasone (DEX WK3)

(Corticosterone

was

during the third week of

or

pregnancy.

analysed as described in Methods).
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5.2.4

GR

binding affinity

Circulating glucocorticoids normally autoregulate GR expression in a negative
feedback

manner.

The increase in

hepatic GR mRNA expression (in the

presence

of

unsuppressed basal corticosterone levels) in DEX WK3 offspring was therefore
paradoxical. Therefore,

a

comparison of hepatic GR binding affinity for ligand

was

made between adult control and DEX WK3 animals. As shown in Table 5.1, the

binding affinity of GR for corticosterone and dexamethasone was unaltered by in
utero treatment

with dexamethasone.

B

Kd B

Kd Dex

Group

nM

nM

max

nmol/g protein

Saline

+

Sham

4.5±0.4

10.6±1.6

0.29±0.05

Saline

+

Cort

5.3±0.4

10.1±2.6

0.24±0.03

DEX WK3

+

Sham

4.4±0.8

8.6±1.3

0.37±0.07

DEX WK3

+

Cort

5.1 ±0.7

11.5±2.2

0.26±0.04

Table 5.1

Hepatic GR binding affinity.

Adult DEX WK3

offspring

pellets (DEX WK3 + Cort)

were
or

given subcutaneous corticosterone

sham operated (DEX WK3

+

Sham).

Similarly, offspring of vehicle-treated dams received corticosterone

pellets (Saline + cort)

or

sham operation (Saline + Sham). One week

after operation, GR binding affinity for ligand
liver

was

determined

on

cytosols of fasted rats. Binding constants (Kd) for

dexamethasone (Dex) and corticosterone (B) were

homologous and heterologous competition

calculated from

curves.
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5.2.5

Effect

of

prenatal

dexamethasone

corticosterone treatment in adulthood
In the face of increased

corticosterone

(250fig

on

exposure

day)

was

exogenous

hepatic GR mRNA

hepatic GR mRNA expression,

per

plus

a

small dose of

exogenous

administered to adult DEX WK3 and control

offspring to determine whether excessive glucocorticoids would downregulate GR
mRNA

expression in DEX WK3 offspring. Exogenous corticosterone administration

in the adult

offspring did not alter GR binding affinity for ligand (Table 5.1).

As shown in

Figure 5.5,

exogenous

corticosterone caused

a

significant reduction in

hepatic GR mRNA expression in DEX WK3 offspring. The decrease in control
offspring failed to reach statistical significance. However,

even

after this

downregulation, GR mRNA expression in DEX WK3 offspring remained higher
than

similarly treated controls (Figure 5.5).
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250

□

SHAM

■

CORT

*

Figure 5.6
mRNA
Adult

Effect of

exogenous

corticosterone

(DEX WK3) during the third week of
corticosterone

pellets (CORT)

or

or

dexamethasone

pregnancy were

given

sham operated (SHAM). One week

after the operation, hepatic GR mRNA in fasted rats

as a

hepatic GR

expression.

offspring of dams that had vehicle (SALINE)

in situ

on

was

measured by

hybridisation. Results represent periportal mRNA expression

percentage of control (SALINE). *p<0.05 for corticosterone vs

sham-operated in DEX WK3 animals; @p<0.05 for DEX

vs

SALINE

in animals that had corticosterone.
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5.2.6

Effect of exogenous

corticosterone treatment on fasting glucose levels

Having shown that adult DEX WK3 offspring expressed
to

offspring of control dams, it

was

more

GR mRNA compared

important to determine whether this increase had

functional

significance by measuring fasting plasma glucose following 3 days of

exogenous

glucocorticoid treatment. In this experiment,

administration caused

a

exogenous

corticosterone

significant increase in fasting plasma glucose of DEX WK3

offspring while glucose levels in offspring of control dams

were

unaltered (Figure

5.6), suggesting that DEX WK3 offspring are more sensitive to glucocorticoids.

□

SHAM

■

CORT

0
CONTROL

Figure 5.7
Adult

The effect of corticosterone pellets

offspring of dams that had vehicle (SALINE)

during the third week of pregnancy
sham

DEX WK3

were

operated (SHAM). Plasma glucose

operation, after

an

on fasting plasma
or

glucose.

dexamethasone (DEX WK3)

given corticosterone pellets (CORT)

was

determined

on

or

the third day after the

overnight fast. *p<0.05 for corticosterone

vs

sham-operated in

DEX WK3 animals.
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5.2.7

Effect of

prenatal dexamethasone

exposure on

hepatic expression of the

insulin receptor
Insulin

antagonises the effects of glucocorticoids by inhibiting gluconeogenesis

[Kraus-Friedmann, 1984], This effect is largely due to inhibition of PEPCK

gene

transcription [O'Brien & Granner, 1991]. In the face of increased hepatic GR and
PEPCK

expression in DEX WK3 offspring, further experiments

examine components

showed

a

was

determined by immunodetection using

blotting technique. As shown in Figure 5.7 (A), DEX WK3 offspring

similar level of

expression of the insulin receptor to control offspring.

Activation of the insulin receptor causes
on

carried out to

of the insulin signalling system in the liver. The level of

hepatic expression of the insulin receptor
the Western

were

the insulin receptor as

well

as

autophosphorylation of the tyrosine residues

those

on

other components such

as

the insulin

receptor substrate-type 1 (IRS-1) [Saad et al., 1997]. Prenatal dexamethasone
treatment did not

the adult

significantly affect phosphorylation of tyrosine residues of IRS-1 in

offspring (Figure 5.7 B).
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A

S

D

S

S

D

D

95 kD

Figure 5.8

The effect ofprenatal dexamethasone

on

hepatic insulin

signalling pathway
Immunodetection

by Western blot in liver homogenates from fed animals

exposed to either saline (S)

or

dexamethasone (D) during the last week

of intrauterine life. A) Immunodetection of the /3-subunit of the insulin
receptor (95kD) using a

monoclonal antibody. B) Immunodetection of

phosphotyrosine residues using

a

polyclonal antibody. The 165kD band

corresponds to the level of insulin receptor substrate-1.
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5.3

DISCUSSION

Several studies have

implicated glucocorticoids in programming pathophysiological

phenomena [Lindsay et ah, 1996a; Lindsay et al., 1996b; Dodic et al., 1998]. The
mechanisms involved in this
neonatal

are,

however, unclear. Recent data from

handling experiments [Weinstock et al., 1992; Plotsky & Meaney, 1993;

