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ABSTRACT
The objective of this dissertation research was to determine the chronic
actions of catecholamines on insulin-stimulated glucose metabolism in the following
models: 1) norepinephrine-infused ovine fetuses; 2) normal ovine fetuses with
adrenal demedullation during an acute hypoxemic challenge; 3) adrenal
demedullated ovine fetuses with placental insufficiency-induced intrauterine
growth restriction (IUGR).
To determine the effects of elevated catecholamine exposure on fetal glucose
metabolism independent of other placental-related insufficiencies, we chronically
infused norepinephrine into otherwise normal sheep fetuses near-term (NE-E; n=6).
Weight-specific fluxes for oxygen, glucose and radiolabeled glucose were measured
during a euinsulinemic-euglycemic clamp and hyperinsulinemic-euglycemic clamp
(HEC). We found that chronic exposure to high plasma norepinephrine
concentrations lowers glucose uptake rates in fetal tissues without affecting rates of
glucose oxidation and production. Less fetal glucose uptake was independent of
insulin, which indicates insulin resistance as a consequence of chronically elevated
norepinephrine. This study validated that norepinephrine alone elicits adaptations
in glucose metabolism.
In order to determine the effects of hypoxia-induced norepinephrine
secretion on fetal glucose metabolism, we performed surgical sham (intact; n=7) or
adrenal demedullation (AD; n=6) at 0.65 gestation on normal, control fetuses.
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Weight-specific fluxes for oxygen, glucose and radiolabeled glucose were
determined at baseline, HEC, and hypoxemic-HEC. During each period, umbilical
blood flow was measured with 3H2O diffusion. We found that loss of normal adrenal
medulla responsiveness lowered umbilical blood flow and caused placental
insufficiency because net umbilical (fetal) uptake for oxygen and glucose were less
in AD fetuses. The lower uptakes reduced arterial oxygen and glucose
concentrations, which promoted glucose utilization and production rates in AD
fetuses, independent of norepinephrine.
To determine whether ablation of the chronic adrenergic stimulation
enhances endogenous glucose utilization and production rates in IUGR fetuses, we
performed surgical sham (IS; n=8) or adrenal demedullation (IA; n=6) at 0.65
gestation on IUGR fetuses that were compared to intact, control fetuses (n=9).
Regardless of plasma catecholamine concentrations, glucose utilization rates were
higher in IUGR fetuses despite lower umbilical glucose uptake due to the
establishment of endogenous glucose production. Our findings show higher glucose
utilization and production rates were independent of norepinephrine.
Overall, these studies indicate that chronically high catecholamine
concentrations do not solely contribute to the higher insulin sensitivity for glucose
utilization or to the activation of glucose production previously shown as
adaptations in IUGR fetuses with placental insufficiency. These data do confirm
previous studies that show high concentrations of catecholamines lower insulin
concentrations and contribute to the pathology of IUGR. In conclusion, insulin action
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on fetal glucose metabolism in the IUGR fetus is regulated by more complex
mechanisms, and likely depends on the interplay between hypoglycemia and
hypoxemia.
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CHAPTER 1: LITERATURE REVIEW
Introduction
Intrauterine development is a sensitive to modulation by environmental
conditions that not only influence fetal growth rates but also organ development
and functional maturation. Intrauterine growth restriction (IUGR) caused by
placental insufficiency affects up to 8% of all pregnancies. IUGR is the second
leading cause of infant morbidity and mortality behind premature birth, which also
has a tendency to lower growth rates (110, 115). Although several complications of
pregnancy affect fetal growth rates, placental insufficiency is the most common and
occurs when the placenta is unable to provide an appropriate fetal oxygen and
nutrient supply (35, 159). In order to compensate, the fetus diverts nutrients to
critical tissues causing asymmetric growth, altering the body’s structure, function,
and metabolism in utero. These adaptations can lead to permanent fetal
programming of glucose metabolism and insulin signaling. Epidemiological studies
and experimental evidence from animal models of IUGR have associated adaptive
fetal responses increased the risk of developing metabolic complications of insulin
action and glucose utilization (insulin sensitivity) in adulthood (5, 7, 56, 66, 72, 128,
131, 133, 193). However, the mechanisms involved in the IUGR predisposition for
subsequent development of metabolic diseases are not well understood.

15

Intrauterine Growth Restriction and Metabolic Disease
Classification of IUGR
Birth weight is affected by the duration of gestation and fetal growth rates.
Infants that are born small-for-gestational age (SGA) or of low birth weight
(>2500g) have increased perinatal mortality, short and long-term and risk of
developing metabolic disease later in life (70, 90, 116, 162, 168). SGA infants are
categorized into fetuses that are born “constitutionally small” or IUGR fetuses.
Although SGA includes IUGR, IUGR is a pathological condition that manifests when
fetuses have not reached their genetic growth potential due to external influences
(173).
Doppler ultrasound allows for a real-time surveillance of placental and fetal
circulation, which is widely utilized to monitor high-risk pregnancies. IUGR can be
diagnosed when ultrasound-estimated fetal weight is below the 10th percentile for
gestational age, resulting in more intensive monitoring of growth over term.
Abnormal umbilical artery Doppler velocity waveforms in IUGR pregnancies have
been associated with abnormal placental pathology (141). The most common
etiology of IUGR is fetal nutrition deprivation due to placental insufficiency (9). The
placenta acts as a conduit between mother and fetus providing nutrients (31, 94). As
the fetus develops, the placental microvasculature expands and branches but if
angiogenesis and vasculogenesis are inadequate, nutrient and oxygen supply will be
impaired limiting fetal growth (65, 88, 118, 150). Therefore, a smaller placenta has
less surface area for oxygen and glucose diffusion, resulting in fetal undernutrition
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(9, 101, 172, 183). IUGR infants can be visibly distinguished from other SGA infants
by asymmetric growth, which manifests in the third trimester resulting in a fetus
with a larger head circumference versus abdominal circumference (90). Headsparing growth is the most noticeable phenotypic manifestation of IUGR due to the
redirection nutrients from peripheral tissues to the brain (10, 90, 114). Other
physiological hallmarks of the IUGR fetus are hypoxemia, hypoglycemia, and high
catecholamines (48, 69, 93, 122, 125). As severity of IUGR increases, the degrees of
fetal hypoxia and hypoglycemia also increase (108, 141). Fetal adaptations to the
IUGR condition can lead to long-lasting programming of aberrant glucose
metabolism, and consequentially increase the risk of developing chronic,
noncommunicable diseases (Table 1.1).

Developmental Origins of Health and Disease
The developmental origins of health and disease hypothesis proposes that
fetal adaptations to nutrition deprivation during organ development can predispose
metabolic diseases later in life (70,71). A sparing phenotype develops in utero and
contributing to adaptations in insulin-glucose homeostasis to preserve
neurodevelopment (137). The fetal environment in utero predicts what the
postnatal environment should be and prepares the nutrient-restricted fetus for
continued undernutrition, which is advantageous for survival.
Epidemiological studies for nutrient restriction during pregnancy confirm
that intrauterine exposure can have long-lasting consequences for adult health. The
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famine between 1921 and 1925 in Wales, and the Dutch “hunger winter” from 1944
to 1945 revealed an association between maternal starvation and reduced infant
birth weight. Infants born during this period had greater incidence of developing
obesity, insulin resistance, hypertension, and coronary heart disease as adults (6,
146, 155, 164). Mothers who were undernourished during early pregnancy gave
birth to normal birth weight babies, while mothers who were exposed mid- to late
gestation gave birth to low birth weight babies (155). Therefore, the greatest
detriment was seen when the third trimester of gestation coincided with the famine,
suggesting that this stage of gestation was critical for low birth weight (137, 138).
The specific timing of in utero insult is considered a critical window during which
fetal programming can occur. This indicates that low birth weight individuals could
be susceptible to metabolic disease and that adaptations to low birth weight are
conserved among varying populations (6, 7, 36, 70, 81, 128, 151). These studies laid
the foundation for the developmental origins of health and disease hypothesis.
Developmental mismatch can occur as a result of inappropriate
developmental cues or a change in environment between plastic and later phases of
life (71) (Figure 1.1). Although developmental plasticity is necessary for genotype
sustainability to various environments, it may also lower quality of life when
alterations become maladaptive (10, 11). This is shown by comparing the outcomes
of Dutch Hunger Winter babies with those born after the siege of Leningrad, both of
which were exposed to severe famine. After famine, the Netherlands quickly
returned to a complete diet whereas the U.S.S.R. continued to experience food
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instability. Those exposed to the Leningrad famine did not exhibit higher rates of
obesity or cardiovascular disease as adults (167). When individuals are born into a
mismatched environment that is in nutrient excess, rapid and disproportionate
weight gain occurs known as catch-up growth (52, 63, 64). Longitudinal studies in
Sweden and Finland show an association between catch-up growth in SGA infants
and metabolic diseases (1, 2, 53, 54, 59). Most children with IUGR demonstrate
spontaneous catch-up growth; however, ~15% to 40% do not completely catch-up
to appropriate for gestational age infants (1,2, 57, 58, 78, 169).
Fetuses that are undernourished tend to experience greater postnatal catchup growth that results in the accumulation of adipose tissue in the first two years of
life and by five years of age these infants are heavier than appropriate for
gestational age infants (51, 84, 90, 126). Insulin resistance, a hallmark of type 2
diabetes, usually connotates a resistance to the effects of insulin on glucose uptake,
metabolism, or storage. Interestingly, a study in males born SGA indicated that
insulin sensitivity is increased initially due to catch up growth, which precedes the
development of insulin resistance (85). Insulin resistance is accelerated by
increased adiposity and demonstrated by decreased insulin-stimulated glucose
transport and metabolism in adipocytes, resulting in glucose intolerance and
pancreatic, insulin-producing β-cell dysfunction (7, 70, 84, 104, 127, 128,
137)(Figure 1.2). This provides further evidence of postnatal metabolic
consequences to fetal growth restriction and developmental mismatch; however,
the physiological mechanisms underlying these associations are poorly understood.
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Fetal Development and Glucose Metabolism in the Context of IUGR
It is known that IUGR fetuses are hypoinsulinemic, hypoxemic,
hypoglycemic, and have elevated catecholamines. Each of these phenotypic
characteristics come with their own set of potential mechanisms for IUGR
adaptations that increase the risk for glucose intolerance. Understanding the
mechanisms behind the IUGR programming of glucose metabolism is crucial for
developing interventions to treat individuals born with IUGR.

Insulin
Since insulin does not cross the placenta, only fetal production of insulin is
detectable in fetal circulation. Pancreatic islets contain b-cells that secrete insulin,
which is known to be a potent growth-promoting hormone and has autocrine
actions that enhance insulin secretion and b-cell growth (77). Aside from promotion
of growth, insulin plays a key role in glucose homeostasis. IUGR fetuses are
hypoinsulinemic, which is associated with defects in b-cell responsiveness and b-cell
mass. Severely IUGR human fetuses have reduced pancreatic endocrine cell mass,
which parallels the IUGR fetal sheep, implicating that the predetermined b-cell mass
established in utero plays a crucial role in the development of lifelong glucose
homeostasis (104, 174).
Insulin also regulates fetal metabolism, primarily in the stimulation of
glucose uptake from systemic circulation and suppression of hepatic
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gluconeogenesis. Insulin stimulates the transport of glucose across the cell
membrane and increases glycolysis in insulin-sensitive tissues, like adipose and
skeletal muscle. In adipose, skeletal muscle, and liver tissue, insulin stimulates
glycogen synthesis and stifles glycogen breakdown to glucose. In the liver, insulin
inhibits glycogenolysis and gluconeogenesis. Insulin also increases protein
synthesis, via increased intracellular uptake of amino acids, and decreases protein
degradation indirectly through the downregulation of hepatic and muscle
degradation enzymes. In normal pregnancy, the fetal liver and kidneys do not
produce meaningful amounts glucose, thus glucose uptake from the placenta is
equivalent to fetal glucose utilization. Plasma insulin concentrations are directly
related to both fetal glucose oxidation and utilization rates (75). In IUGR fetal sheep,
skeletal muscle and liver tissue adjust to promote glucose utilization and production
(101, 170). Increased insulin action, determined by insulin signaling and sensitivity,
has also been indicated in skeletal muscle adaptation to the IUGR environment
(101). In humans, IUGR results in enhanced insulin sensitivity in early postnatal life
with and insulin resistance developing later in life (14, 112, 120). While maintained
or increased glucose utilization and insulin sensitivity helps sustain glucose
metabolism, greater insulin sensitivity may be associated with a decline in b-cell
function due to less demand for insulin in the IUGR fetus
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Oxygen
In pregnancy, fetal development occurs in an already low oxygen
environment compared to ex utero oxygen levels. Oxygen becomes more important
for normal fetal organogenesis and growth during the second and third trimesters.
Inability to maintain normal placental function can have both acute and chronic
implications for the fetus, potentially leading to IUGR, hypoxemia, organ failure,
premature delivery, or perinatal demise.
A common underlying contributor to IUGR is placental hypoxia due to
impaired placental invasion of maternal blood vessels and/or poor placental
vascular development that diminishes the surface area for oxygen diffusion (88). An
adaptation in IUGR pregnancies is the preservation of oxygen and nutrient supply to
the heart and brain. In human studies of hypoxia due to high altitude, both placental
and fetal hypoxia are found to reduce fetal growth (191). The chronically hypoxic,
high-altitude fetus robustly defends its oxygen supply, with similar fetal oxygen
delivery and consumption to lower altitude fetal values, despite reduced maternal
uterine blood flow and fetal blood flow (192). In the high-altitude fetus, plasma
glucose and insulin concentrations were lower, with reduced fetal glucose
consumption. Hypoxemia lowers insulin secretion by increasing norepinephrine
secretion from adrenal chromaffin cells (18, 89, 187, 188). Chronic fetal hypoxemia
also leads to b-cell dysfunction; however, mechanisms are not fully understood. It
was shown in vivo and in vitro that by modulating oxygen concentrations b-cells
differentiated more efficiently from human embryonic stem cells, which implicates
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that by maintaining appropriate oxygen concentrations in β-cell development, more
functional, mature b-cells will be generated (23, 60). These studies implicate that
lack of appropriate fetal oxygenation can result in lower insulin and glucose
concentrations, leading to metabolic adaptations. Intriguingly, oxygen therapy has
been used as a treatment for severe IUGR in humans and improve the IUGR
outcomes if accompanied with other therapies (121). The exact contribution of
oxygen to the regulation of fetal development and growth is difficult to single out,
due to survival and feedback mechanisms.

Glucose
In normal pregnancy, the need for glucose increases over time due to an
increase in fetal insulin production, enhancing glucose utilization in insulinsensitive tissues (skeletal muscle, liver, heart, adipose tissue). However, in the
hypoglycemic-IUGR fetus, insulin production and secretion are attenuated (102). In
normoglycemic fetal sheep, there is little gluconeogenesis; however, in the
hypoglycemic IUGR fetus, skeletal muscle and liver tissue adjust to promote glucose
utilization and production (74, 101, 170). In IUGR fetuses, glucose uptake from the
placenta is reduced 38% while glucose utilization remains unchanged, which
indicates fetal glucose production (76, 101, 171). Insulin sensitivity and the ability
to maintain glucose utilization rate are upregulated, meaning that weight-specific
glucose utilization rate is normal despite low glucose and insulin concentrations
(44, 101). Glucose transporter concentrations remain at normal levels or tend to
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increase in the brain and heart, regardless of low glucose and insulin concentrations
(8, 38, 101). Fetal glucose metabolism, oxidative and non-oxidative, depends on the
additive effects of fetal glucose and insulin concentrations (73). The fetus is able to
adapt metabolically to both acute and chronic fluctuation in glucose availability.
Interestingly, direct fetal glucose infusion has been tested in IUGR fetuses and
shown not to correct decrements in insulin secretion and b-cell mass (157). Because
fetal glucose metabolism relies on both fetal glucose and insulin concentrations, it is
reasonable to deduce that hypoglycemia alone is not the only complication of IUGR
that needs correction.