Reul et al., 1994;
rats

programming

Meaney et al., 1996]

or

prenatal dexamethasone administration in

[Levitt et al., 1996] have suggested that these mechanisms may include

permanent alteration in glucocorticoid responsiveness itself. Thus, short periods of
neonatal stimulation

or

handling in rats permanently decreases HPA responsivity to

stress, whereas maternal
enhances HPA

separation

responsivity. These effects

glucocorticoid negative feedback
alterations in

in utero dexamethasone administration

or

on

are

thought to reflect changes in

the hippocampus and

are

mediated by

hippocampal GR expression [Levitt et al., 1996; Meaney et al., 1996],

Experiments described in this chapter have shown that dexamethasone
administration
in

during the last week of pregnancy in rats

causes a permanent

increase

hepatic GR mRNA expression in the adult offspring. This finding provides

evidence that

early glucocorticoid

exposure may programme

outside the HPA axis. This result is also

glucocorticoid action

intriguing because, unlike in the

hippocampus where prenatal dexamethasone decreased offspring GR mRNA
expression, hepatic GR mRNA expression
to

dexamethasone. Glucocorticoids

increase

in

GR

was

increased following in utero

usually downregulate their

expression, in the

presence

exposure

own receptor

and

an

of unsuppressed circulating

glucocorticoid levels, raises the suspicion of glucocorticoid insensitivity. However,
this does not appear to
not altered

case

in this model

as

GR ligand binding affinity

was

by the prenatal dexamethasone treatment, although insensitivity distal to

the receptor cannot

intact

be the

be ruled out. Similarly, DEX WK3 offspring

autoregulatory mechanism since

exogenous

appear to

have

corticosterone administration

an

was
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able to

downregulate hepatic GR mRNA levels. However, even after this

downregulation, GR mRNA expression remained higher in DEX WK3 offspring
when

compared to control animals. Therefore, it seems that DEX WK3 offspring
off with

start

a

higher basal level (or 'set point') of GR transcription than that of

control animals. If the mRNA
result in

an

stability is unchanged, this elevation in set point will

increased message

and ultimately enhance glucocorticoid signal in the

liver.

Another

potential mechanism by which the glucocorticoid signal

may

be altered is

through variation in activity of 11(3-HSD within the target tissue [Seckl, 1993;
Chapman et al., 1997]. Although the liver lacks 11P-HSD2 [Brown et al., 1993], it
expresses

high levels of llp-HSDl. 11(3-HSD1 catalyses the reactivation of inert

glucocorticoids into bioactive hormone and this is thought to amplify the intrahepatic
glucocorticoid signal [Jamieson et al., 1995]. Thus, mice with targeted disruption of
the

lip-HSDl

gene

show deficient induction of gluconeogenic

enzymes

[Kotolevtsev et al., 1997], Similarly, inhibition of this enzyme in vivo by
carbenoxolone has been shown to increase whole

body insulin sensitivity,

presumably by decreasing intrahepatic levels of glucocorticoids [Walker et al.,
1995]. However, prenatal dexamethasone exposure did not significantly affect lipHSD1 mRNA

expression in the adult offspring

-

suggesting that

any

increase in

hepatic glucocorticoid signal is likely to be due to selective increase in GR mRNA
expression.

How would in utero exposure to

dexamethasone

programme a permanent

increase in

hepatic GR mRNA expression and decrease its expression in the hippocampus? The
answer

to

this

question awaits full understanding of the mechanisms that regulate GR

expression. The GR

gene

has multiple probable promoters and there is increasing

evidence that these promoters may

be used in

a

tissue-specific

manner

[Strahle et al.,
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1992; Gearing et al., 1993; McCormick et al., unpublished data]. The rise in
GR mRNA

hepatic

expression in DEX WK3 offspring may well reflect induction of a liver-

specific promoter, whereas the same treatment may suppress the promoter that drives
the GR gene

in the hippocampus. Indeed, there is preliminary data which suggests

that, within the rat brain, the effects of prenatal dexamethasone on GR mRNA

expression
GR mRNA

may

be cell type-specific; in the hippocampus this treatment decreases

expression, in the amygdala expression is increased, while other brain

regions show unchanged GR mRNA expression (Welberg, Holmes and Seckl,

unpublished data). Importantly, the effects of postnatal handling in programming of
the HPA axis appear to

be mediated through selective elevation of GR mRNA

containing the hippocampus-specific

exon

1Z [O'Donnell et al., 1994], Recently,

analysis of hepatic GR mRNA in DEX WK3 offspring has shown
proportion of GR mRNA containing the predominant

prenatal dexamethasone treatment
exon

1

may

exon

a

reduced

IB, suggesting that

increase expression of

a

minor variant of

[McCormick et al., unpublished data].

Another

important question is whether these changes in GR mRNA expression

functional

significance. In the hippocampus this

appears to

be the

case; rats

are

of

handled

neonatally show increased GR mRNA expression in the hippocampus and decreased

responsivity to stress [Meaney et al., 1996]. Since the hippocampus plays

an

important role in the negative feedback of the HPA axis, the increase in GR mRNA
expression is thought to enhance negative feedback and thereby inhibit
glucocorticoid secretion. In contrast, late prenatal dexamethasone administration in
rats

permanently reduces GR mRNA expression in the offspring and these animals

have increased basal corticosterone levels
this increase in basal

[Levitt et al., 1996]. It is postulated that

glucocorticoid secretion is

feedback at the level of the

a

result of reduced negative

hippocampus.
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glucocorticoids influence several systems including stimulation of

In the liver,

gluconeogenesis,

a process

that is crucial in maintaining the plasma glucose levels

during starvation [Kraus-Friedmann, 1984; Consoli et al., 1990]. The increase in GR
mRNA

expression in DEX WK3

may,

therefore, have pathophysiological

significance. Indeed, it is intriguing that the increase in PEPCK mRNA (and activity)
and

hyperglycaemia also occurred selectively in animals exposed to dexamethasone

during the last week of intrauterine life. Glucocorticoids potently stimulate PEPCK

transcription [Friedman et al., 1993], making it plausible to speculate that the
increase in PEPCK mRNA

expression is secondary to the increased glucocorticoid

signal (elevated GR mRNA expression). As PEPCK is the rate limiting

enzyme

of

gluconeogenesis [Pilkis & Granner, 1992], increasing its transcription and activity
would lead to

hyperglycaemia. Increased PEPCK activity either through transgenic

overexpression [Valera et al., 1994]
causes

WK3

increased

offspring

or

activating mutations [Rosella et al., 1993]

hepatic glucose output and induces glucose intolerance. When DEX

were

given

a

small dose of

exogenous

exaggeration in the fasting hyperglycaemia that
This response

might reflect

an

corticosterone, they showed

was not

observed in control animals.

increased sensitivity (due to elevated GR) to the

gluconeogenic effects of glucocorticoids in DEX WK3 offspring.

If this increase in
one

would

hepatic GR mRNA is indeed of pathophysiological significance,

speculate that several other metabolic pathways in the liver would be

affected since

glucocorticoids regulate several

processes

that control carbohydrate,

protein and lipid metabolism within the liver [Geley et al., 1996]. This remains to be
fully assessed in future studies but the lack of effect

on

glucose-6-phosphatase

(described in the last chapter), suggests that there may be differences in response

depending

on

other regulatory systems.
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Although the hypothesis linking elevated GR mRNA to increased PEPCK expression
(and hyperglycaemia) is attractive, it worth emphasising that PEPCK transcription is
controlled

by

a

host of other hormones

or

transcription factors [Hanson et al., 1975;

Kraus-Friedmann, 1984; Magnuson et al., 1987; O'Brien & Granner, 1991] which
may

also be affected by prenatal dexamethasone treatment and thereby contribute to

progamming. Thus, the increase in GR mRNA expression

may

well be secondary to

programming of another factor. Therefore, other regulators of the PEPCK
as

the

gene

such

glucagon (cAMP) and insulin pathways need examination. Preliminary

analysis of the insulin receptor levels and the insulin receptor substrate-1
phosphorylation showed

no

differences between DEX WK3 and control rats. These

experiments will need to be extended
in the

signalling cascade

involved in

that detailed analysis including steps distal

examined. Similarly, other pathways (such

as

cAMP)

regulation of PEPCK expression require close examination before the

elevation in PEPCK
to

are

so

expression in DEX WK3 offspring

the increase in GR. Another fundamental

can

be confidently attributed

challenge is of

course

establishing

mechanisms that lead to elevation in GR itself.
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5.4

SUMMARY

Steroid hormones have been shown to possess

actions, and these effects

are

thought to be

well characterised programming
important component of their

an

physiological roles in regulating cellular differentiation and
Recently, fetal

organ

maturation.

glucocorticoids has been shown to

overexposure to

cause

hyperglycaemia and hypertension in adult animals. The molecular mechanisms of
this

programming

are,

Neonatal stimulation
axis

however, not well understood.

or

handling in rats has been shown to

programme

reduced HPA

responsivity to stress (a desirable outcome) by permanently increasing the level

of GR mRNA

expression in the hippocampus. Late prenatal

dexamethasone has the

opposite effect

-

exposure to

decreasing GR mRNA expression in the

hippocampus and resulting in elevation of basal corticosterone levels in the adult
offspring. These studies provide evidence that glucocorticoids
later organ

function, at least in part, by causing permanent alteration in the

glucocorticoid

The present

response

itself.

chapter has described experiments showing that late prenatal

glucocorticoids
the adult

may programmme

causes a permanent

increase in hepatic expression of GR mRNA in

offspring. This effect is in the opposite direction to that observed in the

hippocampus where GR mRNA is permanently decreased by the
This

exposure to

discrepancy reflects the complexity of GR

gene

same treatment.

regulation which

may

be driven

by multiple tissue-specific promoters.

GR

binding affinity for ligand

exogenous

was not

altered by prenatal dexamethasone. Indeed,

corticosterone administration caused

an

exaggerated

response

plasma glucose in animals exposed to dexamethasone late in

in fasting

pregnancy.

This
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suggests that the increase in hepatic GR mRNA expression is of functional

significance.

Since PEPCK is

potently stimulated by glucocorticoids it is reasonable to postulate

that the increase

in PEPCK mRNA

dexamethasone in utero is
controls the rate

(and activity) in animals exposed to

secondary to the increase in glucocorticoid signal. PEPCK

limiting step in gluconeogenesis and the increase in GR

functionally linked to the hyperglycaemia programmed by prenatal

may

be

exposure to

glucocorticoids.
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CHAPTER 6

PRENATAL GLUCOCORTICOID EXPOSURE ALTERS EXPRESSION OF

LIVER-ENRICHED TRANSCRIPTION FACTORS

6.1

INTRODUCTION

The liver has

wide

a

variety of enzymatic activities that are essential for its

specialised function in metabolism, with

many

of the

genes

encoding these functions

mainly expressed in the liver [Hefti, 1986; Herbst & Babiss, 1990; Benvensity &
Reshef, 1991; Haan et al., 1992; Xanthopoulos & Mirkovitch, 1993; Beato et al.,

1995]. Development of this tissue-specific programme of gene expression is thought
to

be controlled

mostly at the level of transcription

interactions between
and

cis-acting DNA

sequences

as a

result of regulatory

in the promoter/enhancer regions

trans-acting hepatocyte-enriched transcription factors [Derman et al., 1981; De

Simone &

Cortese, 1991; Sladek & Darnell, 1992], These proteins are members of

larger families (including the hepatocyte nuclear factors HNF-1, HNF-3 and HNF-4
as

well

within

members of the C/EBP

as

a

family [Derman et al., 1981; De Simone & Cortese, 1991; Sladek &

Darnell, 1992], These factors

play

an

family) and have the ability to form heterodimers

are not

exclusive to the liver but have been shown to

important role in the differentiation and function of other tissues such

pancreas,

as

the

adipose tissue and kidney [Berkenmeier et al., 1989; Herrera et al., 1989;

Manchado et al.,

The C/EBP

1994].

family

appear to

play

a

crucial role in development of hepatic

energy

metabolism; transgenic mice homozygous for a deletion in the C/EBPa gene have no
detectable amounts of liver

synthase,

and

have

glycogen, show reduced expression of hepatic glycogen

developmentally

delayed

expression

phosphoenolpyruvate carboxykinase and glucose-6-phosphatase

genes

of

hepatic

[Wang et al.,
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1995]. These mice die within 8 hours of birth from hypoglycaemia [Wang et al.,

C/EBPP"/"

1995]. In contrast,

homeostasis. A subset of the
remainder

mice have

homozygous

a more

pups

complex pattern of glucose

die within 24 hours of birth while the

viable, but appear to have less adipose tissue, fasting hypoglycaemia

are

with reduced

glycogenolysis. However, these mice have

gluconeogenic

enzymes

normal levels of

[Liu et al., 1999]. Other families of liver-enriched

transcription factors have been shown to be fundamental for normal glucose
homeostasis.