Catecholamines
Fetal catecholamines play a critical role in both fetal development and
maturation through maintenance of cardiovascular and glucose homeostasis, and in
preparation for fetal-neonatal transition (55, 92, 140). The human fetus is capable of
producing high amounts of catecholamines, particularly in the last two months of
pregnancy (119, 139). Norepinephrine can elicit a physiological response through
G-coupled adrenergic receptors, categorized into two broad families called a and b
with various subtypes, that rely on complex second messenger systems.
Endogenous norepinephrine is non-selective, but has a lower affinity for b2
receptors, meaning when norepinephrine is increased, a-adrenergic and b1adrenergic responses prevail (Table 1.2). The primary fetal catecholamine in sheep
is norepinephrine due to low concentrations of phenylethanolamine-N-
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methyltransferase, the enzyme responsible for converting norepinephrine to
epinephrine. Chronically elevated norepinephrine has been implicated in promotion
of fetal survival through the modulation of glucose availability via increasing fetal
hepatic gluconeogenic capacity, mobilization fatty acids and amino acids, and
suppression insulin secretion.
Normally fetal norepinephrine concentrations are not high enough to
effect glucose metabolism; however, human and sheep IUGR fetuses are hypoxemic,
which stimulates catecholamine release (29, 32, 82, 125, 140, 144, 188). In late
gestation, the inverse relationship between blood oxygen content and plasma
norepinephrine concentrations in IUGR sheep manifests, with a four-fold elevation
in norepinephrine (95, 102, 107). In IUGR human fetuses, plasma catecholamines
increase as much as seven-fold (68, 69, 93, 122, 125).
Chronically elevated norepinephrine promotes asymmetric growth in
IUGR fetuses, and IUGR fetuses without norepinephrine response grow larger and
more symmetrically but still had organ specific effects (39). In IUGR fetal sheep,
slower hindlimb linear growth and skeletal muscle protein synthesis rates match
reduced hindlimb blood flow and oxygen consumption rates. There was also a
negative association between hindlimb weight norepinephrine (158). This indicates
that metabolic adaptations to slow hindlimb growth are likely hormonally-mediated
by mechanisms that include high fetal norepinephrine, as well as low IGF-1 and
insulin. Catecholamine impact on fetal growth has been investigated while
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catecholamine impact on glucose metabolism, which likely affects growth as well, is
inconclusive.
Insulin-responsive fetal tissues adapt to IUGR conditions with mechanisms
that promote increased insulin action, glucose utilization, and glucose production. In
IUGR sheep fetuses, elevated fetal plasma norepinephrine concentrations
chronically suppress b-cells and insulin secretion, via binding and activating a2adrenergic receptors (83, 156). In normally grown sheep fetuses following a 7-day
infusion of norepinephrine, plasma insulin concentrations were chronically
suppressed and a2-adrenergic receptor mRNA expression in islets was lowered.
Once the norepinephrine infusion ceased, norepinephrine-infused fetuses had
enhanced insulin secretion responsiveness to glucose and arginine stimulation
despite higher than normal norepinephrine concentrations (27).
Skeletal muscle is a primary target for nutrient-sparing adaptations due to
the high rates of glucose consumption and metabolic plasticity. Under normal
conditions, insulin regulates muscle metabolism by promoting glucose uptake,
glycogenesis, glucose oxidation, and protein synthesis as well as growth (4, 19-22,
161, 175). As discussed previously, IUGR fetuses have increased insulin sensitivity,
which may contribute to catch-up growth in the IUGR neonate (101, 127, 166). In
IUGR fetuses, there is greater insulin sensitivity under adrenergic stimulation versus
fetuses with an inhibited adrenergic response (107). Therefore, norepinephrine is
postulated to promote insulin sensitivity in IUGR fetuses.
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Animal Models that Demonstrate Metabolic Programming of Disease
While epidemiological studies in humans identify an association between
birth weight and future chronic diseases, well-defined animal models are necessary
to study pathophysiology of development. The use of animals in research is essential
to understanding the mechanisms behind fetal programming of metabolic diseases.
Experimental models of IUGR have generally used either interference with placental
function and uterine blood flow, or limitation of maternal nutrition to restrict fetal
growth. Animal models used to investigate both normal and compromised
pregnancy include non-human primates, rodents, and domestic ruminants.

Non-Human Primate
An obvious advantage for using a non-human primate model is that
genetically, these species are the closest to the human; however, non-human
primate research makes up less than 1% of animal research conducted in the United
States primarily because use is expensive, strictly controlled, and require rigorous
scientific justification (145). Other glaring disadvantages are the ethical
considerations, typical small study numbers, and high rates of fetal loss due to
intolerance of in utero manipulation. The main model for studying fetal growth
restriction in the non-human primate is maternal nutrient restriction (MNR),
resulting in 10-16% fetal growth restriction (34, 96, 123, 189). MNR is produced by
a 70% global ad libitum diet, which is translatable to human food insecurity even in
the developed world.
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MNR baboon fetuses demonstrate programming of metabolism,
neuroendocrine, and cardiovascular function (30, 97, 98, 117). At term, MNR
baboon fetuses have decreased insulin positive area and decreased islet size and
number (45, 96). MNR also increases the gluconeogenic capacity of the fetal liver by
increasing PEPCK, a rate-limiting enzyme for gluconeogenesis, protein expression in
the liver (123). Juvenile MNR offspring have raised fasting plasma glucose and
insulin as well as increased glucose-stimulated insulin secretion, indicating
peripheral insulin resistance (30). These data support developmental programming
of postnatal insulin resistance and compromised b-cell function leading to a prediabetic state prior to puberty.

Rodent
Rodent models have many advantages including being small in size,
relatively inexpensive, having a short gestation, and yielding larger study numbers.
A primary disadvantage faced in mouse and rat models is that young are born
altricial with underdeveloped central nervous, endocrine, and paracrine systems
and also undergo significant organ maturation during the weaning period. The most
evident disadvantage in the use of rodent models is the difference in human-rodent
physiology, even though it is well characterized. One commonly used model for
growth restriction is MNR, resulting in 15-35% growth restriction (17,43, 149, 185).
MNR can be induced by low protein diet (LPD) or global nutrient restriction. Both
methods of MNR show that fetal growth restriction is associated with an early
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postnatal phase of enhanced insulin sensitivity, followed by the consequential
development of insulin resistance and type 2 diabetes, nevertheless LPD is the most
common model of MNR (79, 134-136, 190).
Offspring of LPD dams have proportionally smaller organ systems, including
the liver, pancreas, and skeletal muscle, while the brain remains largely unaffected
(43). LPD offspring have accelerated age-related loss of glucose tolerance and islet
cell insulin depletion becoming glucose intolerant by one year (37, 143, 160). With
the LPD model, decreased islet vascularization, b-cell proliferation, and increased
vulnerability to b-cell apoptosis resulted in reduced islet mass (46, 142, 165).
Postnatally, both males and females have increased insulin sensitivity initially
followed later on by insulin resistance (56, 135, 190). They also have impaired
intracellular signaling pathways involved in glucose uptake in skeletal muscle,
providing further evidence for peripheral insulin resistance (135). On the other
hand, rats subjected to lifelong LPD have enhanced insulin sensitivity; but, when
they are transferred to a high fat diet, the rats developed insulin resistance to a
greater extent than their control high fat diet counterparts (80). These studies
indicate that offspring insulin resistance is consistently programmed by maternal
dietary imbalance, and dysregulation of pancreatic development and function
persist into adulthood.
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Guinea Pig
The guinea pig has some significant advantages such as haemomonochorial
placenta, extensive trophoblast invasion, longer gestation (68 days), and precocial
young making for a more accurate translation to human growth restriction. Guinea
pigs as a model are underutilized primarily due to having variability in pregnancy
rates, small and variable litter size, difficulty in dosing and breeding, and longer
lifespan than other rodents. Moderate MNR produces aberrant placental
development with reduced surface area for nutrient delivery, increased barrier
thickness, and altered tissue vascularization (15, 152). Chronic hypoxia is
implicated as the primary signaling mechanism underlying fetal growth restriction
following moderate MNR (50). Even mild MNR reduces birth weight while moderate
MNR results in asymmetrical fetal growth, with up to a 40% reduction in fetal
weight (49, 87, 91, 152). This model of fetal growth restriction impairs the
accumulation of heart mass during development, predisposing the heart to
excessive hypertrophy and cellular disorganization. Following the transition from
fetal to neonatal life, there is a departure from normal cardiac proliferation,
differentiation, and apoptosis (109). Liver and skeletal muscle are decreased, but
adiposity is increased relative to fetal weight (87, 184). Skeletal muscle growth
defects are due to decreased formation of secondary, but not primary, fibers (184).
Intriguingly, supplementation with protein or carbohydrate to MNR sows prevents
fetal muscle fiber number reduction (47). In utero, MNR fetuses are also
hypoglycemic (49). After birth, low birth weight males are hyperinsulinemic that is
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suggestive of insulin resistance, as well as increased cardiac cholesterol load
indicative of metabolic syndrome (86). Overall, mild to moderate MNR produces
sex-specific reduction in glucose tolerance, intolerance of lipid load, and
hypertension.

Sheep
The pregnant ewe is used extensively to study of placental or fetal physiology
in vivo due to their relatively long gestation period (term 150 days), the similarity in
size and number of offspring, and the ability to place and maintain fetal and
maternal vascular catheters, providing serial sampling from both sides of the
placental barrier in unanaesthetized and unstressed animals (13, 67, 113, 124). The
greatest advantage is the ability to manipulate the fetus in utero without loss of
pregnancy. However, a disadvantage is that sheep and human placentas are
divergent anatomically, yet they still have several parallels in function (9, 66).
Nutrient transport capacity, amino acid transport, the supply and diffusion of
oxygen, and glucose transport and uptake, which impact fetal growth, also have
similar mechanisms between humans and sheep (16, 24, 25, 181, 186). There are
several well-established models of growth restriction that are instrumental to
understanding fetal growth and development.
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Maternal Overnutrition
Although intuitively excess maternal nutrition would not result in IUGR,
over-nourished, singleton-bearing adolescent sheep exhibit reduced placental and
fetal weights at term (176, 177). In this model, maternal maintenance of adolescent
growth takes precedent over the gravid uterus with less placental weight as early as
95 days (178). The reduction in placental weight precedes the slowing of fetal
growth during the final third of gestation (181) As gestation progresses, the fetus
becomes hypoxic and hypoglycemic accompanied by less uterine and umbilical
blood flows as well as less umbilical oxygen and glucose uptake. There is, however,
no difference in the placental transfer capacity of glucose indicating placental
function is not impaired (179, 180). Over-nourishing the pregnant adolescent sheep
generally results in symmetrical not asymmetrical fetal growth restriction. In this
model, fetal growth restriction has been attributed to the small size of the placenta
rather than deficits in placental nutrient uptake, metabolism, or transfer capacity
(179, 180). The fetus is able to maintain weight-specific glucose and oxygen
consumption rates despite hypoglycemia and hypoinsulinemia, indicating increased
insulin sensitivity a compensatory mechanism to preserve normal fetal metabolism
while fetal growth is diminished (180).

Carunclectomy Model of Placental Restriction
An established method of achieving fetal growth restriction is premating
removal of most of the endometrial caruncles from the uterus, which produces fetal

32

IUGR through placental restriction (PR) (3, 154). Under basal conditions, fetal
norepinephrine concentrations are maintained primarily by sympathetic neurons;
but in PR fetuses, norepinephrine concentrations were higher in late gestation
(163). Elevated norepinephrine concentrations play a role in asymmetric growth,
and PR fetuses show brain sparing as well as redistribution of cardiac output (39,
111). Intriguingly, the development of the adrenal glands is accelerated in PR
fetuses (33). PR fetuses are hypoxic and hypoglycemic, which appear to result from
less umbilical oxygen and glucose uptake in conjunction with less uterine and
umbilical blood flow (129, 130, 132). In this model, fetal insulin secretion correlates
with fetal weight, with no evident reductions in b-cell mass (62, 133). Intriguingly,
PR fetuses are able to maintain glucose utilization through endogenous glucose
production and increase insulin sensitivity despite hypoinsulinemia (130, 153). At
birth, PR lamb size is reduced followed by postnatal catch-up growth, which is
partially related to enhanced insulin sensitivity (40, 41, 61). During the first month
of life, PR lambs also have reduced glucose-stimulated insulin secretion. As mature
sheep, PR impairs glucose tolerance and insulin action, which follows a similar
postnatal pattern as humans where insulin sensitivity is enhanced in early
postnatally and insulin resistance develops later (14, 41, 112, 120, 131). Overall,
fetal growth restriction through removal of most of the endometrial caruncles from
the uterus produces long-lasting metabolic adaptations.
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Hyperthermic Model of Placental Insufficiency
The hyperthermic model of placental insufficiency reduces placental and
fetal growth by approximately 50%. During the second trimester of pregnancy,
pregnant ewes are exposed to elevated ambient temperature and humidity (35-40°
C and 35-45%), which increases their core body temperature 0.6-1.0° C (42).
Placental growth and function are stunted and lead to fetal IUGR during the third
trimester when the majority of fetal growth occurs (100, 105, 107, 147, 172). This
ovine model of placental insufficiency-induced IUGR produces similar outcomes as
the human IUGR fetus, such as hypoinsulinemia, hypoglycemia, hypoxemia, and
hypercatecholaminemia (148, 183). These physiological characteristics correspond
to other sheep models of placental restriction, demonstrating placental insufficiency
is responsible for these characteristics and are not due to hyperthermia (26, 154,
183). Because IUGR fetuses are chronically hypoglycemic and hypoxemic, they
demonstrate a metabolic shift that may be explained by adaptations to elevated
catecholamines (norepinephrine and epinephrine) in fetal circulation.
Consequences of chronically high plasma catecholamine concentrations on fetal
growth and islet function have been described in sheep fetuses with IUGR and in
normal fetuses infused with norepinephrine, and likely affect glucose metabolism as
well (27, 28, 39, 106, 107).
This metabolic shift is demonstrated in IUGR fetuses through increased
peripheral insulin sensitivity for glucose utilization, decreased skeletal muscle
accretion rates, and increased hepatic glucose production (95, 102, 103, 158,
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170)(Figure 1.3). In late gestation IUGR fetuses, reduced skeletal muscle accretion
rather than muscle breakdown is responsible for decelerated fetal growth, which is
due to reduced availability of substrates. Insulin and IGF-I are positively correlated
to fetal growth, both of which are lower in IUGR fetuses (158). In spite of catch-up
growth postnatally, reduced lean muscle mass persists, indicating IUGR skeletal
muscle has an impaired ability to hypertrophy (41, 101, 182). In this model, reduced
placental size also reduces placental transfer capacity of glucose (16). Fetal glucose
uptake from the placenta is reduced 38% while glucose utilization remains
unchanged, indicating the induction of fetal glucose production (76, 101, 171). IUGR
fetal sheep have increased insulin sensitivity to promote equivalent rates of glucose
utilization per body mass, partially through the induction of endogenous glucose
production (99, 101). Specifically, higher rates of endogenous glucose production
fulfill deficiencies in umbilical glucose uptake and allow for equivalent glucose
utilization rates to controls even though insulin concentrations are lower. Studies
indicate that insulin-responsive tissues, like liver and skeletal muscle, adapt to IUGR
with mechanisms that promote insulin action, glucose utilization, and glucose
production. Isolating the effects of catecholamines on glucose metabolism and
insulin action can provide insight into IUGR-related fetal adaptations that can
endure and cause lifelong complications.
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Animal Model Conclusions
Disturbances in the maternal ability to provide nutrients and oxygen to the
fetus can lead to IUGR. The most commonly used animal models for studying the
impairment of insulin signaling and secretion are nutritional interventions, such as
caloric or protein restriction, and the induction of placental insufficiency. Through
experimental evidence from animal models of IUGR, it has been shown that adaptive
responses to stressors increase the risk of metabolic complications of insulin action
and glucose utilization (insulin sensitivity) later in life. Understanding and targeting
specific mechanisms is necessary for interventions. In order to develop strategies to
improve IUGR and understand metabolic adaptations, animal models are essential.
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Summary
Fetal development is a sensitive period subject to modification by external
cues that not only influence fetal growth rates but also organ development and
functional maturation. Fetal growth rates are compromised by placental
insufficiency, resulting in fetal hypoglycemia, hypoxemia, and elevated plasma
norepinephrine that become increasingly pronounced throughout the third
trimester. The fetus diverts its nutrients to critical tissues causing adaptations in the
body’s structure, function, and metabolism, which are hypothesized to increase the
risk of metabolic complications in later in life. Catecholamines play a role in the
regulation of blood glucose under normal conditions and stimulate glycogenolysis
and gluconeogenesis under stressful conditions. IUGR fetuses have chronically
elevated norepinephrine concentrations, which can have profound effects on fetal
growth, islet function, and insulin secretion. IUGR fetuses have increased peripheral
insulin sensitivity for glucose utilization, decreased insulin sensitivity for protein
synthesis in muscle, and increased hepatic glucose production. Skeletal muscle
growth and metabolism can be modulated by numerous factors including growth
factors, nutrient availability, and endocrine signals, and is the primary tissue for
whole-body insulin-stimulated glucose uptake and maintains whole-body insulin
sensitivity. Abatement of high catecholamines has also been shown to normalize
insulin sensitivity for glucose in fetal sheep, indicating a role in tissue
responsiveness. Therefore, by isolating the role of catecholamines in insulin action

37

the foundation for translatable interventions in the pathogenesis of IUGR, antenatal
treatment, and future health interests will be established.