For

example, mutations in HNF-la and HNF-4a in humans

cause

impairment of the pancreatic beta-cell function and have been causally linked to
maturity-onset diabetes of the

young

(MODY) [Yamagata et al., 1996a; Yamagata et

al., 1996b],

Although the mechanisms that regulate expression of these transcription factors
largely unknown, hormonal signals
et

are

thought to play

an

are

important role [McKnight

al., 1989]. For example, members of the C/EBP family accumulate in the liver

during the neonatal period when there
environment [Girard et al.,
hormonal interaction may

are

profound changes in the hormonal

1973; Berkenmeier et al., 1989], suggesting that

be involved. Glucocorticoids and glucagon (via cAMP)

for optimal differentiation of fetal hepatocytes in vitro [Chou, 1988],

are

necessary

and

prenatal administration of these hormones induces premature expression of adult

liver-specific

genes,

such

as

tyrosine aminotransferase and PEPCK in fetal rats

[Greengard & Dewey, 1967; Phillippiddis & Ballard, 1970; Girard et al., 1973;
Hanson et al., 1975; Mencher & Reshef, 1979]. However, this induction seems to

require the

presence

C/EBPa-/"

fetal mice

Liver-enriched

of C/EBPa since these hormones fail to induce fully PEPCK in
[Wang et al., 1995].

transcription factors

metabolic processes

are

also important in glucocorticoid regulation of

in mature hepatocytes [Imai et al., 1990]. For example,
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glucocorticoid stimulation of PEPCK transcription is mediated through binding of
GR to the PEPCK promoter
with various accessory

and this

response

factors including C/EBP, HNF-3 and HNF-4; appropriate

binding of these proteins is required for
Kashles et al., 1994].
PEPCK

Earlier

is modulated by interaction of GR

a

full glucocorticoid

Disruption of the C/EBPa

gene

response

[Yanuka-

in adult mice strongly reduces

expression [Lee et al., 1997].

chapters established that prenatal dexamethasone treatment in the rat

causes

permanent hyperglycaemia and hepatic overexpression of PEPCK and GR mRNA in
the adult

offspring. Given that liver-enriched transcription factors

development and function of several hepatocyte specific

genes

are

essential for

including PEPCK,

permanent alteration in expression of these factors might underlie programming in
the liver. The aim in this

glucocorticoid
that

are

6.2

chapter

exposure on

was,

hepatic expression of liver-enriched transcription factors

implicated in glucocorticoid control of PEPCK expression.

RESULTS

6.2.1

Effect of

prenatal dexamethasone

Hepatic expression of C/EBPa mRNA
radiolabeled

was

riboprobe. C/EBPa mRNA

hepatic acinus, with
dexamethasone
the

therefore, to examine the effects of prenatal

no

on

hepatic C/EBPa expression.

detected by in situ hybridization using
was

a

evenly expressed throughout the

obvious zonation (Figures 6.1 and 6.2). Administration of

during the first week of pregnancy caused

a

significant reduction in

expression of C/EBPa mRNA in liver of the adult offspring (Figures 6.1 and

6.2). This decrease occurred both periportally and perivenously. Adult offspring

exposed to dexamethasone during the second week of

pregnancy

also had reduced

hepatic expression of C/EBPa mRNA. In contrast, administration of dexamethasone
during the last week of pregnancy had
adult liver

no

effect on C/EBPa mRNA expression in the

(Figures 6.1 and 6.2).
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In situ hybridisation ofC/EBPa mRNA in the liver

Figure 6.1
The

darkfield view (A) shows

even

periportal (PP) and perivenous (PV)
not

distribution of mRNA expression between the
zones

in controls. This distribution pattern

affected by prenatal dexamethasone treatment. However,

as

shown in high

was

power

views, C/EBPa expression was lower in DEX WK1 (C) and DEX WK2 offspring while
DEX WK3

(D) showed similar expression to control rats (B). E shows background

binding with

a

non-complementary

sense

probe.
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□

SALINE

□ DEXWK1
m DEXWK2

periportal

perivenous

Figure 6.2
mRNA

Effect of prenatal dexamethasone

on

hepatic C/EBPa

expression.

Hepatic C/EBPa mRNA expression in 8 months old offspring of dams
that received vehicle alone

(SALINE, n=9), dexamethasone during the

first (DEX WK1, n=9), second (DEX WK2, n=13)
n=12) week of

pregnancy was

Hybridisation signal
regions. Results
zone

are

was

or

third (DEX WK3,

measured by in situ hybridisation.

measured in the periportal and perivenous

presented as percentage of expression in perivenous

of SALINE. *p<0.05 compared with SALINE for each

zone.
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Effect of

6.2.2

prenatal dexamethasone

Hepatic C/EBP6 mRNA expression

was

on

hepatic C/EBPB expression.

determined by in situ hybridization using

radiolabeled RNA

probe. C/EBPB mRNA expression showed

distribution

the

across

with dexamethasone

significant effect

on

no

a

heterogeneity in its

hepatic acini (Figures 6.3 and 6.4). Treatment of pregnant rats
during the first, second

the level

or pattern

or

third week of

pregnancy

had

no

of expression of C/EBPB mRNA in adult

offspring (Figures 6.3 and 6.4).

□ SALINE
H DEXWK1
0 DEXWK2
■ DEXWK3

150 1

I 125
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x
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PERIPORTAL

PERIVENOUS

Figure 6.3

Effect of prenatal dexamethasone

on

hepatic C/EBPfi mRNA

expression.
Hepatic C/EBPfi mRNA expression in 8 months old offspring of dams that received
vehicle alone

(SALINE, n=9), dexamethasone during the first (DEX WK1, n=9),

second (DEX

WK2, n=13)

measured

or

third (DEX WK3, n=12) week of pregnancy

by in situ hybridisation. Hybridisation signal

was

periportal and perivenous regions of the hepatic acinus. Results
percentage of expression in perivenous zone

was

quantified in the
are

presented

as

of SALINE.
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Figure 6.4

In situ hybridisation of CIEBP

Hepatic C/EBP/3 mRNA
mRNA

similar

effect

was

mRNA in the liver

detected by in situ hybridisation.

The level of

expression in the periportal (PP) and perivenous (PV) regions
as

on

sections

shown in

the

darkfield view (A). Prenatal dexamethasone had

expression of hepatic C/EBP/5: B and C show high

from control and DEX WK3 offspring respectively.

complementary

sense

was

probe

was

power

no

views of

In D

a non-

used to show background binding.
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6.2.3

Effect of prenatal

HNF-4 showed

a

clear

dexamethasone

on

hepatic HNF-4 mRNA expression.

heterogeneity in its distribution, with the periportal

hepatocytes expressing nearly twice

as

much HNF-4 mRNA compared to the

perivenous cells (Figures 6.5 and 6.6). Adult rat offspring exposed to dexamethasone
during

any

of the weeks (first, second

or

third) of

pregnancy

showed significantly

higher levels of hepatic HNF-4 mRNA expression compared to control (Figures 6.5
and

6.6). This increase

perivenous

zones

was not

selective, but appeared in the periportal and

(unlike the selectively periportal increase reported for PEPCK).

300

□ SALINE
□ DEXWK1
E3 DEXWK2
■

*

*

*

DEXWK3

I 250
C/D

<D

g^oo
<D

PERIVENOUS

PERIPORTAL

Effect of prenatal dexamethasone

Figure 6.5

on

hepatic HNF-4 mRNA

expression.
Hepatic HNF-4 mRNA expression in adult offspring (8 months) of dams that
received vehicle alone (SALINE, n=9), dexamethasone

n=9), second (DEX WK2, n=13)
measured

or

during the first (DEX WK1,

third (DEX WK3, n-12) week of pregnancy

by in situ hybridisation. Hybridisation signal

was

periportal and perivenous regions of the hepatic acinus. Results
percentage

of expression in perivenous

SALINE for

each

zone

was

measured in the
are

presented

as

of SALINE. *p<0.05 compared with

zone.
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Figure 6.6

In situ hybridisation of HNF-4 mRNA in the liver

Hepatic HNF-4 mRNA

was

detected by in situ hybridisation. There

was

significantly higher HNF-4 expression in the periportal region (PP) than in the
perivenous

zone

(PV),

dexamethasone treatment

as

shown in the darkfield view (A). Prenatal

during

any

of the weeks of

pregnancy

significant increase in HNF-4 mRNA expression. B, C and D
views

are

caused

high

a

power

of the periportal region in control, DEX WK1 and DEX WK3 offspring

respectively. Zonation of mRNA distribution

was not

affected by dexamethasone.
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6.2.4

Effect of prenatal

dexamethasone on hepatic HNF-1 mRNA expression.

Hepatic expression of HNF-1 mRNA
radiolabeled

acinus, with

was

riboprobe. HNF-1 mRNA
no

detected by in situ hybridization using

was

evenly expressed throughout the hepatic

obvious zonation between the periportal and the perivenous regions

(Figures 6.7 and 6.8). Prenatal administration of dexamethasone caused
reduction in

a

a

significant

hepatic expression of HNF-1 mRNA in liver of the adult offspring

independent of the gestational period (week) of treatment (Figures 6.7 and 6.8). This
decrease occurred both

periportally and perivenously.

□ SALINE
□ DEXWK1
1 0 _

E2 DEX WK2
■

DEXWK3

PERIVENOUS

Figure 6.7

PERIPORTAL

Effect of prenatal dexamethasone

on

hepatic HNF-1 mRNA

expression

Periportal and perivenous HNF-1 mRNA expression

was

measured by in situ

hybridisation in livers of 8 months old offspring. The control

group

n=9) received vehicle alone throughout pregnancy. In the treatment
was

groups

saline

replaced by dexamethasone during the first (DEX WK1, n=9), second (DEX

WK2, n=13)
as

(SALINE,

or

percentage

third (DEX WK3, n=12) week of pregnancy. Results

are

expressed

of expression in the perivenous region of SALINE. *p<0.05

compared to SALINEfor each zone.
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Figure 6.8

In situ hybridisation of HNF-1 mRNA in the liver

Hepatic HNF-1 mRNA

was

detected by in situ hybridisation.

There

was no

difference in expression between the periportal and perivenous regions.
Prenatal dexamethasone
a

treatment

during

any

of the weeks of gestation caused

significant decrease in hepatic HNF-1 expression in the adult offspring. A, B,

C, D represent high power views of mRNA expression in control, DEX WK1,
DEX WK2 and DEX WK3

binding with

a sense

offspring respectively. There

was no

significant

probe.
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6.3

DISCUSSION

There is abundant evidence that administration of steroid hormones

during

development in humans and animals induces irreversible structural and functional
changes in target tissues [Gustafsson & Stenberg, 1974; Herbst, 1974; Gustafsson et
al., 1983; Levitt et ah, 1996; Lindsay et ah, 1996b]. The preceding chapters have
described how fetal overexposure to
week

glucocorticoids selectively during the third

gestation produced hyperglycaemia and glucose intolerance in adult rat

offspring. These offspring also had permanent increase in hepatic PEPCK mRNA
expression (and activity) and hepatic GR mRNA expression. Since GR stimulates
PEPCK

may

transcription, the last chapter advocated that the elevation PEPCK mRNA

be programmed via the increased GR mRNA. However glucocorticoid

stimulation of PEPCK

transcription also involves co-operative interaction of GR and

several liver-enriched

transcription factors which

may

be important in the

programming of hepatic metabolism.