38

Figures and Tables

FIGURE 1.1. The relationship between adverse intrauterine exposure and
increased risk of metabolic disease later in life. Poor maternal
nutrition/impaired placental function are the primary causes of intrauterine growth
restriction (IUGR). In order to cope with malnutrition, the fetus adapts through the
programming of glucose-insulin metabolism. In utero this is a survival mechanism;
however, postnatally when the threat of food insecurity is gone, there is an increase
in the risk of developing metabolic disease (insulin resistance, glucose intolerance,
obesity, impaired insulin secretion) later in life.
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FIGURE 1.2. Intrauterine growth restriction and insulin action and secretion
in humans. Fetal growth restriction in utero initially enhances insulin sensitivity in
neonates but reverses later in life to impaired insulin sensitivity. In early postnatal
life, insulin secretion is impaired, and this impairment is exacerbated as time goes
on. Impaired insulin sensitivity and secretion lead to impaired glucose tolerance and
increased insulin resistance in adulthood. Altogether, these contribute to increased
risk of metabolic disease. The effects of IUGR are relative to appropriate-forgestational age individuals represented by the bold, dashed line. The vertical dotted
line indicates birth.
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Plasma norepinephrine
Glucose utilization
Insulin sensitivity
Endogenous glucose
production

Umbilical blood flow
Nutrient flux
Arterial oxygen
Plasma glucose
Plasma insulin
Glucose-stimulated
insulin secretion
Muscle accretion

FIGURE 1.3. Intrauterine growth restriction and the developmental
programming of glucose and insulin metabolism. In the ovine hyperthermic
model of placental insufficiency, the induced-IUGR parallel conditions in human
fetuses with fetal growth restriction. These fetuses have elevated plasma
norepinephrine concentrations as well as increased glucose utilization, insulin
sensitivity, and endogenous glucose production. Also, they have less umbilical blood
flow and nutrient flux, attenuated glucose-stimulated insulin secretion, and less
muscle accretion.
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TABLE 1.1. Human IUGR-compromised fetal characteristics compared to
appropriate-for-gestational age.
Appropriate-forgestational age
3.4

2.7-1.2

Placental weight (g)

650

490

Asymmetric growth

No

Yes

Hypoxemia

No

Yes

Hypoglycemia

No

Yes

Hypoinsulinemia

No

Yes

Hypercatecholaminemia

No

Yes

Birthweight, at term (kg)

IUGR
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Table 1.2. Adrenergic receptors and the target tissues with elicited effects.
Target tissue and effects
Endocrine pancreas
↑glucagon secretion
↓insulin secretion
Skeletal muscle
Release of gluconeogenic
precursors
Adipose tissue
↑lipolysis
Liver
↑gluconeogenesis
↓glycogenesis
↑glycogenolysis

Adrenergic receptor(s)
β, a
a
β
a, β
a, β
a, β
a, β
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CHAPTER 2: CHRONICALLY ELEVATED NOREPINEPHRINE CONCENTRATIONS
LOWER GLUCOSE UPTAKE AND UTILIZATION RATES IN SHEEP FETUSES
Introduction
Sheep fetuses with intrauterine growth restriction (IUGR) due to placental
insufficiency have chronically elevated plasma norepinephrine concentrations,
greater peripheral insulin sensitivity for glucose utilization, slower skeletal muscle
growth, and hepatic glucose production (19, 22, 24, 35, 43). Consequences of
chronically high plasma catecholamine concentrations on fetal growth and islet
function have been described in sheep fetuses with IUGR and in normal fetuses
infused with norepinephrine (5, 6, 7, 26, 27). However, the effect of sustained
adrenergic receptor stimulation has not been elucidated for glucose metabolism but
is likely involved in the redistribution of nutrients that negatively affects fetal
growth.
Acutely, catecholamines have direct and indirect actions that increase plasma
glucose concentrations in adults. Adrenergic receptor stimulation lowers peripheral
glucose clearance and transiently increases hepatic glucose production (4, 36-38).
Indirectly, catecholamines inhibit insulin secretion from pancreatic b-cells (11, 14,
15). Under normal physiological conditions, acute increases in catecholamines are
associated with hepatic glucose release from glycogenolysis and gluconeogenesis,
mobilization of gluconeogenic substrates, and inhibition of glycogenesis (18, 25, 34,
45). b2-adrenergic receptors (ADR-b2) regulate glucose uptake in skeletal muscle,
but the responses ranged from inhibition to stimulation of glucose uptake
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depending on the concentration, agonist used, and duration of adrenergic
stimulation investigated (30, 31, 40).
Although epinephrine is the primary catecholamine secreted from adrenal
chromaffin cells in most adult mammals, norepinephrine is the hormone
predominantly released from the fetal adrenal medulla (42). In hypoxemic sheep
fetuses, plasma norepinephrine concentrations achieve effective concentrations that
produce metabolic effects even though these actions are unaffected by normal
circulating levels (19, 26, 33, 41). Similar to adults, adrenergic stimulation inhibits
insulin secretion in the fetus, which has indirect effects on metabolism and growth
that were mostly restored with insulin replacement (1, 15, 42). Furthermore, during
acute norepinephrine infusions, glucose metabolism was unaltered, but leucine
disposal and protein accretion rates were decreased (29). The prolonged effects of
hypercatecholaminemia on fetal glucose metabolism are unknown.
In this study, we investigate the effects of chronically elevated plasma
norepinephrine on insulin-stimulated glucose metabolism in sheep fetuses without
other IUGR-related deficiencies. We hypothesize that sustained elevation of plasma
norepinephrine concentrations for 5 days in near-term fetal sheep will lower
glucose uptake rates and promote endogenous glucose production. We show that
sustained adrenergic stimulation, independent of insulin, lowers glucose uptake into
fetal tissues without compromising glucose oxidation or activating endogenous
production.
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Materials and Methods
Ethical Approval
Fourteen Columbia-Rambouillet crossbred ewes (62±3 kg) pregnant with singleton
fetuses were purchased from the University of Arizona Sheep Unit and transferred
into the Agricultural Research Center at 115±3 days of gestation. Pregnant ewes
were managed in compliance with approved protocols from the Institutional Animal
Care and Use Committee at the University of Arizona. The University of Arizona is
accredited by the American Association for Accreditation of Laboratory Animal Care
International. Ewes were fed Standard- Bread Alfalfa Pellets (Sacate Pellet Mills)
and provided water and salt ad libitum.
Animal Preparations
At 124±1 days of gestation, indwelling polyvinyl catheters were surgically placed in
the fetus and ewe, as described previously (6). Fetal catheters for blood sampling
were placed in the abdominal aorta via hindlimb pedal arteries and the umbilical
vein. Infusion catheters were placed in the femoral veins via the saphenous veins.
Maternal catheters were placed in the femoral artery and vein for arterial sampling
and venous infusions. All catheters were tunneled subcutaneously to the ewe’s
flank, exteriorized through a skin incision, and kept in a plastic mesh pouch sutured
to the ewe’s skin. Phenylbutazone analgesic (8-10 mg/kg/day, intravenous) was
administered for 72 hours postoperatively to the ewe. The vascular catheters were
flushed daily with heparinized saline solution (100 U/mL heparin in 0.9% NaCl
solution, Vedco, Inc, St. Joseph, MO). At 129±1 days of gestation, ewes were
randomly assigned to one of two experimental groups that received continuous fetal
intravenous infusion of saline (control; n=6) or norepinephrine (NE-E; n=6) into the
fetus. Catheter patency in the umbilical vein was lost in two fetuses excluding them
from the in vivo, but these animals were maintained as controls.
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Experimental Design
In the NE-E fetuses, norepinephrine bitartrate (Claris Lifesciences Inc., North
Brunswick, NJ) diluted with 0.9% saline was infused intravenously. Chronic
intravenous infusion of norepinephrine and 0.9% saline were initiated on day 0.
During the chronic infusion period, the rate of norepinephrine was 1 μg/min for the
first 24 h then was increased to 2 μg/min until animals were euthanized.
Throughout the norepinephrine infusion, fetal euglycemia was maintained with a
maternal insulin infusion (HumulinR; Lilly USA, LLC, Indianapolis, IN, diluted in
saline with 0.5% bovine serum albumin; BSA) that was adjusted with routine
monitoring of fetal plasma glucose concentrations as previously described (6).
Control fetuses received vehicle infusion of saline, while the ewes received vehicle
infusion of 0.5% BSA saline. On day 4 of chronic infusions (134±1 days of gestation),
fetuses underwent an intravenous glucose tolerance test. On day 5 of chronic
infusions (135±1 days of gestation), weight-specific fluxes for glucose and radiolabel
glucose were determined at two steady-state periods: a euinsulinemic-euglycemic
clamp (EEC) and hyperinsulinemic-euglycemic clamp (HEC) with a pancreatic
clamp. After this study, both ewe and fetus were euthanized with an overdose of
pentobarbital sodium (86 mg/kg, Euthasol; Virbac Animal Health, Fort Worth, TX)
on 137±1 days of gestation. Fetus as well as fetal organs (brain, heart, kidneys, liver,
lungs, adrenals) and tissues (perirenal adipose, semitendinosus muscle, biceps
femoris muscle) were dissected and weighed.
Blood Collection and Analysis
Fetal blood was collected in syringes lined with EDTA (Sigma-Aldrich, St. Louis, MO)
and centrifuged (16,000 g) for 2 min at 4°C to separate plasma. Plasma glucose and
lactate concentrations were measured immediately with an YSI model 2700 SELECT
Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma
insulin, cortisol, and norepinephrine concentrations were measured with an ovine
insulin ELISA (Alpco Diagnostics, Windham, NH), cortisol ELISA (Oxford Biomedical
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Research, Rochester Hills, MI) and noradrenaline ELISA (Rocky Mountain
Diagnostics, Colorado Springs, CO), respectively. Additional fetal blood samples
were collected in heparin-lined syringes (Elkins-Sinn, Cherry Hill, NJ) for blood gas
and oxygen saturation measurements with an ABL 725 (Radiometer, Copenhagen,
Denmark).
Intravenous Glucose Tolerance Test
Fetal weight was estimated with normal growth curves (2). Over the course of 1
minute, 3.2 mmol/kg of dextrose (33% wt/vol; Vet One, Boise, ID) diluted in 0.9%
saline (Vet One) was infused into the fetal vein. Arterial fetal blood samples were
taken at 10 and 2 minutes prior to bolus and at 2, 5, 15, 30, 60, and 120 minutes
post-bolus.
Fetal Metabolic Study
Rates of net umbilical (fetal) glucose uptake were calculated using the Fick principle
and performed in conjunction with D-[14C(U)] glucose (New England Nucleotides;
PerkinElmer Life Sciences, Boston, MA) as a glucose tracer to determine rates of
glucose utilization and oxidation, as previously reported (10, 12, 13). Briefly, 1 h
prior to the EEC blood sampling, a bolus of 26.6 μCi 3H2O and 70.6 μCi D-[14C(U)]
glucose in saline was administered, followed by a constant infusion of 0.49 μCi/min
3H O
2