Data

presented in this chapter show that prenatal dexamethasone treatment also

programmed several permanent changes in expression of liver enriched transcription
factors, although not all were affected (such as C/EBPP). These data show that

programming of GR is not unique, but part of

a more

generalised phenomenon

whereby prenatal glucocorticoids 'hardwire' liver transcription, and hence function,
throughout life. Again the programming reflected altered

gene

expression

per

hepatocyte rather than merely changes in the number of expressing cells, suggesting
fundamental alterations in
genes

transcriptional control that persist through life. For

encoding transcription factors (such

related to

a

exposure to

particular gestational window

zones

those for HNFs) these effects

nor

dexamethasone during the first

marked decrease in

perivenous

as

exposure

were not

zonally selective. In contrast, whilst

or

second week of gestation caused

hepatic expression of C/EBPa mRNA

in adult rats,

some

across

a

both periportal and

in the last trimester had

no

effect. The
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reasons

for these differences in response are

mechanisms

unclear but

by which these transcription factors

transcription factors

appear at

are

are

likely to reflect the

regulated. In particular, these

different stages during development and the

differences in the effects of dexamethasone may

be

a

result of the distinct ontogenies

[Berkenmeier et al., 1989]. In addition there is evidence to suggest that there is an
extensive interaction between different families of the liver
factors

[Xanthopoulos et al., 1989; Tian & Schibler, 1991; Kuo et al., 1992; Ktistaki

& Talianidis, 1997], and the
this

specific transcription

differences in the effects of dexamethasone may reflect

autoregulation. These potential interactions make separation of primary and

secondary changes difficult. Nevertheless,
of these

transcription factors

may

any

changes in expression of one

or more

have important pathophysiological implications.

Indeed, evidence from genetic experiments shows that liver-enriched transcription
factors

play

a

crucial role in regulation of

C/EBPor/" homozygous mice show
and die within
la

a

few hours of birth

gross

processes

that control fuel metabolism.

deficiencies in hepatic glucose production

[Wang et al., 1995]. Similarly, mutations in HNF-

[Yamagata et al., 1996b] and HNF-4oc [Yamagata et al., 1996a] in humans and

mice

[Pontoglio et al., 1998]

function

are

associated with impairment in pancreatic beta cell

resulting in diabetes, suggesting that abnormalities

the liver but manifestations may occur

factors also

may not

be restricted to

in other tissues where these transcription

play important roles.

C/EBPor/~ homozygous mice (with low perinatal expression of PECK) rescued with
glucose administration
values
for

can restore

their hepatic PEPCK activity towards normal

[Wang et al., 1995]. Therefore, it

seems

that C/EBPa is particularly critical

perinatal induction of PEPCK expression [Wang et al., 1995]. This makes it

plausible to speculate that the reduction in neonatal PEPCK expression in DEX WK1
and DEX WK2

offspring (chapter 4) would have resulted from reduced C/EBPa

expression

in these animals. DEX WK3 offspring did not show

seen

a

change in
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C/EBPa mRNA

expression and PEPCK expression at birth was not changed.

However, despite the unchanged C/EBPa levels, these
PEPCK

animals had increased

expression later in life, suggesting that other factors may be involved.

Similarly, increased HNF-4 by itself is unlikely to be responsible for the elevation in
PEPCK

expression in DEX WK3 offspring because its increased expression

selective but

also

was

seen

in DEX WK1 and DEX WK2

was not

offspring which had

unchanged adulthood PEPCK mRNA levels. One explanation for these apparently
conflicting results is that the increased PEPCK expression
differential
of

may

be

a net

result of

expression of several factors working co-operatively. This phenomenon

co-operativity is thought to be particularly important in facilitating diversity in

hepatocyte function [Costa et al., 1989; Roesler et al., 1989; De Simone & Cortese,
1991; Sladek & Darnell, 1992] and promoter regions of many liver specific genes
bind
act

a

in

genes

number of
a

specific DNA-binding proteins,

synergistic and co-operative

manner

so

that these transcription factors

in regulating transcription of the target

[Yanuka-Kashles et al., 1994]. Alternatively, programming of PEPCK by

glucocorticoids

may

be mediated by factors independent of these transcription

factors. Indeed, as was discussed in
with the

chapter 5, changes in GR itself correlated closely

changes in PEPCK expression and hyperglycaemia, suggesting that the

increase in GR may

be all that is required in this programming.
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6.4

SUMMARY

Glucocorticoid hormones
metabolism and

are

are

important for development of hepatic glucose

involved in the control of

glucose homeostasis in adult life. In

both these roles interaction with liver enriched factors appears to

previous chapters have shown that prenatal

exposure to

be important. The

glucocorticoids

can

induce

permanent changes in hepatic metabolism including elevation of hepatic GR mRNA

expression. The close interaction beteween liver-enriched transcription factors and
glucocorticoids gives these factors potential for involvement in the programming of
hepatic metabolism.

Data

presented in this chapter show that prenatal dexamethasone treatment

programmed several permanent changes in expression of liver enriched transcription
factors, although other factors (such as C/EBP(3) were not affected. These data show
that

programming of GR is not unique, but part of

where

generalised phenomenon

by prenatal glucocorticoids 'hardwire' liver transcription and hence function

throughout life. For
effects

were

response was
of these

play

a more

an

some genes

not related to

a

encoding transcription factors (such

as

HNFs) these

particular gestational window whilst the C/EBPa

sensitive to timing of dexamethasone treatment. Changes in expression

key factors

may

have important pathophysiological implications and

may

important role in glucocorticoid programming in the liver. However, unlike

GR mRNA,

changes in expression of none of the liver enriched transcription factors

examined collerated

closely with hyperglycaemia or the PEPCK response to prenatal

dexamethasone exposure.
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CHAPTER 7

CONCLUSIONS

Evidence for the role of

7.1

glucocorticoids in programming of abnormal

glucose metabolism
as a concept

Gustafsson &

Stenberg, 1974; Csaba et al., 1979]. It describes the phenomenon

whereby

an agent or

long lasting

exerts

were

alterations in the central
as

More

effects. In

a

critical period in development

a

typical example, animals given

observed to have permanent structural and biochemical

nervous

system and behaviour [Arai & Gorski, 1968] as

changes in expression of hepatic

Gustafsson &

some

manipulation given during

or permanent

androgens neonatally

well

has been known for

time [Arai & Gorski, 1968;

Programming

enzymes

[Gustafsson & Stenberg, 1974;

Sternberg, 1974].

recently, the phenomenon of programming has been suggested to explain

epidemiological data associating low birth weight and cardiovascular and metabolic
disorders in adulthood [Barker et al., 1993a; Edwards et al., 1993; Seckl, 1994; Seckl
&

Brown, 1994; Seckl, 1997]. According to this theory, environmental factors acting

in utero

or

in the

organs

and this would lead to later

observations have

early postnatal period

generated

enormous

may

permanently alter the development of

organ

research interest in identifying the factors that

may

be involved in this programming of disease.