and 1.31 μCi/min D-[14C(U)] glucose. Pancreatic hormones were clamped with

somatostatin (1.5 µg/min/kg estimated fetal weight), and glucagon (10 ng/min/kg
estimated fetal weight) was administered as describe previously (29). A continuous
transfusion of maternal blood into the fetus (10 ml/h) was initiated 60 minutes
prior to EEC sample collection to stabilize fetal hematocrit and compensate for
repeated blood sampling throughout the study. For the EEC insulin (HumulinR) was
infused at 0.5 mU/min/kg estimated fetal weight from the onset of the study. For
the HEC, the insulin infusion rate was increased to 1.5 mU/min/kg estimated fetal
weight for an additional hour. Euglycemia was achieved by varying the dextrose
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(33% wt/vol in water) infusion rate to obtain a fetal arterial plasma glucose
concentration of 1.1 mmol/l, which was determined by repeat sampling between 5
and 60 min prior to EEC and HEC periods. Steady-state was established by 2
consecutive samples with less than a 4% variation 10 minutes apart. Four arterial
and umbilical vein blood samples were collected simultaneously during each of
steady state condition at 10-minute intervals.
Fetal concentrations of plasma 3H2O, plasma glucose, plasma lactate, whole blood
radiolabeled glucose, whole blood 14CO2, and whole blood oxygen were measured.
All calculations were done during EEC and HEC periods. Umbilical blood flow rate
was calculated by the steady-state diffusion technique (10, 12, 28). Umbilical (net
fetal) uptake rates of glucose, oxygen, and lactate from the uteroplacenta were
calculated using the Fick principle [umbilical blood flow (mL/min) times the
umbilical venous-arterial substrate concentration difference (mmol/mL)]. Total
fetal glucose entry rate was calculated as the sum of net umbilical (fetal) glucose
uptake rate from the uteroplacenta plus the rate of intravenous dextrose infusion
into the fetus. The glucose utilization rate (mmol/min) was calculated by dividing
the net fetal D-[14C(U)] glucose tracer uptake rate (dpm/min) by the fetal arterialspecific activity (dpm/mmol). The net fetal D-[14C(U)] glucose uptake rate was
calculated as the rate of D-[14C(U)] glucose intravenous infusion into the fetus
(dpm/min) minus the net rate of diffusion of the tracer into the uteroplacenta,
calculated as the umbilical blood flow (mL/min) times the umbilical D-[14C(U)]
glucose arteriovenous concentration difference (dpm/mL). Fetal glucose production
rate was calculated as the difference between fetal glucose utilization rate and
glucose entry rate. Fetal glucose oxidation rate (mmol/min) was calculated by
multiplying the fetal glucose oxidation fraction by the glucose utilization rate. The
fetal glucose oxidation fraction was calculated as the net rate of fetal 14CO2 excretion
to the uteroplacenta divided by the net fetal uptake rate of D-[14C(U)] glucose. The
net rate of 14CO2 flux to the uteroplacenta from the fetus was calculated by
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multiplying the fetal 14CO2 arteriovenous concentration difference (dpm/mL) by the
umbilical blood flow rate (mL/min). All results were normalized to fetal weight (kg)
determined at necropsy.
Western Immunoblot Analysis
Plasma membrane fractions were enriched from skeletal muscle of control and NE-E
fetuses as describe previously (21). Briefly, pulverized skeletal muscle was
homogenized in 0.25 mol/L sucrose, 50 mmol/L Hepes (pH 7.7), 0.5 mmol/L EDTA,
2 μg/mL aprotinin, 5 μg/mL leupeptin, 0.2 mmol/L pheylmethylsulfonyl fluoride
(PMSF), and 3 mmol/L dithiothreitol (DTT). Three successive centrifugations at
1200 g (10 min), 9000 g (15 min), and 25,000 g (20 min) were performed on the
supernatant before the plasma membranes were pelleted with a 90 min
centrifugation at 100,000 g. Plasma membrane pellets were washed once and
resuspended in 0.25 mol/L sucrose, 50 mmol/L Hepes (pH 7.7), 100 mmol/L KCl, 5
mmol/L MgCl2, 2 μg/mL aprotinin, 5 μg/mL leupeptin, 0.2 mmol/L PMSF, and 3
mmol/L DTT. Protein concentrations were determined with the bicinchoninic acid
reducing agent compatible protein assay (Thermo Fisher Scientific Inc., Rockford,
IL).
Equal amounts of plasma membrane enriched skeletal protein (45 μg) were
separated by polyacrylamide gel electrophoresis under reduced conditions (5% βmercaptoethanol). The electrophoresed proteins were transferred to polyvinylidene
fluoride membrane (Bio-Rad Laboratories) and blocked in 5% non-fat dry milk with
Tris-buffered saline (10 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 8) with 0.05%
Tween 20 (TBST) at room temperature for 1 hour. Immunoblot detection of glucose
transporters GLUT1 and GLUT 4, and ADR-β2 were accomplished, respectively, with
a rabbit anti-GLUT1 (RRID:AB_1587074, Millipore-Sigma Darmstadt, Germany;
1:500), a rabbit anti-GLUT4 (RRID: AB_1840900, Millipore-Sigma Darmstadt,
Germany; 1 μg/mL), and a rabbit anti-ADR-β2 (RRID:AB_630926, Santa Cruz
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Biotechnology, Inc., Santa Cruz, CA; 1:250) antibody in TBST containing 5% non-fat
dry milk at 4°C for 16 hours. The membrane was then washed 3 times for 10 min in
TBST buffer. Binding of the rabbit antiserum was detected with anti-rabbit
immunoglobulin G horseradish peroxidase conjugated secondary antibody
(1:15,000; Bio-Rad Laboratories) in TBST for 1 hour at room temperature and
detected using SuperSignal West Pico (Thermo Fisher Scientific) exposed to Kodak
x-ray film. Densitometry analysis was completed with ImageJ software v. 1.47
(National Institutes of Health, USA), and data are presented as the mean ± SEM.
Purity and enrichment of plasma membrane proteins from skeletal muscle were
confirmed by evaluating Na+/K+ ATPase (anti-Na+/K+ ATPase α-1 clone C464.6,
RRID:AB_309699, Millipore-Sigma Darmstadt, Germany; 0.1μg/mL). Plasma
membrane fractions were enriched 83±6%. Multiple exposure times were analyzed
to confirm that films were not saturated.
Glycogen Content
Glycogen content in liver and skeletal muscle was determined as previously
described (Chan et al., 1975). Briefly, 100 mg of hepatic or muscle tissue was
pulverized and digested in 2 mL of 30% KOH at 95°C for 30 min. The homogenate
(150 μl) was placed on No. 1 Whatman filter paper and washed in 66% ethanol with
constant stirring for 30 min. The filter paper was removed, dried, and cut into small
pieces. Glycogen was converted to glucose with 31.1 U amyloglucosidase (Sigma
Chemical) in 0.2 M acetate buffer (pH 4.8, 0.5% glacial acetic acid, 0.12 M sodium
acetate) at 37°C for 60 min. Glucose concentration of this solution was determined
in triplicate on a YSI model 2700 SELECT Biochemistry Analyzer (Yellow Springs
Instruments, Yellow Springs, OH). Results are expressed as milligrams of glucose
per gram of tissue (wet weight).
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Statistical Analysis
The statistical analysis was performed on NE-E (n = 6; 5 males and 1 females) and
control (n = 6; 4 males and 2 females) fetuses unless otherwise noted. Sex was not
included in the statistical models. Differences between experimental groups (control
and NE-E) during the chronic infusions were analyzed by ANOVA using MIXED
procedures (SAS v. 9.4, SAS Institute Inc., Cary, NC), and differences were
determined with a post hoc least significant difference test. The model included
experimental groups (control and IUGR), day, and their interaction. Repeated
measurement for biochemical, hematological, and hormonal values from the
intravenous glucose tolerance test and EEC-HEC study periods were analyzed by
ANOVA using the MIXED procedure with fetus as the random effect. The model
included experimental groups, draw time, and their interaction. When the ANOVA
effects were significant (α = 0.05), individual means were separated with a least
significant difference test. Fetal weights, tissue glycogen content, and immunoblots
were analyzed by one-way ANOVA using general linear means procedure of SAS
software, and differences were determined with a post hoc least significant
difference test. All data are expressed as means ± standard error mean.
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Results
Norepinephrine Infusions Chronically Increased Norepinephrine Concentrations
Prior to chronic infusions, control and NE-E fetal oximetry, glucose, and
norepinephrine concentrations were not different. During the chronic infusions,
average plasma norepinephrine concentrations were elevated (P<0.001) in NE-E
fetuses (6100±360 pg/mL) compared to controls (1100±330 pg/mL) (Figure 2.1).
Plasma glucose concentrations in NE-E fetuses were clamped via intravenous
maternal insulin infusion at 1.2±0.06 mmol/L, which was not different than the
predetermined normal target of 1.2 mmol/L (20). Control fetuses had lower
(P<0.05) plasma glucose concentrations (0.87±0.05 mmol/L) compared to the NE-E
fetuses. Arterial blood oxygen contents were greater in NE-E fetuses (4.7±0.3
mmol/L) compared to control (3.3±0.2 mmol/L) fetuses. Plasma lactate
concentrations were not different between NE-E (2.1±0.2 mmol/L) and control
(2.0±0.2 mmol/L) fetuses. Plasma cortisol concentrations were not different
between control (14±3 ng/mL) and NE-E (17±5 ng/mL) fetuses. The chronic
infusions were continued until necropsy, and NE-E fetal oximetry, glucose, and
norepinephrine concentrations were maintained.
Chronic Norepinephrine Blunted Insulin Secretion Responsiveness
Throughout the intravenous glucose tolerance test, there were no differences in
plasma glucose concentrations between control and NE-E fetuses (Figure 2.2). Prior
to the glucose bolus, plasma insulin concentrations were not different between
control and NE-E fetuses. Insulin secretion during the intravenous glucose tolerance
test was blunted (P<0.001) in NE-E fetuses. Post-bolus insulin concentrations at 15and 30-minutes were lower in NE-E fetuses but at 60- and 120-minutes post-bolus
insulin concentrations were not different from controls.
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Chronic Norepinephrine Lowered Rates of Glucose Uptake During the EEC
Plasma glucose and insulin concentrations were not different between groups
during the EEC (Table 2.1). Umbilical blood flows and umbilical plasma flows were
not different between groups. Rates of umbilical glucose uptake were not different
between groups (control, 18±3 µmol/min/kg; NE-E, 15±2 µmol/min/kg). Total
glucose uptake rates (umbilical + exogenous) were 47% lower in NE-E (17±3
μmol/min/kg) compared to control (32±3 μmol/min/kg) fetuses (Figure 2.3).
Glucose utilization rates were 37% lower (P<0.05) in NE-E fetuses compared to
control fetuses. Glucose oxidative fraction was not different in NE-E fetuses
compared to controls. No differences were found in rates of glucose oxidation or
endogenous glucose production (control, -0.2±3 µmol/min/kg; NE-E, 4.7±3
µmol/min/kg). Blood oxygen content was elevated (P<0.01) in NE-E fetuses
compared to control fetuses, but the rate of umbilical oxygen uptake was not
different between groups (Table 2.1). Plasma lactate concentrations and rate of
umbilical lactate uptake were not different between groups. Plasma norepinephrine
concentrations were higher (P<0.001) in NE-E than controls. For NE-E versus
control fetuses there were no differences in pH (7.4±0.02 vs. 7.3±0.02), partial
pressure of carbon dioxide (47±2.6 mmHg vs. 55±2.4 mmHg), partial pressure of
oxygen (29±2.8 mmHg vs. 22±2.6 mmHG), bicarbonate (24±0.80 mmol/l vs.
24±0.73 mmol/l), or hematocrit (39±1.5% vs. 35±2.3%).
Chronic Norepinephrine Lowered Rates of Insulin-Stimulated Glucose Uptake
Plasma insulin concentrations increased 10-fold in both experimental groups during
the HEC, but plasma insulin and glucose concentrations were not different between
groups (Table 2.2). Umbilical blood flows and umbilical plasma flows were not
different between groups. Rates of umbilical glucose uptake rates were not different
between groups (control, 17±3 µmol/min/kg; NE-E, 123±3 µmol/min/kg). Total
glucose uptake rates were 28% lower (P<0.05) in NE-E fetuses (33±3 μmol/min/kg)
compared to control fetuses (46±3 μmol/min/kg) (Figure 2.4). Rates of glucose
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utilization and glucose oxidation as well as fractional glucose oxidation were not
different between groups. There were no differences in rates of endogenous glucose
production (control, 3±5 µmol/min/kg; NE-E, 5±3 µmol/min/kg). Blood oxygen
content and rates of umbilical oxygen uptake were not different between groups.
Plasma lactate concentrations and rates of umbilical lactate uptake were not
different between groups. Plasma norepinephrine concentrations were higher
(P<0.001) in NE-E fetuses than controls. There were no differences in pH (7.3±0.05
vs. 7.3±0.02), partial pressure of carbon dioxide (57±4.7 mmHg vs. 50±2.1 mmHg),
partial pressure of oxygen (20±1.6 mmHg vs. 26±2.3 mmHg), bicarbonate (23±1.8
mmol/l vs. 24±0.93 mmol/l), or hematocrit (34±2.1% vs. 38±1.6%).
Fetal Weight, Glycogen Content and Skeletal Muscle Glucose Transporter and
ADR-β2 Density were Unaffected by Norepinephrine Infusion
Fetal weights were not different between control (3.1±0.1 kg) and NE-E (2.9±0.2 kg)
fetuses at necropsy. Similarly, no differences were found in fetal tissue weights.
Liver glycogen content was not different between control (61±10 mg/g) and NE-E
(70±13 mg/g) fetuses. Skeletal muscle glycogen content was not different between
control (n=5; 21±3 mg/g) and NE-E (n=4; 24±3 mg/g) fetuses. Plasma membrane
GLUT1 (control, 1.4±0.52; NE-E, 0.85±0.13 GLUT1 density/Na+,K+-ATPase density),
GLUT4 (control, 2.3±0.69; NE-E, 1.5±0.26 GLUT4 density/Na+,K+-ATPase density),
and ADR-β2 (control, 1.40±0.53; NE-E, 1.0±0.14 ADR-β2 density/Na+,K+-ATPase
density) concentrations were not different in the fetal skeletal muscle.
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Discussion
The current findings indicate that chronic adrenergic receptor stimulation
lowers rates of fetal glucose uptake without activating endogenous glucose
production. These results are in contrast to acute fetal adrenergic stimulation, which
showed no effect on glucose metabolism but inhibited aspects of protein
metabolism and accretion (29). Prior studies with exogenously infused
catecholamines have demonstrated that sheep fetuses become hyperglycemic, but
higher glucose concentrations were suppressed with insulin implicating
catecholamine control on glucose uptake is secondary to or acts through insulin
receptors (1, 5). The present study does not reflect peripheral glucose metabolism
in sheep fetuses with placental insufficiency-induced IUGR, where insulin sensitivity
for glucose utilization is greater and there is significant endogenous glucose
production to sustain glucose utilization (3, 23, 43). However, this study
demonstrates that prolonged infusion of norepinephrine lowers insulin sensitivity
independent of insulin concentrations, as evidenced by lower rates of glucose
uptake in NE-E fetuses. This implicates norepinephrine as a mechanism to promote
glucose-sparing in skeletal muscle even when glucose is available to the fetus,
representing maladaptive programming.
Studies in adult humans have shown acute infusion of epinephrine induces
hyperglycemia, partially from stimulation of hepatic glucose production, and
inhibits peripheral glucose utilization (8, 17, 36, 38). Therefore, we hypothesized
that sustained high norepinephrine concentrations would lower fetal glucose
uptake and promote endogenous glucose production. Our rationale for the acute
versus chronic differences was that the chronic adrenergic stimulation may be
required to upregulate pathways for gluconeogenesis and glycogenolysis as shown
previously with glucagon (9, 42). Under both normal and high insulin
concentrations, rates of glucose uptake were lower in NE-E fetuses, indicating
decreased glucose uptake by insulin-sensitive tissues. Skeletal muscle is the primary
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tissue for whole-body insulin-stimulated glucose uptake. However, defects in
skeletal muscle glucose uptake were not explained by reductions in facilitated
glucose transporters, GLUT1 and GLUT4. Alternatively, lower glucose uptake could
be explained by ADR-β2 desensitization because previous studies have shown ADRβ2 activation increased skeletal muscle glucose uptake via stimulation of adenylyl
cyclase, independent of insulin or activation of protein kinase B (32, 39). In this
study, there were no differences in ADR-β2 concentrations in skeletal muscle.
Potential downstream mechanisms of adrenergic receptor desensitization were not
evaluated, but there were no differences in skeletal muscle glycogen content, which
indicates chronic adrenergic receptor stimulation does not activate glycogenolysis
to a greater extent than control fetuses. In contrast to our expectations, NE-E fetuses
did not exhibit hepatic glucose production and liver glycogen content was similar to
controls. These data indicate that one of the major actions of chronic adrenergic
receptor stimulation was to lower peripheral glucose uptake in the fetus, which was
independent of plasma glucose and insulin concentrations.
In normal pregnancy, fetal hepatic glucose production is undetectable, which
is advantageous for maintenance of the maternal-fetal glucose concentration
gradient (44). In IUGR fetal sheep with placental insufficiency, hepatic glucose
production is present, and not suppressed by insulin, which would be beneficial
under hypoglycemic conditions to maintain glucose availability for neurological
tissues (3, 23, 43). In this study, we utilized the acute pancreatic clamp in NE-E
fetuses through administration of glucagon and somatostatin as well as maintaining
chronic fetal euglycemia. Neither control nor NE-E fetuses had detectable hepatic
glucose production during euinsulinemic or hyperinsulinemic clamps, indicating
that endogenous glucose production could be inhibited with normal insulin and
glucose concentrations during the clamp. In another model, hepatic glucose
production was undetectable even in the presence of chronic hypoxemia and
hypercatecholaminemia indicating that hypoglycemia may play a role in the
induction of fetal glucose production (16).
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Aside from increased hepatic glucose production, IUGR fetuses also have
lower fractional glucose oxidation rates even though glucose utilization rates are
maintained. Despite lower rates of glucose uptake, NE-E fetuses oxidized an
equivalent fraction of the glucose utilized compared to control fetuses during the
EEC and HEC. Again, normal glucose oxidation rates over both periods indicate that
elevated catecholamines are not solely responsible for sparing glucose in IUGR
fetuses, rather other complications of IUGR are responsible for lowering fractional
glucose oxidation rates.
The findings in this study indicate that prolonged exposure to high plasma
norepinephrine concentrations lower fetal glucose uptake and utilization rates
during euglycemia and euinsulinemia. Fetal glucose uptake remained lower during
hyperinsulinemia, but rates of glucose utilization were not different from control
values. Less fetal glucose uptake was independent of glucose oxidation and
production, which indicates insulin resistance as a consequence of chronic exposure
to high norepinephrine. This study provides evidence for a catecholamine-induced
glucose sparing phenotype under chronic stimulation. Furthermore, improved
understanding of mechanisms that modulate fetal metabolism can potentially lead
to translatable interventions in the pathogenesis of IUGR, antenatal treatment, and
future health interests.
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Summary
Fetal conditions associated with placental insufficiency chronically elevate plasma
norepinephrine concentrations. Our objective was to evaluate glucose metabolism
in near-term fetal sheep with chronically high norepinephrine concentrations,
independent of other placental-related insufficiencies. Following surgical placement
of catheters, normally-grown fetuses were randomly assigned to receive either
saline (control, n=6) or norepinephrine intravenous infusion with controlled fetal
euglycemia (NE-E, n=6). In NE-E fetuses, plasma norepinephrine concentrations
were increased, and fetal euglycemia was maintained with a maternal insulin
infusion. Insulin secretion was blunted in NE-E fetuses during an intravenous
glucose tolerance test. Weight-specific fluxes for glucose were measured at two
steady-state periods during a euinsulinemic-euglycemic clamp (EEC) and
hyperinsulinemic-euglycemic clamp (HEC). Plasma glucose and insulin
concentrations were not different between groups within a clamp, but insulin
concentrations increased 10-fold in the HEC. During the EEC, glucose uptake rates
(umbilical uptake + exogenous infusion) were 47% lower (P<0.01) in NE-E than
control fetuses. Glucose utilization rates were 35% lower (P<0.05) in NE-E than
control fetuses. During the HEC, glucose uptake rates were 28% lower (P<0.05) in
NE-E compared to controls. Glucose oxidation rates increased between clamps but
were not different between groups. Hepatic glucose production was undistinguished
in either group. These findings indicate that chronic exposure to high plasma
norepinephrine concentrations lowers glucose uptake rates in fetal tissues without
affecting rates of glucose oxidation and production. Lower fetal glucose uptake was
independent of insulin, which indicates insulin resistance as a consequence of
chronically elevated norepinephrine.
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Figures and Tables
Figure 2.1. Sustained elevation of norepinephrine in NE-E fetuses. Daily plasma
norepinephrine concentrations are presented for control and NE-E fetuses
(n=6/group) prior to and during the chronic infusion. During the infusion,
norepinephrine concentrations increased from basal and are greater in NE-E fetuses
compared to controls. The y axis displays the norepinephrine concentrations in
pg/mL, and the x axis corresponds to the day of chronic infusion beginning after
sampling on day 0. Values are expressed as means±SEM and the asterisk identifies
differences (P<0.05) during the infusion period.
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Figure 2.2. Blunted insulin secretion in NE-E fetuses. Plasma glucose and insulin
concentrations during the intravenous glucose tolerance test are presented for
control and NE-E fetuses (n=6/group). For the top graph, the y axis indicates plasma
glucose concentrations (mmol/L), and the x axis corresponds to the time relative to
the start of the glucose bolus. For the bottom graph, the y axis indicated plasma
insulin concentrations ( g/L), and the x axis corresponds to the time relative to the
glucose bolus. Values are expressed as means±SEM, and the asterisks identify
differences (P<0.05) between groups at the sample point.
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Figure 2.3. Lower glucose uptake and utilization rates in NE-E fetuses during
the EEC. Average rates of glucose uptake, utilization, oxidation and factional
oxidation during the EEC are presented for control and NE-E fetuses (n=6/group).
Rates (μmol/min/kg) of glucose uptake, utilization, and oxidation are indicated on
the y axis for each experimental group on the x axis. The fractional oxidation is
presented for each experimental group on the x axis. Values are expressed as
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Figure 2.4. Lower rates of glucose uptake rates in NE-E fetuses during the HEC.
Average rates of glucose uptake, utilization, oxidation and factional oxidation during
the HEC are presented for control and NE-E fetuses (n=6/group). Rates
(μmol/min/kg) of glucose uptake, utilization, and oxidation are indicated on the y
axis for each experimental group on the x axis. The fractional oxidation is presented
for each experimental group on the x axis. Values are expressed as means±SEM (bar
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Table 2.1. Fetal measurements during the EEC. *P<0.05.
Control

NE-E

Glucose (mmol/L)

1.09±0.08

1.14±0.06

Insulin (ng/mL)

0.63±0.09

0.58±0.15

Umbilical blood

160±14

255±44

107±11

155±27

2.8±0.3

4.1±0.2*

310±17

346±33

Lactate (mmol/L)

2.2±0.4

2.2±0.3

Umbilical lactate

14±2

10±2

360±94

5731±794*

flow (ml/min/kg)
Umbilical plasma
flow (ml/min/kg)
Blood oxygen
content (mmol/L)
Umbilical oxygen
uptake
(μmol/min/kg)

uptake
(μmol/min/kg)
Norepinephrine
(pg/mL)†
*P<0.05; † Log10 transformed for analysis
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Table 2.2. Fetal measurements during the HEC. *P<0.05.
Control

NE-E

Glucose (mmol/L)

1.12±0.03

1.17±0.05

Insulin (ng/mL)

5.8±1.1

7.1±0.7

Umbilical blood flow (ml/min/kg)

182±23

245±53

Umbilical plasma flow (ml/min/kg)

122±16

153±33

Blood oxygen content (mmol/L)

2.4±0.3

3.3±0.3

Umbilical oxygen uptake

381±33

370±48

Lactate (mmol/L)

2.2±0.3

2.3±0.4

Umbilical lactate uptake

14±3

10±5

488±134

5615±537*

(μmol/min/kg)