One

hypothesis implicates fetal

mechanism that links low birth
1993 #332; see

dysfunction and disease. These

overexposure to

glucocorticoids

as a

possible

weight to subsequent disease in adulthood [Edwards,

Figure 7.1]. This hypothesis is based

on

several pieces of evidence.
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involved in the control of

Glucocorticoids

are

(including blood

pressure

important homeostatic

processes

and blood glucose levels) in adult mammals [Ross et al.,

1966; Leung & Munk, 1975; McDowell, 1983; Drayer et al., 1984; KrausFriedmann, 1984; McMahon et al., 1988]. During development, glucocorticoids are

important for fetal maturation to prepare the individual for extrauterine life [BlumBrachet, 1975; Ballard, 1979; Sulyok, 1989]. However, excessive fetal exposure to

glucocorticoids is known to reduce growth [Reinisch et al., 1978] and human
intrauterine

growth retardation is associated with increased Cortisol levels [Goland et

al., 1993], Fetal glucocorticoid load is, in part, regulated by feto-placental 1
which
et

lp-HSD2

catalyses the rapid break down of active hormone into inert products [Murphy

al., 1974; Lopez-Bernal et al., 1980; Seckl, 1993].

Support for the involvement of glucocorticoids in programming hyperglycaemia
came

from

Lindsay et al who showed that administration of carbenoxolone,

inhibitor of 11

an

(3-HSD, to pregnant rats reduced birth weight and produced

hyperglycaemia in adult offspring [Lindsay et al., 1996b]. By prenatal administration
of dexamethasone, a
data

synthetic glucocorticoid that is

substrate for 11(3-HSD,

presented in this thesis support the notion that the programming of

hyperglycaemia by carbenoxolone is
rather than other
rats

a poor

were

a

result of fetal

overexposure to

glucocorticoids

non-specific effects. In particular, this programming occurred when

given glucocorticoids selectively during the last week of

pregnancy,

suggesting that the window of sensitivity lies in the late gestation. Although
dexamethasone administration reduced maternal
pregnancy,

any

time in

this resulted in significant reduction in birth weight only when

dexamethasone

was

glucocorticoid

exposure

applied during late

pregnancy.

In this respect the effects of

in late gestation mimic the human epidemiological

association between low birth
disorders

weight gain at

weight and later cardiovascular and metabolic

including insulin resistance and diabetes. Importantly, prenatal
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administration of dexamethasone has also been shown to
adult rat

hypertension in the

[Lindsay et al., 1996a] and sheep [Dodic et al., 1998] offspring. These data

suggest a central role for glucocorticoids in

An alternative

has also been

programming of disease (see Figure 7.1).

hypothesis that has been proposed to explain fetal programming

advocates maternal undernutrition

as

key [Hales & Barker, 1992]. This hypothesis

supported by animal models that have shown that

dietary restriction (particularly of protein) during
causes

cause

hypertension

or

pregnancy

severe

maternal

reduces birth weight and

hyperglycaemia in the offspring [Langley & Jackson, 1994;

Langley-Evans et al., 1994; Desai et al., 1995; Woodall et al., 1996], However it
remains difficult to
nutrition per se,
undernutrition

explain how the programming effects

and there remains

are

mediated

milieu to which the fetus is

a

can

be achieved by

distinct possibility that the effects of maternal

through other factors such

as

changes in the hormonal

exposed. Indeed, maternal undernutrition leads to

in maternal catabolic hormones such

as

Cortisol levels [Fowden,

a

rise

1995] and

suppression of placental 11(3-HSD2 activity [Langley-Evans et al., 1996], suggesting
that

an

increase in fetal

glucocorticoid load

may, at

least in part, mediate the effects

of maternal

undernutrition.

undernutrition

regulate action of the IGF system [Fowden, 1989; Oliver et al., 1993],

IGFs
may

are

Similarly, both glucocorticoids and maternal

extensively involved in regulation of fetal growth and development and

form

a common

final pathway through which different agents exert their

programming effects (see Figure 7.1).
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7.2

liver

The

as

a

target organ in glucocorticoid programming of

hyperglycaemia
The liver is

a

major

organ

in glucose metabolism and it has the capacity to generate

glucose for utilisation by other tissues (such as the brain and muscle) during periods
of starvation.

Gluconeogenesis, the key metabolic

process

involved in hepatic

glucose production, is exquisitely controlled by glucocorticoids [Leung & Munk,
1975; McDowell, 1983; Kraus-Friedmann, 1984; McMahon et al., 1988].

Development of hepatic glucose metabolism is also thought to be under tight
hormonal control and
induction of

glucocorticoids have been implicated in regulation perinatal

gluconeogenic

enzymes

[Blum-Brachet, 1975; Ballard, 1979; Sulyok,

1989]. These observations, combined with evidence that neonatal androgen
administration

can cause

the basis for the
programme
in

permanent changes in expression of hepatic enzymes, were

hypothesis that prenatal glucocorticoid administration

hyperglycaemia by causing permanent alterations in

enzymes

may

involved

hepatic glucose metabolism.

In support

of this hypothesis, data generated in this thesis have shown that prenatal

exposure to

dexamethasone caused

PEPCK mRNA and

overexpression

a permanent

activity in the rat offspring. Like the hyperglycaemia, PEPCK

was seen

only in animals exposed to dexamethasone late in

intrauterine life but not with treatment

limiting

enzyme

and selective increase in hepatic

early in gestation. Since PEPCK is the rate-

in gluconeogenesis, it is plausible to speculate that the

hyperglycaemia observed in rats exposed to dexamethasone in utero is, at least in
part, due to increased hepatic glucose production resulting from increased PEPCK

activity. This conclusion is supported by evidence showing that increased hepatic
PEPCK

expression in transgenic mice

causes

hyperglycaemia and glucose

intolerance [Valera et al., 1994],
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PEPCK gene

transcription is regulated by nutritional and hormonal factors.

Glucocorticoids
was,

potently stimulate PEPCK transcription [Friedman et al., 1993], It

therefore, intriguing to observe that expression of the glucocorticoid receptor

itself

was

permanently upregulated in the offspring of dams treated with

dexamethasone in late

gestation. Importantly, since the level of circulating

glucocorticoids

suppressed and the GR binding affinity for ligand

was not

was

unaltered, these animals may have an increased hepatic glucocorticoid signal. This
would result in
well

overactivity of

genes

that

stimulated by glucocorticoids and

are

may

explain the increase in PEPCK mRNA expression and activity.