(μmol/min/kg)
Norepinephrine (pg/mL) †
*P<0.05; † Log10 transformed for analysis
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CHAPTER 3: LOSS OF NORMAL ADRENAL FUNCTION PRODUCES PLACENTAL
INSUFFICIENCY AND PROMOTES GLUCOSE UTILIZATION AND ENDOGENOUS
GLUCOSE PRODUCTION RATES IN LATE-TERM OVINE FETUSES
Introduction
Fetal hypoxemia elevates plasma catecholamines, which may act additively
to suppress insulin secretion and to conserve glucose and oxygen for essential
functions. Chromaffin cells in the fetal adrenal medulla are sensitive to decreasing
blood oxygen concentrations and secrete norepinephrine during hypoxemia to
regulate several physiological systems including those involved in glucose
homeostasis. Consequences of chronically high plasma norepinephrine
concentrations on fetal growth, islet function, and glucose metabolism have been
described in normal sheep fetuses with chronic norepinephrine-infusion (6,7,11).
Specifically, in normoxic fetuses sustained high norepinephrine lowers glucose
uptake rates in fetal tissues without affecting rates of glucose oxidation and
production. Lower fetal glucose uptake was independent of insulin, which indicates
insulin resistance as a consequence of chronically elevated norepinephrine (11).
Fetuses challenged with acute hypoxemia have increased norepinephrine and
quicker accumulation of plasma lactate than fetuses with low norepinephrine due to
surgical ablation of the adrenal medulla (5,37). These studies infer that fetal
catecholamines, together with hypoxemia and low insulin concentrations, suppress
glucose oxidative metabolism. However, the independent action of hypoxemia or
hypercatecholaminemia on insulin-stimulated glucose metabolism is unknown.
Therefore, we investigated the effects of elevated catecholamines on insulinstimulated glucose metabolism during acute hypoxia in fetal sheep. We postulate
that ablation of hypoxemia-stimulated catecholamine secretion will decrease fetal
glucose oxidation rates in intact, control fetuses. To test this hypothesis, sheep
fetuses were studied near-term after either a bilateral adrenal demedullation (AD)
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to eliminate the hypoxia-induced release of adrenal catecholamines or sham (intact)
procedure. Adrenal demedullation lowered umbilical blood flow and caused
placental insufficiency because net umbilical (fetal) uptake for oxygen and glucose
were less in AD fetuses. Lower uptakes reduced arterial oxygen and glucose
concentrations, which promoted glucose utilization and production rates in AD
fetuses, independent of norepinephrine. Although hyperinsulemia normally
suppresses gluconeogenesis, the higher glucose production in AD fetuses indicates
lower hepatic insulin resistance.
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Materials and Methods
Ethical Approval
Thirteen Columbia-Rambouillet crossbred ewes carrying singleton fetuses were
purchased from the University of Arizona Sheep Unit and transferred to the
Agricultural Research Center at 35±3 days of gestation (dGA). Pregnant ewes were
managed in compliance with approved protocols from the Institutional Animal Care
and Use Committee at the University of Arizona. The University of Arizona is
accredited by the American Association for Accreditation of Laboratory Animal Care
International. Ewes were fed Standard- Bread Alfalfa Pellets (Sacate Pellet Mills)
and provided water and salt ad libitum.
Animal Preparations
At 96±1 dGA, control fetuses were randomly assigned to undergo either a bilateral
adrenal demedullation (AD; n=8) or sham (intact; n=7) surgical procedure. Briefly,
the fetal adrenal glands were isolated via retroperitoneal incisions and skewered
axially with an electrocautery needle as previously described (37). The current
applied was sufficient to destroy the medulla, but portions of the adrenal cortex
remained. At 122±1 dGA, indwelling polyvinyl catheters were surgically placed in
the fetus and ewe, as described previously (21). Fetal catheters for blood sampling
were placed in the abdominal aorta via hindlimb pedal arteries, and infusion
catheters were placed in the femoral veins via the saphenous veins. Maternal
catheters were placed in the trachea, femoral artery and vein for arterial sampling
and venous infusions (27). All catheters were tunneled subcutaneously to the ewe’s
flank, exteriorized through a skin incision, and kept in a plastic mesh pouch sutured
to the ewe’s skin. Phenylbutazone analgesic (8-10 mg/kg/day, intravenous) was
administered for 72 hours postoperatively to the ewe. The vascular catheters were
flushed daily with heparinized saline solution (100 U/mL heparin in 0.9% NaCl
solution, Vedco, Inc, St. Joseph, MO). Two fetuses in the AD group were excluded
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from the analysis due to failure of catheter patency or incomplete bilateral adrenal
demedullation.
Experimental Design
In vivo studies were performed on all fetuses to measure glucose-stimulated insulin
secretion as well as insulin-stimulated glucose metabolism. Glucose-stimulated
insulin secretion study was performed at 127±3 dGA, prior to the glucose
metabolism study. At 130±2 dGA, weight-specific fluxes for oxygen, glucose and
radiolabeled glucose were determined at three periods: baseline, hyperinsulinemiceuglycemic clamp (HEC) and hypoxemic-HEC (H-HEC). Fetuses were made
hypoxemic by infusing 100% nitrogen gas into the maternal trachea catheter (~3-8
L/min). The target steady-state oxygen content and plasma glucose concentrations
were maintained for at least 45 minutes prior to H-HEC. After this study, both ewe
and fetus were euthanized with an overdose of pentobarbital sodium (86 mg/kg,
Euthasol; Virbac Animal Health, Fort Worth, TX) on 132±2 days of gestation. Fetus
as well as fetal organs (brain, heart, kidneys, liver, lungs, adrenals) and tissues
(perirenal adipose, semitendinosus muscle, biceps femoris muscle) were dissected
and weighed.
Blood Collection and Analysis
Fetal blood was collected in syringes lined with EDTA (Sigma-Aldrich, St. Louis, MO)
and centrifuged (16,000 g) for 2 min at 4°C to separate plasma. Plasma glucose
concentrations were measured immediately with an YSI model 2700 SELECT
Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma
insulin and norepinephrine concentrations were measured with an ovine insulin
ELISA (Alpco Diagnostics, Windham, NH) and noradrenaline ELISA (Rocky Mountain
Diagnostics, Colorado Springs, CO), respectively. Additional fetal blood samples
were collected in heparin-lined syringes (Elkins-Sinn, Cherry Hill, NJ) for blood gas
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and oxygen saturation measurements with an ABL 725 (Radiometer, Copenhagen,
Denmark).
Glucose-Stimulated Insulin Secretion
A square-wave hyperglycemic clamp was used to determine insulin secretion
responsiveness to glucose as described previously (20,23). A continuous
transfusion of maternal blood into the fetus (10 mL/hr) was initiated 30 minutes
prior to baseline sample collection to stabilize fetal hematocrit and compensate for
repeated sampling throughout the study. Three samples were collected at tenminute intervals under baseline steady-state conditions and averaged to generate
basal means. The hyperglycemic clamp was initiated with an intravenous glucose
bolus (~0.6 mmol/kg) immediately followed by a constant intravenous infusion of
33% dextrose solution. Fetal plasma glucose concentration was measured at fiveminute intervals during the initial 30 minutes and the dextrose infusion rate was
adjusted to achieve a steady-state fetal plasma glucose concentration of ~2.5
mmol/L. This level of hyperglycemia has been shown to elicit maximal glucosestimulated insulin secretion in near-term fetal sheep (15). Once steady-state
hyperglycemia was achieved, and at least 30 minutes elapsed after initiation of the
glucose bolus, three blood samples were collected at ten-minute intervals and
averaged to generate hyperglycemic steady state means.
Fetal Metabolic Study
Rates of net umbilical (fetal) glucose uptake were calculated using the Fick principle
and performed in conjunction with D-[14C(U)] glucose (New England Nucleotides;
PerkinElmer Life Sciences, Boston, MA) as a glucose tracer to determine rates of
glucose utilization and oxidation, as previously reported (13,16,17). Briefly, 1 h
prior to baseline blood sampling, a bolus of 26.6 μCi 3H2O and 70.6 μCi D[14C(U)]glucose in saline was administered, followed by a constant infusion of 0.49
μCi/min 3H2O and 1.31 μCi/min D-[14C(U)]glucose. A continuous transfusion of
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maternal blood into the fetus (10 mL/hr) was initiated 60 minutes prior to baseline
sample collection to stabilize fetal hematocrit and compensate for repeated
sampling throughout the study. Four arterial and umbilical vein blood samples were
collected simultaneously during the basal steady-state at 60, 70, 80, and 90 min. For
the HEC steady-state, Humulin R was infused at a constant rate of 1.5 mU/min/kg.
Euglycemia (1.1 mmol/L) was maintained with a constant infusion of 33% dextrose
in water to maintain fetal arterial plasma glucose concentrations at 1.1 mmol/L.
Fetal arterial plasma samples were collected between 5 and 60 min to adjust pump
rates to generate steady state glucose concentrations. For the H-HEC steady-state,
the Humulin R infusion continued (1.5 mU/min/kg). Nitrogen insufflation was
initiated at a flow of 3 L/min with fetal arterial plasma samples collected between 5
and 45 min at 5 to 10-minute intervals to clamp fetal plasma glucose (1.1 mmol/L)
and oxygen (1.5 mM) concentrations. Four fetal blood samples were collected from
the fetal artery and umbilical vein at 10-minute intervals during the steady-state
periods.
Fetal concentrations of plasma 3H2O, plasma glucose, plasma lactate, whole blood
radiolabeled glucose, whole blood 14CO2, and whole blood oxygen were measured.
All calculations were done during baseline, HEC, and H-HEC periods. Umbilical blood
flow rate was calculated by the steady-state diffusion technique (13,16,30).
Umbilical (net fetal) uptake rates of glucose, oxygen, and lactate from the
uteroplacenta were calculated using the Fick principle [umbilical blood flow
(mL/min) times the umbilical venous-arterial substrate concentration difference
(mmol/ml)]. During the HEC and H-HEC steady-state, total fetal glucose uptake rate
was calculated as the sum of umbilical (net fetal) glucose uptake rate plus the rate of
dextrose infused intravenously into the fetus. The glucose utilization rate
(mmol/min) was calculated by dividing the net fetal D-[14C(U)] glucose tracer
uptake rate (dpm/min) by the fetal arterial-specific activity (dpm/mmol). The net
fetal D-[14C(U)] glucose uptake rate was calculated as the rate of D-[14C(U)] glucose
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intravenous infusion into the fetus (dpm/min) minus the net rate of diffusion of the
tracer into the uteroplacenta, calculated as the umbilical blood flow (mL/min) times
the umbilical D-[14C(U)] glucose arteriovenous concentration difference (dpm/mL).
Fetal glucose production rate was calculated as the difference between fetal glucose
utilization rate and glucose entry rate. Fetal glucose oxidation rate (mmol/min) was
calculated by multiplying the fetal glucose oxidation fraction by the glucose
utilization rate. The fetal glucose oxidation fraction was calculated as the net rate of
fetal 14CO2 excretion to the uteroplacenta divided by the net fetal uptake rate of D[14C(U)] glucose. The net rate of 14CO2 flux to the uteroplacenta from the fetus was
calculated by multiplying the fetal 14CO2 arteriovenous concentration difference
(dpm/mL) by the umbilical blood flow rate (mL/min). All results were normalized
to fetal weight (kg) determined at necropsy.
Adrenal Gland Immunofluorescence Staining
Fetal adrenal glands were collected at necropsy and fixed in 4% paraformaldehyde
and embedded in O.C.T Compound (Sakura Finetek USA, Torrance, CA, USA) as
previously described (10,26). Adrenal sections were cut and analyzed at a thickness
of 10 μm. Chromaffin cells were stained with mouse anti-chromogranin A, and zonas
fasciculata and reticularis were stained with antiserum raised against bovine
P450c17, as previously described (27). Immunocomplexes were detected with
affinity-purified secondary antibodies conjugated to Alexa Fluor488 or Alexa
Fluor594. The fluorescent images separated by ≥100-μm intervals were visualized
on the Leica DM5500 microscope system and digitally captured with an ORCAFlash4.0LT digital camera (Hamamatsu Corporation; Bridgewater, NJ, USA).
Statistical Analysis
The statistical analysis was performed on AD (n = 6; 3 males and 3 females) and
intact-controls (n = 7; 3 males and 4 females) fetuses. Sex was not included in the
statistical analysis because the experiment was not powered to identify sex
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differences. Steady-state means for each animal were used for comparisons.
Differences between experimental groups (intact and AD) during baseline period
were analyzed by ANOVA using MIXED procedures (SAS v. 9.4, SAS Institute Inc.,
Cary, NC), and differences were determined with a post hoc least significant
difference test. Repeated measurements for biochemical, hematological, and
hormonal values and for metabolic fluxes during the HEC-HHEC study periods were
analyzed by two-way ANOVA with MIXED procedure with fetus as the random
effect. The model included experimental groups, period, and their interaction. When
the ANOVA effects were significant (α=0.05), individual means were separated with
a least significant difference test. Weights were analyzed by one-way ANOVA using
general linear means procedure of SAS software, and differences were determined
with a post hoc least significant difference test. All data are expressed as means ±
standard error mean.
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Results
Confirmation of Adrenal Demedullation
Adrenal glands from intact fetuses stained positive for chromaffin cells, which were
demarcated with antiserum against chromogranin A. Glucocorticoid-producing cells
(P450c17-positive) in the adrenal cortex were identified in all intact fetuses and
were distinct from chromaffin cells. Immunostaining of the fetal adrenals identified
successful depletion of the adrenal medulla but not cortex in AD fetuses (Figure 3.1).
Adrenal Demedullation Blunted Glucose-Stimulated Insulin Secretion
At basal, plasma glucose concentrations were lower in AD than intact fetuses, but
plasma insulin concentrations were not different (Figure 3.2). Plasma glucose
concentrations increased during the glucose infusion and were similar between
groups. Glucose-stimulated insulin concentrations increased from basal and were
lower in AD fetuses compared to intact fetuses.
Adrenal Demedullation Lowered Placental Transport Capacity
During baseline, average umbilical blood flow was lower (P<0.01) in AD fetuses
(130±11 mL/min/kg) compared to intact fetuses (230±10 mL/min/kg) (Figure 3.3).
Plasma norepinephrine concentrations were lower (P<0.01) in AD fetuses
compared to intact fetuses. Plasma insulin concentrations were not different despite
lower glucose concentrations in AD fetuses (P<0.05). Plasma cortisol concentrations
were lower (P<0.05) in AD fetuses compared to intact fetuses (Table 3.1). In AD
fetuses, arterial blood oxygen content was 27% lower (P<0.05) (Table 3.1), and
umbilical oxygen uptake was less (P<0.01) (Figure 3.4). The rate of fetal glucose
utilization was not different between groups (Figure 3.5), but average umbilical
glucose uptake was lower (P<0.01) in AD fetuses (19±0.8 μmol/min/kg) compared
to intact fetuses (32±0.7 μmol/min/kg). The difference between glucose utilization
and umbilical glucose uptake rates show higher (P<0.01) rates of glucose
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production in AD fetuses (Figure 3.5). In AD fetuses, placental transport capacities
were lower for both oxygen (P<0.05) and glucose (P<0.01) (Figure 3.4).
Impact of Hyperinsulinemia and Acute Hypoxemia on Insulin-Stimulated
Glucose Metabolism
During HEC and H-HEC, plasma glucose concentrations were 24% lower (P<0.01) in
AD fetuses (Table 3.2). Umbilical blood flow was less (P<0.05) in AD fetuses
compared to intact fetuses (Figure 3.6). Net umbilical oxygen uptake rates were
17% less (P<0.01) in AD than intact fetuses (Figure 3.7), which lowered (P<0.01)
the AD blood oxygen content by 38% compared to intact fetuses (Table 3.2). During
H-HEC, blood oxygen content decreased (P<0.01) by 24% in AD and 38% in SH
fetuses compared to HEC values but were not different from each other (Table 3.2).
Across both periods, net umbilical glucose uptake rates were lower (P<0.05) in AD
fetuses (Figure 3.7) despite higher (P<0.05) rates of glucose utilization and glucose
production (Figure 3.8). There were no differences in glucose entry rates or glucose
oxidation rates between experimental groups (Figure 3.8).
Adrenal Demedullation caused a Decrease in Heart and Lung Weights
Fetal weights were not different between intact and AD fetuses. Placental weight
and total cotyledon number were not different between the intact and AD fetuses
(Table 3.3). There were no differences between groups in brain, liver,
semitendinosus, or biceps femoris weights. Absolute heart and lung weights were
less (P<0.05) in AD fetuses compared to intact as well as relative to body weight
(P<0.05) (Table 3.3). The brain weight relative to liver weight was not different
between experimental groups (64±4% vs 59±3%).
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Discussion
The current findings indicate that loss of normal adrenal medulla
responsiveness lowered umbilical blood flow and caused placental insufficiency
because net umbilical (fetal) uptake for oxygen and glucose were lower in AD
fetuses. The lower uptakes reduced arterial oxygen and glucose concentrations,
which promoted glucose production rates in AD fetuses with low norepinephrine
concentrations. These results are in contrast to a previous study in well-nourished
ewes that found fetal adrenalectomy had little effect on basal rates of glucose and
oxygen metabolism (14). Interestingly, adrenalectomy has also been shown to
impair the induction of gluconeogenesis in under-nourished fetal sheep (14).
However, we show that adrenal demedullation activates endogenous glucose
production under baseline and hyperinsulinemic conditions. Therefore, the
adrenergic input from the fetal adrenal medulla is required for maintenance of
umbilical blood flow and nutrient flux to the growing fetus but does not alter
insulin-stimulated glucose metabolism during fetal hypoxemia.
Placental transfer of oxygen and glucose from the mother to the fetus occurs
by simple and facilitated diffusion, respectively. Factors that affect placental
transport capacity include the maternal-fetal concentration gradient, umbilical
blood flow (delivery rate), placental size, transporter abundance, and fetal
metabolism (3,29,34,35). No deficiencies in fetal or placental mass were detected,
which supports our previous work comparing AD and intact control fetuses (12).
However, less placental transfer capacity for both oxygen and glucose in AD fetuses
provides physiological evidence of placental insufficiency. Two components
contribute to the lower placental transfer capacity in the AD fetuses: lower umbilical
blood flow and increased maternal–fetal arterial gradients. Fetal oxygen delivery is
the product of fetal umbilical venous oxygen content and umbilical blood flow;
therefore, less umbilical blood flow results in less fetal oxygen uptake. During
gestation, fetal glucose demand develops more quickly than placental glucose
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transfer capacity and requires a decrease in fetal glucose concentrations to balance
supply and demand (31). This balance is achieved through decreased fetal glucose
availability for fetal metabolism and increased maternal glucose supply by
increasing the transplacental glucose gradient. Another possible explanation for
decreased transfer of glucose into the fetal circulation is increased placental glucose
metabolism, which would reduce the amount of glucose available for transfer to the
fetus. These findings indicate that loss of normal adrenal medullary function
produces placental insufficiency and restricts the fetal supply of oxygen and glucose.
In other models of placental insufficiency, growth restricted fetuses maintain
glucose utilization rates even though the net umbilical glucose uptake is lower and
fetal insulin and glucose concentrations low (18,22). During baseline, HEC, and HHEC periods, AD fetuses had normal rates of glucose utilization despite lower rates
of glucose uptake, and the difference demonstrates fetal glucose production rates.
Normally, endogenous fetal glucose production is undetectable preserving the
placental gradient for maternal-fetal glucose concentrations (36). Conditions
concomitant with placental insufficiency activate endogenous glucose production
with lactate being a potential gluconeogenic substrate. Umbilical lactate uptake is
diminished in AD fetuses and plasma lactate concentrations are unaffected by
adrenal demedullation (13,22). These data indicate that other substrates like amino
acids are substrates for gluconeogenesis.
Plasma lactate concentration is reliant on the balance between production
and consumption (9). Previously, increased plasma lactate accumulation and
skeletal muscle lactate output have been demonstrated under acute hypoxemia. Due
to lactate utilization by other fetal organs, increased plasma lactate concentrations
plateaued within 4 h (4,5). Fetuses with intact adrenal medullas challenged with
acute hypoxemia had increased norepinephrine and quicker accumulation of plasma
lactate than adrenally demedullated fetuses with low norepinephrine and similar
glucose and oxygen concentrations (37). In both intact and AD fetuses, plasma
lactate concentrations increased while umbilical lactate uptake decreased between
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HEC and H-HEC. This is similar to growth restricted fetuses that suffer from
placental insufficiency (chronic hypoxemia) that have lower umbilical lactate uptake
rates. An increase in plasma lactate concentrations is indicative of anaerobic energy
metabolism. Therefore, we can infer that acute hypoxemia is responsible for
increased fetal lactate production, independent of norepinephrine.
Glucose-stimulated insulin secretion was blunted in the AD fetuses as shown
previously (37). Lower plasma norepinephrine in AD fetuses likely reduces the
adrenergic stimulation of glucagon release from the pancreas, resulting in
attenuated glucose-stimulated insulin secretion (19). Correspondingly, it has been
shown that relative to fetal weight insulin-producing cell (b-cells) mass was not
affected but glucagon-producing cell (α-cells) mass is less in AD than intact fetuses
(12). Aside from structural pancreatic islet defects, extrinsic factors like hypoxemia
and elevated catecholamines have been postulated to play a role in attenuated
insulin secretion (24).
Previous adrenal demedullation studies were done between 115-120 dGA;
however, for this study adrenal demedullation was performed at 98 dGA (14,37). In
sheep pregnancies complicated by placental insufficiency, growth restricted fetuses
prior to 107 dGA had smaller placentas but similar fetal weights while in near-term
fetuses (>130 dGA) both fetal and placental weights were reduced nearly 50%
(2,25,28,32,33,26). Before 110 dGA, hypoxia-induced norepinephrine secretion was
detectable; therefore, extending linear projections for oxygen backwards,
norepinephrine is not elevated before 98 dGA (1,8). Furthermore, adrenal
demedullation at later gestational ages did not disturb the cortisol response to
hypoxemia; however, in this study and a previous study with early gestational
ablation, cortisol response was blunted (27). Therefore, this study provides further
support for critical timing of demedullation and impaired functional development of
the adrenal cortex and/or hypothalamic-pituitary-adrenal axis as a result of early
gestation adrenal medulla ablation.
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In summary, AD fetuses had higher rates of glucose utilization but lower
rates of net glucose uptake than intact fetuses, which demonstrates the presence of
significant fetal glucose production rates. The rise in plasma lactate concentrations
under acute hypoxemia was independent of norepinephrine. These data indicate
that lactate does not play a major role in glucose production and shows that acutely,
hypoxemia is not necessary for induction of endogenous glucose production. AD
fetuses exhibited placental insufficiency through reduced umbilical blood flow, less
placental transfer capacity, and lower plasma concentrations of glucose and oxygen
compared to intact fetuses. Therefore, normal adrenal function is necessary for the
maintenance of appropriate fetal supply of oxygen and nutrients in late gestation.

78

Summary
Fetal hypoxemia elevates fetal plasma norepinephrine concentrations conserving
fetal glucose, which could affect glucose metabolism. The objective of this study was
to chronically ablate fetal adrenal norepinephrine secretion and evaluate responses
in glucose metabolism. Fetuses were randomly assigned at surgery (96±1 days) to
either sham (n=7; intact) or AD (n=6) groups. At 123±2 days, fetal and maternal
catheters were surgically placed, including a maternal tracheal catheter to create
hypoxemia with nitrogen insufflation. At 130±2 days, weight-specific fluxes for
oxygen, glucose and radiolabeled glucose were determined at baseline,
hyperinsulinemic-euglycemic clamp (HEC) and hypoxemic-HEC (H-HEC). During
each period, umbilical blood flow was calculated by 3H2O diffusion. Necropsy was
performed at 132±2 days. Throughout the study, umbilical blood flow was 35%
lower (P<0.01) in AD fetuses compared to intact fetuses. At baseline, the rate of fetal
glucose utilization was not different between groups, but there was a 6-fold increase
(P<0.01) in glucose production rates in AD fetuses. In AD fetuses, placental
transport capacities were 29% lower (P<0.05) for oxygen and 45% lower (P<0.01)
for glucose. During HEC and H-HEC, net umbilical oxygen uptake rates were 17%
less (P<0.01) in AD than intact fetuses, which lowered (P<0.01) the AD blood oxygen
content by 38%. Net umbilical glucose uptake rates were ~36% lower (P<0.05) in
AD fetuses despite 17% higher (P<0.05) rates of glucose utilization and 5.5-fold
higher rates of glucose production. Fetal weights were not different, but placental
weights were 18% less (P<0.05) in AD fetuses. Adrenal demedullation lowered
umbilical blood flow and caused placental insufficiency because net umbilical (fetal)
uptake for oxygen and glucose were less in AD fetuses. The lower uptakes reduced
arterial oxygen and glucose concentrations, which promoted glucose utilization and
production rates in AD fetuses, independent of norepinephrine.
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Figures and Tables

Figure 3.1. Immunofluorescent staining of fetal adrenal glands. Fetal adrenal
glands were immunostained with rabbit anti-bovine P450c17 (Alexa Fluor488;
green), mouse antihuman chromogranin A (Alexa Fluor594; red), and 4′,6diamidino-2-phenylindole (blue) to identify glucocorticoid-producing steroidogenic
cells, chromaffin cells, and nuclear DNA, respectively. Overlays of representative
photomicrographs are shown for control (intact) (A) and AD fetuses (B).
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Figure 3.2. Glucose-stimulated insulin secretion. Mean values and standard
errors for basal and hyperglycemic periods are presented for plasma glucose and
insulin concentrations. Studies were performed in intact-intact controls (n=7) and
AD (n=6) fetuses. Different letters above the bars represent significant differences
(P<0.05) between means.
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Figure 3.3. Umbilical blood flow during the baseline period. AD fetuses had less
umbilical blood flow compared to intact fetuses. The graph displays umbilical blood
flow in ml/min/kg on the y axis with experimental groups on the x axis. Different

Umbilical blood flow (ml/min/kg)

letters represent significant differences (P<0.05) between experimental groups.

300

200

*
100

0
Intact

AD

82

Figure 3.4. Umbilical glucose uptake rates, umbilical oxygen uptake rates, and
placental transfer capacity for glucose and oxygen during baseline. Umbilical
oxygen uptake rates were less in AD fetuses compared to intact fetuses. Umbilical
glucose uptake rates were less in AD fetuses compared to intact fetuses. Placental
transfer capacity for both glucose and oxygen were less in AD fetuses compared to
intact fetuses. Graph (A) displays umbilical glucose uptake rate in μmol/min/kg on
the y axis with experimental groups on the x axis. Graph (B) displays umbilical
oxygen uptake rate in μmol/min/kg on the y axis with experimental groups on the x
axis. Graph (C) displays placental glucose transfer capacity in mL/min on the y axis
with experimental groups on the x axis. Graph (D) displays placental oxygen
transfer capacity in mL/min on the y axis with experimental groups on the x axis.
Values are expressed as means±SEM, and the asterisk or different letters identify
differences (P<0.05) between groups.
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Figure 3.5. Glucose utilization, oxidation, and production rates during
baseline. There were no differences between groups in glucose utilization and
oxidation rates at baseline. Glucose production rates were increased in AD fetuses
compared to intact fetuses. The graph displays (left to right) glucose utilization rate,
glucose oxidation rate, and glucose production rate all in μmol/min/kg on the x axis
with μmol/min/kg on the y axis. Values are expressed as means±SEM (bar and error
bar), and the asterisk identifies differences (P<0.05) between groups.
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Figure 3.6. Umbilical blood flow during the HEC and H-HEC periods. There was
no difference in umbilical blood flow between periods. In AD fetuses, there was less
umbilical blood flow overall compared to intact fetuses. The graph displays
umbilical blood flow in mL/min/kg on the y axis with experimental groups on the x
axis. Values are expressed as means±SEM (bar and error bar), and the asterisk

Umbilical blood flow (ml/min/kg)

identifies differences (P<0.05) between groups.
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Figure 3.7. Umbilical glucose and oxygen uptake rates during HEC and H-HEC
periods. There were no differences between periods in umbilical glucose and
oxygen uptake rates. Umbilical glucose and oxygen uptake rates were less in AD
fetuses compared to intact fetuses. The first graph (A) displays umbilical glucose
uptake rates in μmol/min/kg on the y axis with experimental groups on the x axis.
The second graph (B) displays umbilical oxygen uptake rates in μmol/min/kg on the
y axis with experimental groups on the x axis. Values are expressed as means±SEM
(bar and error bar), and the asterisk identifies differences (P<0.05) between groups.
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Figure 3.8. Glucose entry, utilization, oxidation, and production rates during
HEC and H-HEC periods. There were no differences between periods in glucose
entry, utilization, oxidation, and production rates. There were no differences
between groups in glucose entry, utilization and oxidation rates at HEC or H-HEC.
Glucose production rates were increased in AD fetuses compared to intact fetuses.
The graph displays (left to right) glucose entry rate, glucose utilization rate, glucose
oxidation rate, and glucose production rate all in μmol/min/kg on the x axis with
μmol/min/kg on the y axis. Values are expressed as means±SEM (bar and error bar),
and the asterisk identifies differences (P<0.05) between groups.
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Table 3.1. Fetal metabolic parameters during the baseline period. Values are
expressed as means±SEM, and the asterisk identifies differences (P<0.05) between
groups.
Baseline
Intact

AD

1.0±0.05

0.74±0.07*

Insulin (ng/mL)

0.33±0.37

0.30±0.44

Blood oxygen

3.5±0.29

2.6±0.28*

1.6±1.0

1.5±1.2

620±130

240±40*

12±1.3

6.4±1.6

21±4.2

12±5.2

Glucose
(mmol/L)

content
(mmol/L)
Lactate
(mmol/L)
Norepinephrine
(pg/mL)
Cortisol
(ng/mL)
Umbilical
lactate uptake
(μmol/min/kg)
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Table 3.2. Fetal metabolic parameters during the HEC and H-HEC periods.
Values are expressed as means±SEM, and the asterisk identifies differences (P<0.05)
between groups and the Y symbol identifies differences (P<0.05) between periods.
HEC

H-HEC

Intact

AD

Intact

AD

1.1±0.03

0.79±0.06*

1.2±0.05

0.92±0.06*

Insulin (ng/mL)

4.8±0.3

5.5±0.4

5.6±0.9

6.4±0.2

Blood oxygen

1.6±0.1

2.0±0.4

1.5±0.2

1.6±0.1

1.9±0.3

3.3±0.2

8.5±2.7Y

7.5±1Y

530±90

550±80*

1700±400Y 1000±200*Y

7.3±1

5±0.6

15±3*Y

5.3±1

15±6

13±7

4.4±6Y

-5.3±7Y

19±2

14±2

16±2

14±2

Glucose
(mmol/L)

content
(mmol/L)
Lactate
(mmol/L)
Norepinephrine
(pg/mL)
Cortisol
(ng/mL)
Umbilical
lactate uptake
(μmol/min/kg)
Glucose
oxidation rate
(μmol/min/kg)
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Table 3.3. Fetal weights at necropsy. Values are expressed as means±SEM, and
the asterisk identifies differences (P<0.05) between groups.
Intact

AD

3.0±0.8

2.7±0.05

330±30

260±30

76±4

64±5

Brain (g)

49±0.2

47±0.8

Heart (g)

21±0.8

16±0.8*

Liver (g)

79±6

81±5

Lungs

100±7

75±7*

Semitendinosus

5.9±0.7

5.8±0.2

17±1.4

15±0.6

Brain:FW (g:kg)

17±0.7

17±0.5

Heart:FW (g:kg)

7.1±0.3

5.9±0.3*

Liver:FW (g:kg)

26±1

30±2

Lungs:FW

35±2

28±3

1.9±0.1

2.1±0.07

5.6±0.1

5.6±0.2

Fetal weight
(kg; FW)
Placental
weight (g)
Total cotyledon
number (g)

muscle (g)
Biceps femoris
muscle (g)

(g:kg)
Semitendinosus
muscle:FW
(g:kg)
Biceps femoris
muscle:FW
(g:kg)
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CHAPTER 4: PROMOTION OF GLUCOSE UTILIZATION AND PRODUCTION RATES
ARE INDEPENDENT OF NOREPINEPHRINE IN INTRAUTERINE GROWTH
RESTRICTED OVINE FETUSES
Introduction
Placental insufficiency restricts the fetal supply of oxygen and nutrients,
which causes hypoxemia, hypoglycemia and intrauterine growth restriction (IUGR).
Under hypoxemic conditions, fetal adrenal chromaffin cells secrete catecholamines
that in combination with the metabolic deficiencies inhibit glucose-stimulated
insulin secretion (36). Consequences of chronic adrenergic stimulation on fetal
growth, islet function, and insulin secretion have been described in IUGR sheep
fetuses and normal fetuses with a norepinephrine-infusion (4,5,7,8,23). However,
the chronic actions of sustained adrenergic stimulation on glucose metabolism have
not been investigated.
Fetal hypoxemia and hypoxemic lower insulin concentrations to conserve
glucose and oxygen for essential functions and to slow growth. In IUGR fetuses the
metabolism may shift due to catecholamine-induced adaptations in fetal circulation.
This metabolic shift is demonstrated in IUGR fetuses through increased peripheral
insulin sensitivity for glucose utilization, decreased amino acid accretion in muscle,
and lower fractional glucose oxidation rates (3,21,22,32). Additionally, higher rates
of endogenous glucose production fulfill deficiencies in umbilical glucose uptake
and allow for normal rates of glucose utilization rates even though insulin
concentrations are low. Our ovine model of placental insufficiency-induced IUGR
parallels conditions in human fetuses with fetal growth restriction, including
hypoinsulinemia, hypoglycemia, hypoxemia, and hypercatecholaminemia (30,35).
In this study, we investigate the adrenergic effects on insulin-stimulated
glucose metabolism in IUGR sheep fetuses. Our hypothesis is that the ablation of the
chronic adrenergic stimulation will lower glucose utilization and production rates in
IUGR fetuses. To test this hypothesis, near-term IUGR sheep fetuses were studied
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after either a bilateral adrenal demedullation to lower plasma catecholamine
concentrations or sham (intact) procedure. We show that IUGR fetuses promote
glucose utilization despite decreased umbilical glucose uptake partially through the
establishment of glucose production, independent of norepinephrine. Moreover, our
findings show higher glucose utilization and production rates persist irrespective of
plasma glucose and insulin concentrations, indicating that the greater capacity for
glucose disposal is independent of norepinephrine.