The permanent

induction of hepatic GR mRNA expression by prenatal

exposure to

glucocorticoids is at variance with effects observed in the hippocampus where
similar treatment

a

produced attenuation in expression of GR mRNA [Levitt et al.,

1996], The GR gene appears to have multiple probable promoters and there is
evidence that these promoters may

be used in

a

tissue-specific

manner

[Strahle et al.,

1992; Gearing et al., 1993; McCormick et al., unpublished data]. The difference in
effects of

prenatal glucocorticoid exposure

liver and

hippocampus

may

on

offspring GR mRNA expression in the

thus reflect the tissue-specific variation in promoter

usage.

7.3
This

Implications of glucocorticoid programming of disease
thesis

has

generated data showing that excessive fetal

exposure

to

glucocorticoids predisposes to hyperglycaemia and glucose intolerance in adult rats.
Similar studies have shown that

prenatal

overexposure to

glucocorticoids also

produces hypertension in the adult rat [Lindsay et al., 1996a] and sheep offspring
[Dodic et al., 1998]. This suggests that glucocorticoids

may

be involved in
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programming of

a

broad spectrum of disorders and probably reflects the crucial role

of these hormones

during development and in controlling homeostasis in adult life.

These data may

have significant clinical implications. Glucocorticoids have

extensive

therapeutic

use

prenatally; they

various maternal conditions
as

well

as

are

used

as

immunosuppressants to control

(including connective tissue disorders) [Rayburn, 1992]

for short term treatment of the fetus to accelerate

of preterm

lung maturation in

labour [Crowley et al., 1990], Additionally, long term

cases

use

of

glucocorticoids has been advocated for prenatal therapy of fetuses at risk of
congenital adrenal hyperplasia (CAH) [Forest et al., 1993; Speiser & New, 1994], In
these

cases

dexamethasone is

given from the first trimester in

fetal ACTH and hence adrenal

androgen overproduction which otherwise produces

virilisation of the affected female
birth

weight

or

an attempt to suppress

baby. Although

one

study found

no

alteration in

length in such infants [Mercado et al., 1995], other investigators have

found these babies to be in the lowest

quartile for birth [Pang et al., 1992]

from recent

may

epidemiological evidence,

emotional and social behaviour [Trautman et al.,

term

sample numbers

effects of

were

small and

prenatal glucocorticoid

which,

predispose them to later disease. Indeed,

children treated with dexamethasone in utero tend to suffer from

studies

-

proper

exposure

problems of

1995]. However, in all of these

evaluation of effects of possible long
in humans awaits rigorous follow-up

studies.

The

potential for

fetus will to

a

a

given level of maternal

glucocorticoids into inert products. However,

glucocorticoids (such

in rat

glucocorticoid to harm the

large extend depend the activity of feto-placental 11 (3-HSD2 which

breaks down active

therefore

or exogenous

readily

as

cross

and humans

dexamethasone)

are poor

substrates for this

some

synthetic

enzyme

and will

the placenta to affect the fetus. Most importantly, recent data
suggest that the efficiency of this enzyme barrier to
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glucocorticoids varies considerably [Benediktsson et al., 1993; Stewart et al., 1995],
This variation may
suffers from

be critical in determining the degree of injury that the fetus

given endogenous (maternal)

a

or exogenous

glucocorticoid load.

Indeed, placental 11(3-HSD2 efficiency in humans has been shown to closely
correlate with birth

weight [Stewart et al., 1995; Benediktsson et al., 1997].

However, it remains to be determined whether low birth weight infants with reduced

placental 11[3-HSD2 activity subsequently develop diseases such

as

hypertension and

insulin resistance. Without sufficient data from humans, it would at this stage

be

premature to draw firm parallels from these experimental data in animals to clinical

practice. There

may

well be species differences and

glucocorticoids

may

be dependent

7.4

adverse effects of prenatal

dosage and/or the timing of exposure.

FUTURE WORK

This thesis has
exposure to
the

on

any

provided data which support the hypothesis that excessive prenatal

glucocorticoids

may

offspring. It has also provided

be involved in

play

some

important role in programming disease in

useful insights into the mechanisms that

may

glucocorticoid programming of hyperglycaemia and glucose

intolerance. However, there are many
some new

an

questions that remain unanswered, and indeed

questions raised, which will require future work.

The liver appears to

be

an

important target

organ

in glucocorticoid programming of

hyperglycaemia. Prenatal dexamethasone treatment permanently increased GR and
PEPCK

expression. It

was

argued that the elevation in PEPCK expression

may

be

secondary to the increased GR mRNA expression. However, this still leaves the
fundamental
GR

question of how prenatal glucocorticoid

exposure programmes

inreased

expression unanswered. Moreover, the increase in PEPCK activity, the rate

limiting

enzyme

of gluconeogenesis, is suggestive of

an

increase in hepatic glucose
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production, but this will need to be confirmed in vivo or through perfuson studies of
the isolated liver.

Besides PEPCK and GR,

changes expression of

a

number hepatic transcription factors. It is clearly difficult to

determine which of these
issue remains

a

prenatal dexamethasone exposure caused permanent

changes

are

primary

or

secondary. While resolving this

significant challenge, experiments involving examination of the

promoter regions of these genes may provide some
answer

to this

(such

involved in

as

on

the liver but

skeletal muscle, adipose tissue and the pancreas)

glucose metabolism. Further studies

utero exposure

are

a

number of other

are

also critically

required to determine whether in

to glucocorticoids produces permanent effects on gene expression and

function of these target organs.

Likewise,

glucocorticoids and other factors such
disease

an

question.

Most of the work carried out in this thesis focused
organs

important clues towards

through

common

as

research is need to establish whether

maternal dietary restriction

programme

molecular pathways.

Glucocorticoids have extensive
thesis adds to the

more

therapeutic

use

prenatally. Data presented in this

increasing experimental evidence in animals suggesting that

excessive exposure to

these hormones early in life

may

have long term adverse

effects. It remains to be determined whether in utero exposure to

glucocorticoids in humans carries

a

therapeutic doses of

similar risk for development of cardiovascular

or

metabolic disorders.
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