93

Materials and Methods
Ethical Approval
Twenty-three Columbia-Rambouillet crossbred ewes carrying singleton fetuses
were purchased from the University of Arizona Sheep Unit and transferred to the
Agricultural Research Center at 35±2 days of gestation (dGA). Pregnant ewes were
managed in compliance with approved protocols from the Institutional Animal Care
and Use Committee at the University of Arizona. The University of Arizona is
accredited by the American Association for Accreditation of Laboratory Animal Care
International. Ewes were fed Standard- Bread Alfalfa Pellets (Sacate Pellet Mills)
and provided water and salt ad libitum.
IUGR and Control Fetuses
Ewes with a singleton pregnancy were confirmed by ultrasound at approximately
35±2 dGA. Ewes were randomly assigned to either a control (n=10) or IUGR (n=25)
groups. Placental insufficiency was created by exposing pregnant ewes to elevated
ambient temperatures (40 °C for 12 h; 35 °C for 12 h; dew point 22 °C) from 40±1
dGA until 91±1 dGA (0.28–0.63 gestation) as described previously (19). Control
fetuses were from healthy pregnant ewes that were maintained at 22±1°C and pairfed to the average feed intake of IUGR ewes. Feed was withheld 24 hr prior to
surgery. Four fetuses in the IUGR group were lost prior to surgery.
Surgical Preparation for Adrenal Demedullation and Cannulation
At 97±1 dGA, IUGR fetuses were randomly assigned to undergo either a bilateral
adrenal demedullation (IA; n=11) or sham (IS; n=10) surgical procedure. All control
fetuses underwent a sham surgical procedure. Briefly, the fetal adrenal glands were
isolated via retroperitoneal incisions and skewered axially with an electrocautery
needle as previously described (36). The current applied was sufficient to destroy
the medulla, but portions of the adrenal cortex remained. At 124±1 dGA, indwelling
polyvinyl catheters were surgically placed in the fetus and ewe, as described
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previously (18). Fetal catheters for blood sampling were placed in the abdominal
aorta via hindlimb pedal arteries, and infusion catheters were placed in the femoral
veins via the saphenous veins. Maternal catheters were placed in the femoral artery
and vein for arterial sampling and venous infusions. All catheters were tunneled
subcutaneously to the ewe’s flank, exteriorized through a skin incision, and kept in a
plastic mesh pouch sutured to the ewe’s skin. Phenylbutazone analgesic (8-10
mg/kg/day, intravenous) was administered for 72 hours postoperatively to the ewe.
The vascular catheters were flushed daily with heparinized saline solution (100
U/mL heparin in 0.9% NaCl solution, Vedco, Inc, St. Joseph, MO). Two IS and five IA
fetuses were lost between the first and second surgery. The catheter patency failed
on one CS fetus and prevented studies physiological measurement. The final
numbers for the experimental groups were IS (n=8), IA (n=6), and CS (n=9).
Experimental Design
Two separate in vivo studies were performed on each fetus to measure glucosestimulated insulin secretion and insulin-stimulated glucose metabolism. Glucosestimulated insulin secretion study was performed at 127±3 dGA, and at least 2 days
prior to the study for glucose fluxes. At 130±2 dGA, weight-specific fluxes for
oxygen, glucose and radiolabeled glucose were determined at three steady-state
periods for IUGR fetuses: baseline, euglycemic clamp (EC), and hyperinsulinemiceuglycemic clamp (HEC). For control intact fetuses, weight-specific fluxes for
oxygen, glucose and radiolabeled glucose were determined at baseline (euglycemia)
and HEC. After this study, both ewe and fetus were euthanized with an overdose of
pentobarbital sodium (86 mg/kg, Euthasol; Virbac Animal Health, Fort Worth, TX)
on 131±1 days of gestation. Fetus as well as fetal organs (brain, heart, kidneys, liver,
lungs, adrenals) and tissues (perirenal adipose, semitendinosus muscle, biceps
femoris muscle) were dissected and weighed.
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Blood Collection and Analysis
Fetal blood was collected in syringes lined with EDTA (Sigma-Aldrich, St. Louis, MO)
and centrifuged (16,000 g) for 2 min at 4°C to separate plasma. Plasma glucose and
lactate concentrations were measured immediately with an YSI model 2700 SELECT
Biochemistry Analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma
insulin and norepinephrine concentrations were measured with an ovine insulin
ELISA (Alpco Diagnostics, Windham, NH) and noradrenaline ELISA (Rocky Mountain
Diagnostics, Colorado Springs, CO), respectively. Additional fetal blood samples
were collected in heparin-lined syringes (Elkins-Sinn, Cherry Hill, NJ) for blood gas
and oxygen saturation measurements with an ABL 725 (Radiometer, Copenhagen,
Denmark).
Glucose-stimulated Insulin Secretion
A square-wave hyperglycemic clamp was used to determine glucose-stimulated
insulin secretion as described previously (17,21). A continuous transfusion of
maternal blood into the fetus (10 mL/hr) was initiated 30 minutes prior to baseline
sample collection to stabilize fetal hematocrit and compensate for repeated
sampling throughout the study. Three samples were collected at ten-minute
intervals under baseline steady-state conditions and averaged to generate basal
means. The hyperglycemic clamp was initiated with an intravenous glucose bolus
(~0.6 mmol/kg) followed by a constant intravenous infusion of 33% dextrose
solution. Plasma glucose concentrations were routinely monitored at five-minute
intervals during the initial 30 minutes and the dextrose infusion rate was adjusted
to achieve a steady-state fetal plasma glucose concentration of ~2.7 mmol/L. This
level of hyperglycemia has been shown to elicit maximal glucose-stimulated insulin
secretion in near-term fetal sheep (12). Once steady-steady hyperglycemia was
achieved, and at least 30 minutes elapsed after initiation of the glucose bolus, three
blood samples were collected at ten-minute intervals and averaged to generate
hyperglycemic steady state means.
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Fetal Metabolic Study
Rates of net umbilical (fetal) glucose uptake were calculated using the Fick principle
and performed in conjunction with D-[14C(U)] glucose (New England Nucleotides;
PerkinElmer Life Sciences, Boston, MA) as a glucose tracer to determine rates of
glucose utilization and oxidation, as previously reported (10,13,14). Briefly, 1 h
prior to baseline blood sampling, a bolus of 26.6 μCi 3H2O and 70.6 μCi D[14C(U)]glucose in saline was administered, followed by a constant infusion of 0.49
μCi/min 3H2O and 1.31 μCi/min D-[14C(U)]glucose. A continuous transfusion of
maternal blood into the fetus (10 mL/hr) was initiated 60 minutes prior to baseline
sample collection to stabilize fetal hematocrit and compensate for repeated
sampling throughout the study. Four arterial and umbilical vein blood samples were
collected simultaneously during the baseline steady-state at 60, 70, 80, and 90 min.
For the EC steady-state, euglycemia in IS and IA fetuses was achieved by a constant
infusion of 33% dextrose in water to maintain fetal arterial plasma glucose
concentrations at 1.1 mmol/L. Fetal blood samples for the steady-states were
collected at 10, 20, 30, and 40 min after clamp was achieved from the fetal artery
and umbilical vein. For the HEC steady-state, Humulin R was infused at a constant
rate of 150 mU/min/kg. Euglycemia was achieved by a constant infusion of 33%
dextrose in water to maintain fetal arterial plasma glucose concentrations at 1.1
mmol/L. Fetal arterial plasma samples were collected between 5 and 60 min to
clamp the fetal plasma glucose concentration. Fetal blood samples for the steadystates were collected at 10, 20, 30, and 40 min after clamp was achieved from the
fetal artery and umbilical vein.
Fetal concentrations of plasma 3H2O, plasma glucose, plasma lactate, whole blood
radiolabeled glucose, whole blood 14CO2, and whole blood oxygen were measured.
All calculations were done during baseline, EC, and HEC periods. Umbilical blood
flow rate was calculated by the steady-state diffusion technique (10,13,25).
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Umbilical (net fetal) uptake rates of glucose, oxygen, and lactate from the
uteroplacenta were calculated using the Fick principle [umbilical blood flow
(mL/min) times the umbilical venous-arterial substrate concentration difference
(mmol/ml)]. During the HEC and H-HEC steady-state, total fetal glucose uptake rate
was calculated as the sum of umbilical (net fetal) glucose uptake rate plus the rate of
dextrose infused intravenously into the fetus. The glucose utilization rate
(mmol/min) was calculated by dividing the net fetal D-[14C(U)] glucose tracer
uptake rate (dpm/min) by the fetal arterial-specific activity (dpm/mmol). The net
fetal D-[14C(U)] glucose uptake rate was calculated as the rate of D-[14C(U)] glucose
intravenous infusion into the fetus (dpm/min) minus the net rate of diffusion of the
tracer into the uteroplacenta, calculated as the umbilical blood flow (mL/min) times
the umbilical D-[14C(U)] glucose arteriovenous concentration difference (dpm/mL).
Fetal glucose production rate was calculated as the difference between fetal glucose
utilization rate and glucose entry rate. Fetal glucose oxidation rate (mmol/min) was
calculated by multiplying the fetal glucose oxidation fraction by the glucose
utilization rate. The fetal glucose oxidation fraction was calculated as the net rate of
fetal 14CO2 excretion to the uteroplacenta divided by the net fetal uptake rate of D[14C(U)] glucose. The net rate of 14CO2 flux to the uteroplacenta from the fetus was
calculated by multiplying the fetal 14CO2 arteriovenous concentration difference
(dpm/mL) by the umbilical blood flow rate (mL/min). All results were normalized
to fetal weight (kg) determined at necropsy.
Adrenal Gland Immunofluorescence Staining
Fetal adrenal glands were collected at necropsy and fixed in 4% paraformaldehyde
and embedded in O.C.T Compound (Sakura Finetek USA, Torrance, CA, USA) as
previously described (6,19). Adrenal sections were cut and analyzed at a thickness
of 10 μm. Chromaffin cells were stained with mouse anti-chromogranin A, and zonas
fasciculata and reticularis were stained with antiserum raised against bovine
P450c17, as previously described (23). Immunocomplexes were detected with
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affinity-purified secondary antibodies conjugated to Alexa Fluor488 or Alexa
Fluor594, as previously described (23). The fluorescent images separated by ≥100μm intervals were visualized on the Leica DM5500 microscope system and digitally
captured with an ORCA-Flash4.0LT digital camera (Hamamatsu Corporation;
Bridgewater, NJ, USA).
Statistical Analysis
The statistical analysis was performed on ID (n = 6; 3 males and 3 females), IS (n =
8; 5 males and 3 females), and control sham (n = 9; 5 males and 4 females) fetuses.
Sex was not included in the statistical analysis because the experiment was not
powered to identify sex differences. Steady-state means for each animal were used
for comparisons. Differences between experimental groups (IA, IS, and control)
during baseline period were analyzed by ANOVA using MIXED procedures (SAS v.
9.4, SAS Institute Inc., Cary, NC). The differences were determined with a post hoc
least significant difference test. Repeated measurements for biochemical,
hematological, and hormonal values and for metabolic fluxes during the EC-HEC
study periods were analyzed by two-way ANOVA using MIXED procedure with fetus
as the random effect. The model included experimental groups, period, and their
interaction. When the ANOVA effects were significant (α=0.05), individual means
were separated with a least significant difference test. Weights and ages were
analyzed by one-way ANOVA using general linear means procedure of SAS software,
and differences were determined with a post hoc least significant difference test. All
data are expressed as means ± standard error mean.
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Results
Confirmation of Adrenal Demedullation and Placental Insufficiency
Adrenal glands from control and IS fetuses contained chromaffin cells
(chromogranin A positive) and cortical cells (P450c17-positive). In the IA fetuses,
adrenal glands were devoid of chromaffin cells, but cortical cells were present
(Figure 4.1).
Plasma glucose, plasma insulin and blood oxygen concentrations were lower
(P<0.05) in IS and IA fetuses compared to controls (Table 4.1). Plasma
norepinephrine concentrations were ~5-fold greater (P<0.05) in IS than controls,
which were not different from IA fetuses. Plasma cortisol and lactate concentrations
were not different among groups. At baseline, umbilical blood flow was slower
(P<0.05) in IS and ID fetuses compared to controls, but IUGR groups were not
different from each other (Figure 4.2). Compared to controls umbilical lactate
uptakes were 40% lower in IS and IA fetuses but were not different from each other
(Table 4.1). Umbilical glucose uptake rates were ~30% lower (P<0.01) in IS and IA
than controls, while umbilical oxygen uptake rates were not different (Figure 4.3).
Glucose utilization and oxidation rates were not different among groups (Figure
4.4). Compared to controls, endogenous glucose production rates were ~5-fold
greater (P<0.05) in IS and IA fetuses but were not different from each other.
Glucose-Stimulated Insulin Secretion was improved in IA Fetuses
Basal plasma glucose and insulin concentrations were lower (P<0.05) in IUGR
fetuses compared to controls (Figure 4.5). Hyperglycemia significantly increases
insulin concentrations in all groups, and the plasma glucose concentration were not
different. Glucose-stimulated insulin concentrations were blunted in IS fetuses
compared to control and IA fetuses, which did not differ.
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Euglycemia Clamp Increased Glucose Oxidation, Utilization, and Production
Rates in IUGR fetuses
Following the basal measurements, fetal plasma glucose concentrations were raised
to normal concentrations. During the EC period, plasma glucose and insulin
concentrations were similar among groups (Table 4.2). Plasma norepinephrine
concentrations were 4-fold greater (P<0.05) in IS than controls, which were not
different from IA. Plasma lactate and cortisol concentrations were not different
among groups. Blood oxygen content was lower (P<0.05) in both IUGR groups
compared to controls.
During the EC, umbilical blood flow was 30% lower (P<0.05) in the IUGR groups
compared to controls, but IUGR groups were not different from each other (Figure
4.6). Umbilical lactate uptakes were lower in IS and IA fetuses compared to controls
but were not different from each other. Rates of umbilical glucose uptake were
~50% lower (P<0.01) in IS and IA than controls, while umbilical oxygen uptake
rates were not different (Figure 4.7). Glucose entry rate (umbilical glucose uptake +
exogenous glucose) for IS and IA was ~36% greater (P<0.01) than controls (Figure
4.9). Glucose utilization rates were ~70% higher (P<0.01) in IS and IA than controls
(Figure 4.10). Glucose oxidation rates were ~40% higher (P<0.05) in IS and IA
fetuses compared to controls but were not different from each other (Figure 4.8).
Endogenous glucose production rates were 4-fold greater (P<0.05) in IS and IA
fetuses than controls (Figure 4.8).
Higher Glucose Utilization and Production Rates during HEC
During the HEC, plasma insulin concentrations increased (P<0.01) ~12 fold from EC
and were similar among groups. Glucose concentrations were similar among
experimental groups. Plasma norepinephrine concentrations were ~4-fold greater
(P<0.05) in IS than controls, which were not different from IA. Plasma lactate
concentrations increased (P<0.05) in both IUGR groups between EC and HEC and
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were greater (P<0.05) than control values. Blood oxygen content was lower
(P<0.05) between EC and HEC among all experiment groups. During the HEC,
oxygen content was lower (P<0.05) in both IUGR groups compared to controls.
Plasma cortisol concentrations were not different among groups (Table 4.2).
During the HEC, umbilical blood flow and umbilical oxygen uptake rates were not
different between EC and HEC periods (Figure 4.6). Umbilical oxygen uptake rates
were not different among groups. IS and IA umbilical glucose uptake remained
lower (P<0.01) than controls, but glucose entry rates did not differ (Figure 4.7).
Glucose oxidation rates were not different between periods or among groups
(Figure 4.8). Endogenous glucose production rates remained detectable in IS and IA
fetuses, which contributed to the ~36% higher (P<0.01) glucose utilization rates in
IS and IA fetuses (Figure 4.8). Glucose utilization rates increased (P<0.01) in all
groups between EC and HEC periods, but remained higher in IS and IA fetuses
compared to controls (Figure 4.10). Umbilical lactate uptake decreased (P<0.05)
between periods in control and IS fetuses but not in IA. Umbilical lactate uptake was
decreased (P<0.05) 10-fold in IS fetuses compared to controls and 5-fold compared
to IA, while controls and IA were not different from each other (Table 4.2).
IA Fetuses Exhibit Absolute Growth Rescue but when Relative to Body Weight are
not Different than IS Fetuses
Fetal weights were similar between IS and IA fetuses but both groups were 35% less
(P<0.01) than controls (Table 4.3). Placental weights were lighter (P<0.01) in both
IUGR groups compared to controls, but the IS placental mass was less (P<0.01) than
IA fetuses. Absolute brain and lung weights were greater (P<0.05) in IA fetuses
compared to IS but were still less than controls. Brain weight relative to body
weight reveals brain-sparing in IUGR groups with a greater (P<0.05) ratio than
controls. Increased (P<0.05) brain weight to liver weight ratio indicates asymmetric
growth restriction in IS fetuses but not IA fetuses. There were no differences in
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heart, liver, semitendinosus muscle, or biceps femoris muscle weights between
IUGR groups, but all organ weights in both IUGR groups were less (P<0.05) than
controls. Relative to body weight, the heart weight was not different between
groups.
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Discussion
In this study, we investigated the effects of chronically elevated plasma
catecholamines on glucose metabolism in ovine fetuses with placental insufficiencyinduced IUGR. We evaluated fetal glucose metabolism in the IUGR fetus at normal
hypoglycemic levels but also during a euglycemic and hyperinsulinemic- euglycemic
clamp. We found that under both euglycemic and hyperinsulinemic-euglycemic
conditions total fetal glucose uptake and glucose utilization rates were higher in
IUGR fetuses, partially through the activation of endogenous glucose production.
We postulated that chronic adrenergic stimulation induced higher glucose
utilization and production rates in IUGR fetuses; however, we found that these
metabolic compensatory mechanisms were independent of catecholamines.
Epidemiological evidence in humans and experimental evidence from animal
models of IUGR demonstrate a similar postnatal pattern where insulin sensitivity is
enhanced in early postnatally and insulin resistance develops later in life
(1,9,11,24,26,28,29,37). Insulin resistance usually connotes a resistance to insulin
on glucose uptake, metabolism, or storage. Previously, it was determined that IUGR
fetuses maintain glucose utilization rates through increased glucose production and
insulin sensitivity in IUGR fetuses (20). At baseline, both IS and IA fetuses had
similar glucose utilization rates to controls despite being hypoinsulinemic and
hypoglycemic. Not only does this indicate increased insulin sensitivity, but also
indicates increased capacity for peripheral glucose uptake, which is consistent with
other ovine models of placental insufficiency (27,31,35). At euglycemia, and
consequently euinsulinemia, glucose utilization and total glucose uptake rates were
higher in IS and IA fetuses compared to controls. Between EC and HEC, both glucose
utilization rates and total glucose uptake rates increased to a greater extent in IS
and IA fetuses than controls; however, glucose production was not reduced
indicating hepatic insulin resistance, which was show previously (33). Contrary to
what we expected, the ability to maintain and to promote glucose utilization rates in
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IUGR fetuses was independent of elevated catecholamine concentrations. Therefore,
increased insulin sensitivity and increased capacity for peripheral glucose uptake
are independent of chronic adrenergic stimulation in IUGR fetuses.
In IUGR fetuses, higher rates of endogenous glucose production fulfill
deficiencies in placental glucose supply demonstrated by less umbilical blood flow
and umbilical glucose uptake rates (20,33,34). Although placental weights were
increased in IA fetuses, they still had similar reductions in umbilical blood flow and
rates of umbilical glucose uptake. Across all periods in this study, umbilical blood
flow and umbilical glucose uptake rates were lower in IUGR fetuses compared to
controls. We anticipated that euglycemia in IUGR fetuses would normalize fetal
glucose production to controls; however, IUGR fetal glucose production was
consistently higher across all periods regardless of plasma insulin or glucose
concentrations. This compensatory metabolic adaptation was independent of
catecholamines, indicating other IUGR conditions contribute to the induction of
glucose production. In other models, fetal glucose production was undetectable at
both hyperglycemia and in the presence of chronic hypoxemia; thus, induction of
fetal glucose production is regulated by more complex mechanisms (16,20). While
activation of endogenous glucose production is beneficial to maintain glucose
supply to vital organs, unsuppressed glucose production postnatally would
contribute to persistent hyperglycemia and metabolic dysfunction.
Glucose oxidation accounts for nearly 50% of fetal oxygen consumption
under normal conditions in fetal sheep (15). Normal fetal sheep have relatively
constant rates of oxygen consumption, thus fixed rates of oxidative metabolism
despite changes in insulin (2,13,15). Despite lower arterial oxygen concentrations,
IUGR fetuses had comparable umbilical oxygen uptakes as controls. Similar to other
studies of IUGR, we did not find a deficit in glucose oxidation rates at baseline (3).
This is in contrast to another study of IUGR that found deficits in glucose oxidation
rates at baseline, which we speculate are due to lower fetal oxygen uptakes in that
group of IUGR fetuses (∼279±43 μmol/min/kg compared with ~341±25
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μmol/min/kg in our study). Interestingly, at euglycemia and subsequent
euinsulinemia, glucose oxidation rates increased in both IS and IA fetuses compared
to controls while fetal oxygen uptakes were similar among groups. At
hyperinsulinemia, glucose oxidation rates were not impaired in IUGR fetuses but
similar to controls, which is similar to previous findings (3). Contrary to previous
studies, our IUGR fetuses did not display a limited capacity for glucose oxidation
because they oxidized a similar fraction of the total glucose utilized under all
experimental conditions (3,20). Because glucose oxidation rates were increased at
euglycemia, this suggests that modulation of glucose oxidation is sensitive to
changes in both insulin and glucose levels.
Previously, it was shown that IA fetuses have greater glucose-stimulated
insulin secretion compared to IS fetuses, though maximal insulin concentrations
were still lower than those of control fetuses (23). In this study, IA fetuses exhibit a
greater insulin secretion response to glucose challenge, showing that insulin
secretion is improved when catecholamines are lower. However, there were no
differences in glucose metabolism between IS and IA fetuses. These findings indicate
that chronically elevated catecholamines persistently inhibit insulin secretion but
do not cause the adaptations in insulin action (sensitization or signaling). A lack of
an effect between plasma insulin and norepinephrine concentrations in IUGR
fetuses further demonstrate that modulation of insulin action results from other
fetal conditions associated with placental insufficiency like hypoglycemia,
hypoxemia, and hypoinsulinemia.
Regardless of norepinephrine, placental insufficiency-induced IUGR fetuses
promote glucose utilization rates despite decreased umbilical glucose uptake, due in
part to activated endogenous glucose production. Clamping IUGR fetuses to
euglycemia, consequently resulting in euinsulinemia, revealed a persistent increase
in insulin sensitivity and induction of fetal glucose production independent of
adrenergic stimulation. At hyperinsulinemia, IUGR fetuses exhibit greater wholebody glucose disposal as well as non-oxidative glucose disposal, independent of
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catecholamines. Our findings show higher glucose utilization rates and endogenous
glucose production rates persist irrespective of plasma glucose and insulin
concentrations.

107

Summary
Placental insufficiency can induce IUGR causing fetal hypoglycemia and hypoxemia,
which chronically elevates plasma norepinephrine. Our objective was to determine
whether ablation of the chronic adrenergic stimulation facilitated higher
endogenous glucose production rates in IUGR fetuses during euglycemic (EC) and
hyperinsulinemic-euglycemic (HEC) clamps. Placental insufficiency and IUGR was
induced by maternal hyperthermia, and IUGR fetuses were randomly assigned at
surgery (97±1 days) to either sham (IS) or adrenal demedullation (IA) groups. All
control fetuses (n=9) underwent a sham surgery. At 123±2 days, fetal catheters
were surgically placed. At 131±1 days, umbilical blood flow was measured by 3H2O
diffusion, and weight-specific fluxes for glucose and radiolabeled glucose were
determined at three steady-state periods: baseline, EC (~1.1mM) and HEC
(2mU/min/kg estimated fetal weight). During EC, plasma glucose concentrations
were not different between IS and IA but 13% greater than controls (P<0.05).
Umbilical glucose uptake (UGU) was 50% lower in IS and IA than controls (P<0.01),
but glucose entry rate (UGU+exogenous glucose) for IS and IA was 36% greater
(P<0.01) than controls. Glucose utilization rates were 40% higher in IS and IA than
controls (P<0.01). Endogenous glucose production rates were over five-fold greater
in IS and IA fetuses than controls (P<0.05). Norepinephrine was 4-fold greater in IS
than controls, which were not different from IA. During the HEC, IS and IA UGU rates
remained less (P<0.01) than controls, but glucose entry rates did not differ. Glucose
production rates remained detectable in IS and IA, which contributed to the 39%
higher glucose utilization rates (P<0.01). Fetal weights were not different between
IUGR groups but were 35% less (P<0.01) than controls. Regardless of
norepinephrine, IUGR fetuses promote glucose utilization despite decreased
umbilical glucose uptake partially through the establishment of endogenous glucose
production. Furthermore, our findings show higher glucose utilization and
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production rates persist regardless of glucose and insulin levels, indicating that the
greater capacity for glucose disposal is independent of norepinephrine.
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Figures and Tables

Figure 4.1. Immunofluorescent staining of fetal adrenal glands. Fetal adrenal
glands were immunostained with rabbit anti-bovine P450c17 (Alexa Fluor488;
green), mouse anti-human chromogranin A (Alexa Fluor594; red), and 4′,6diamidino-2-phenylindole (blue) to identify glucocorticoid-producing steroidogenic
cells, chromaffin cells, and nuclear DNA, respectively. Overlays of representative
photomicrographs are shown for control (intact) (A), IS (intact) (B) and IA (adrenal
demedullation) fetuses (C).
Figure 4.2. Umbilical blood flow during the baseline period. Umbilical blood
flow was less in IS and IA fetuses compared to control fetuses. The graph displays
umbilical blood flow in μmol/min/kg on the y axis with experimental groups on the
x axis. Values are expressed as means±SEM. *P<0.05
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Figure 4.3. Umbilical glucose uptake rates and umbilical oxygen uptake rates
during baseline. Umbilical glucose uptake rates were less in IS and IA fetuses
compared to control fetuses. Umbilical oxygen uptake rates were not different
between groups. The left graph (A) displays umbilical glucose uptake rate in
μmol/min/kg on the y axis with experimental groups on the x axis. The right graph
(B) displays umbilical oxygen uptake rate in μmol/min/kg on the y axis with
experimental groups on the x axis. Values are expressed as means±SEM. *P<0.05
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Figure 4.4. Glucose utilization, oxidation, and production rates during
baseline. There were no differences between groups in glucose utilization and
oxidation rates at baseline. Glucose production rates were increased in both IS and
IA fetuses compared to control fetuses. The graph displays (left to right) glucose
utilization rate, glucose oxidation rate, and glucose production rate all in
μmol/min/kg on the x axis with μmol/min/kg on the y axis. Values are expressed as
means±SEM. *P<0.05
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Figure 4.5. Glucose-stimulated insulin secretion. At basal, plasma glucose and
insulin concentrations were less in both IUGR groups. At hyperglycemia, there were
no differences in plasma glucose concentrations among groups. Glucose-stimulated
insulin secretion was attenuated in IS fetuses but was not different from controls
among IA fetuses. The top graph displays plasma glucose in mmol/L on the y axis
with experimental groups on the x axis. The bottom graph displays plasma insulin in
ng/mL on the y axis with experimental groups on the x axis. Mean values and
standard errors for basal and hyperglycemic periods are presented for plasma
glucose and insulin concentrations. Studies were performed in intact-intact controls
(n=9), IS (n=8), and ID (n=6) fetuses. Different letters above the bars represent
significant differences (P<0.05) between means.
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Figure 4.6. Umbilical blood flow during the EC and HEC periods. There was no
difference in umbilical blood flow between periods. In IS and IA fetuses, there was
less umbilical blood flow overall compared to control fetuses. The graph displays
umbilical blood flow in mL/min/kg on the y axis with experimental groups on the x
axis. Values are expressed as means±SEM. *P<0.05
250

*
*

150
100
50

IA

IS

on
tr

ol

0

C

ml/min/kg

200

Umbilical blood flow

114

Figure 4.7. Umbilical glucose uptake rates and umbilical oxygen uptake rates
during EC and HEC periods. Umbilical glucose and oxygen uptake rates were not
different between EC and HEC periods. Umbilical glucose uptake rates were less in
IS and IA fetuses compared to control fetuses. Umbilical oxygen uptake rates were
not different between groups. The left graph (A) displays umbilical glucose uptake
rate in μmol/min/kg on the y axis with experimental groups on the x axis. The right
graph (B) displays umbilical oxygen uptake rate in μmol/min/kg on the y axis with
experimental groups on the x axis. Values are expressed as means±SEM. *P<0.05
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Figure 4.8. Glucose oxidation and production rates for EC and HEC periods.
Glucose oxidation rates were higher in both IS and IA fetuses at EC but were not
different from controls at HEC. Glucose production rates were increased in both IS
and IA fetuses compared to control fetuses across both periods. The graph (left)
displays EC and HEC values for glucose oxidation rate in μmol/min/kg on the x axis
with μmol/min/kg on the y axis. The graph (right) displays EC and HEC values for
glucose production rate in μmol/min/kg on the x axis with μmol/min/kg on the y
axis. Values are expressed as means±SEM. *P<0.05
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Figure 4.9. Glucose entry rates during the EC and HEC periods. At EC, glucose
entry rates were higher in IS and IA fetuses compared to controls. Between EC and
HEC, glucose entry rates increased in all groups. At HEC, there were no differences
in glucose entry rates among groups. The graph displays EC and HEC values for
glucose entry rate in μmol/min/kg on the y axis with experimental groups on the x
axis. Values are expressed as means±SEM. *P<0.05
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Figure 4.10. Glucose utilization rates between the EC and HEC periods. At EC,
glucose utilization rates were higher in IS and IA fetuses compared to controls.
Between EC and HEC, glucose utilization rates increased in all groups. At HEC,
glucose utilization rates remained higher in IS and IA fetuses compared to controls.
The graph displays EC and HEC values for glucose utilization rate in μmol/min/kg
on the y axis with experimental groups on the x axis. Values are expressed as
means±SEM. *P<0.05

µmol/min/kg

100

d

80

b

60
40

b

d

b,c

IS
IA

a

20
0
EC

Control

HEC

Glucose utilization rate

118

Table 4.1. Fetal metabolic parameters during the baseline period. Different
letters represent significant differences (P<0.05) between means.
Baseline
Control

IS

IA

1.0±0.04a

0.68±0.05b

0.65±0.06b

Insulin (ng/mL)

0.35±0.5a

0.19±0.2b

0.19±0.1b

Blood oxygen

3.5±0.2a

2.0±0.2b

1.8±0.2b

1.5±0.4

2.7±0.4

2.1±0.5

reference
Glucose
(mmol/L)

content
(mmol/L)
Lactate
(mmol/L)
Norepinephrine

620±100a 3400±1200b

700±70a

12±1

11±2

11±1

21±2a

12±2b

13±2b

(pg/mL)
Cortisol
(ng/mL)
Umbilical
lactate uptake
(μmol/min/kg)
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Table 4.2. Fetal metabolic parameters during the EC and HEC periods. Different
letters represent significant differences (P<0.05) between means within the same
period. Y represents significant differences (P<0.05) between EC and HEC periods.
EC
Glucose

HEC

Control

IS

IA

Control

IS

IA

1.0±0.04

1.1±0.04

1.2±0.05

1.1±0.04

1.2±0.04

1.2±0.05

0.35±0.5

0.42±0.5

0.63±0.6

4.8±0.5Y

6.7±0.5Y

5.5±0.6Y

3.5±0.2a

1.6±0.2b

1.6±0.2b

3.1±0.2Y

1.0±0.2*Y

1.3±0.2*Y

1.5±0.7

3.4±0.7

2.9±0.8

1.9±0.7

7.1±0.7*Y

4.8±0.8*Y

620±260a

2500±260b

750±300a

540±270a

3100±260bY

1400±300cY

12±1

12±3

7.8±1

15±3Y

19±3Y

14±3Y

21±2

10±2*

12±3*

15±2Y

2±2*Y

12±3

(mmol/L)
Insulin
(ng/mL)
Blood oxygen
content
(mmol/L)
Lactate
(mmol/L)
Norepinephrine
(pg/mL)

Cortisol
(ng/mL)
Umbilical
lactate uptake
(μmol/min/kg)
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Table 4.3. Fetal weights at necropsy. Different letters represent significant
differences (P<0.05) between means.
Control

IS

IA

3.1±0.2a

1.8±0.2b

2.2±0.1b

340±30a

130±21b

190±29c

Brain (g)

50±2a

43±2b

50±1a

Brain:FW (g:kg)

16±0.7a

25±2b

23±2b

Brain:Liver

0.61±0.04a

0.90±0.10b

0.67±0.08ab

Heart (g)

20±1a

14±2b

15±1b

Heart:FW (g:kg)

6.7±0.5

7.3±0.4

6.6±0.5

Liver (g)

84±8a

56±9b

78±7a

Liver:FW (g:kg)

26±1

26±1

30±3

Lungs (g)

110±7a

55±9b

77±4b

Lungs:FW(g:kg)

35±2a

29±2b

34±3a

Semitendinosus

5.9±0.4a

3.4±0.5b

4.1±0.6b

1.9±0.1

1.8±0.05

1.8±0.04

17±1

10±1

11±1

5.4±0.2

5.1±0.1

4.8±0.2

Fetal weight
(kg; FW)
Placental
weight (g)

(g:g)

muscle (g)
Semitendinosus
muscle:FW
(g:kg)
Biceps femoris
muscle (g)
Biceps femoris
muscle:FW
(g:kg)
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CHAPTER 5: OVERALL PERSPECTIVES
Insulin action and insulin secretion play important roles in the regulation of
glucose metabolism. The majority of studies conducted on the role of
norepinephrine in glucose metabolism have focused on the adrenergic impact on
insulin secretion. Our studies were imparted to elucidate the effect of chronically
high norepinephrine concentrations on insulin action and glucose metabolism in the
IUGR fetus. We found that the primary role of high norepinephrine in fetal with
IUGR was through the inhibition of insulin secretion, and that high norepinephrine
concentrations alone without other IUGR conditions slow the rate of fetal glucose
uptake. These contrasting outcomes from chronic norepinephrine demonstrate the
underlying IUGR milieu have a substantial impact on insulin sensitivity in the IUGR
fetus.
The primary effect of chronically elevated norepinephrine on glucose
metabolism is the suppression of insulin secretion, promoting glucose preservation.
In NE-E and IS fetuses, we found that glucose-stimulated insulin secretion was
suppressed. In IA fetuses, insulin secretion was not different from control fetuses,
which provides further evidence of adrenergic stimulation indirectly influencing
glucose-stimulated insulin secretion. These studies, particularly the IUGR study,
further support previous work done in IUGR fetuses with adrenal demedullation.
Although chronically elevated norepinephrine did not affect insulin action in IUGR
fetuses, adrenergic activity regulated glucose metabolism in normally-grown,
control fetuses. In NE-E fetuses, we found that sustained adrenergic stimulation,
independent of insulin, lowers total glucose uptake into fetal tissues without
compromising glucose oxidation or activating endogenous production. In contrast,
rates of glucose uptake are higher in IUGR fetuses and are unaffected by ablation of
the norepinephrine response. This indicates that elevated plasma norepinephrine
concentrations alone do not stimulate glucose uptake in IUGR fetuses, rather these
data demonstrate that other physiological adaptations in the IUGR fetus contribute
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to the greater insulin sensitivity for glucose. Interestingly, norepinephrine is not
essential to initiate or sustain glucose production rates in IUGR fetuses. These data
are supported by the finding in NE-E fetuses because glucose production rates were
unchanged compared to the control counterparts. Unexpectedly, we also showed
that normal adrenal gland secretion of catecholamines is required to maintain
placental transport capacity of oxygen and glucose because reductions in both were
found in control AD fetuses. These data show catecholamine secretion is
physiologically relevant and chronic elevations negatively impact glucose
metabolism, even though their impact during IUGR conditions is marginal and likely
their action is via the inhibition of insulin secretion.
In the future, instead of primarily focusing on single nutrient replacement
strategies to improve IUGR, we may need to develop strategies to normalize both
oxygen and glucose concentrations. These strategies would not only lower
catecholamine levels but increase anabolic hormone concentrations to restore
growth rates. Because hypoxemia and norepinephrine alone do not induce
endogenous glucose production acutely, a future study that could help bridge the
gap in our knowledge would be to recreate the IUGR environment through induction
of chronic hypoxemia and hypoglycemia in otherwise normal sheep fetuses. Major
limitations of a study like this would be duration of insult, maintenance of
appropriate oxygen and glucose concentrations, and retention of experimental
animals. A study like this would uncover more of the interplay between hypoxemia
and hypoglycemia without other potential IUGR influences, mainly placental
insufficiency.
The overall objective of these studies was to characterize fetal adaptations in
glucose metabolism that stem from chronic exposure to elevated catecholamines.
We have shown ample evidence that elevated norepinephrine does not play a
significant role in the developmental adaptations for insulin action but does play a
significant role in the regulation of glucose-stimulated insulin secretion. Knowing
that norepinephrine is primarily influencing IUGR adaptations in insulin secretion
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rather than insulin action allows us to shift our focus to the islets and continue to
work to discover translatable interventions in the pathogenesis of IUGR.
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