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Abstract

Unlike other visceral organs, myocardial weight is maintained in relation to fetal body weight in intrauterine growth restriction
(IUGR) fetal sheep despite hypoinsulinemia and global nutrient restriction. We designed experiments in fetal sheep with placental
insufficiency and restricted growth to determine basal and insulin-stimulated myocardial glucose and oxygen metabolism and test
the hypothesis that myocardial insulin sensitivity would be increased in the IUGR heart. IUGR was induced by maternal hyper-
thermia during gestation. Control (C) and IUGR fetal myocardial metabolism were measured at baseline and under acute hyper-
insulinemic/euglycemic clamp conditions at 128-132 days gestation using fluorescent microspheres to determine myocardial
blood flow. Fetal body and heart weights were reduced by 33% (P=0.008) and 30% (P =0.027), respectively. Heart weight to
body weight ratios were not different. Basal left ventricular (LV) myocardial blood flow per gram of LV tissue was maintained in
IUGR fetuses compared to controls. Insulin increased LV myocardial blood flow by ~38% (P < 0.01), but insulin-stimulated LV
myocardial blood flow in IUGR fetuses was 73% greater than controls. Similar to previous reports testing acute hypoxia, LV blood
flow was inversely related to arterial oxygen concentration (*=0.71) in both control and IUGR animals. Basal LV myocardial
glucose delivery and uptake rates were not different between IUGR and control fetuses. Insulin increased LV myocardial glucose
delivery (by 40%) and uptake (by 78%) (P < 0.01), but to a greater extent in the IUGR fetuses compared to controls. During basal
and hyperinsulinemic—euglycemic clamp conditions LV myocardial oxygen delivery, oxygen uptake, and oxygen extraction effi-
ciency were not different between groups. These novel results demonstrate that the fetal heart exposed to nutrient and oxygen
deprivation from placental insufficiency appears to maintain myocardial energy supply in the IUGR condition via increased glucose
uptake and metabolic response to insulin, which support myocardial function and growth.
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and cardiac size,® but in either case, cardiac growth is main-
tained or even increased.
Placental insufficiency severe enough to produce fetal

Introduction

Intrauterine growth restriction (IUGR) is a common compli-

cation of pregnancy, occurring in up to 10% of pregnancies.
Most commonly IUGR is the result of an insufficient placen-
tal supply of oxygen and nutrients to the developing fetus,’
both of which produce significant adaptations in fetal car-
diac metabolism, growth, and development. For example,
as an adaptation to acutely limited fetal oxygen supply
during IUGR, cardiac output is redistributed to vital
organs, resulting in asymmetric fetal growth restriction
with relative sparing of brain and heart growth.>> Such
changes in cardiac output redistribution may persist, or
resolve to the level of normal rates of blood flow per fetal
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growth restriction also limits fetal glucose supply, '
which in turn produces relative fetal hypoglycemia that
up-regulates insulin action and enhances the capacity for
glucose uptake and metabolism by fetal cells in non-hepatic
organs and tissues.'”!" Other models of ovine fetal ITUGR
from very different causes of placental insufficiency and
fetal oxygen and nutrient restriction, such as the adolescent
pregnant ewe model'*"® and the uterine carunculectomy
model,** also produce similar late gestation increases in
fetal glucose and insulin sensitivity despite low circulating
fetal glucose and insulin concentrations and relatively low
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fetal blood oxygen contents. The IUGR fetal phenotype pro-
duced by placental insufficiency, therefore, is a common
response to nutrient and oxygen deficiency, regardless of
how the placental insufficiency occurs.'® These adaptations
also have been seen in fetal skeletal muscle,'® but there have
been only limited studies of the fetal myocardium. One
study, for example, showed that myocardial growth of the
fetus is maintained in relation to its slowed body growth
during placental insufficiency even as fetal plasma concen-
trations of glucose, insulin, and oxygen are decreased and
lactate concentrations are increased.'”

The fetal myocardium is an insulin-sensitive organ,'
which uses the carbohydrates, lactate, and glucose, as its
primary energy substrates for oxidative metabolism."
Previous studies in our ovine model of placental insuffi-
ciency and IUGR have demonstrated increased myocardial
plasma membrane Glut 4 transporter and insulin receptor
protein concentrations and maintained or normal concen-
trations of plasma membrane Glut 1 transporter protein,
despite lower arterial plasma insulin and glucose concen-
trations and blood oxygen content.”® Such adaptations
should act to maintain normal cardiac weight-specific glu-
cose metabolism, normal or even increased rates of lactate
production and glycogen content, and myocardial growth
commensurate with fetal body growth, which together
would support fetal survival in response to nutrient and
oxygen deprivation that characterize placental insufficiency
and IUGR. Whether these adaptations actually allow for
normal glucose and oxygen metabolism during placental
insufficiency and IUGR, however, is unknown. To date,
no study has defined the adaptations in blood flow, glucose
and oxygen metabolism, and insulin signaling in the myo-
cardium of the IUGR fetus. Furthermore, despite such
adaptations, IUGR fetuses with relatively spared heart
growth still have increased rates of perinatal mortality
and evidence of myocardial injury and defects in cardiac
metabolism and cellular maturation.”’ > Understanding
the physiological adaptations in the IUGR fetal heart is
important, because the redistribution of fetal cardiac
output, altered metabolism and myocellular development,
and the associated asymmetrical growth pattern portend
cardiovascular disease in later life.”®

Therefore, we designed experiments in fetal sheep with
placental insufficiency and restricted growth to determine
basal and insulin-stimulated myocardial glucose and
oxygen metabolism. We sought to test the hypothesis that
basal- and insulin-stimulated myocardial glucose and
oxygen metabolism would be maintained or even aug-
mented in the IUGR fetus via increased insulin sensitivity,
even while faced with lower concentrations of arterial
plasma insulin and glucose concentrations and blood
oxygen content, and that myocardial blood flow would
increase to support cardiac metabolic function.

8

Materials and methods
Environmental conditions and surgical procedures
Institutional Animal Care and Use Committee (IACUC)

approved studies were conducted in pregnant, 2- to 3-
year-old Columbia-Rambouillet ewes, each carrying a

single fetus and were performed at the Perinatal Research
Center at the University of Colorado Denver. All studies
were in compliance with guidelines of the USDA, NIH,
and the American Association for the Accreditation of
Laboratory Animal Care.

Placental insufficiency-induced IUGR and control (C)
ewes were generated as previously described.>? Surgery
was performed at 124-126 days of gestational age (dGA,
term =148 days) with anesthesia and analgesia provided
as previously described.>* Following laparotomy and hys-
terotomy, fetal polyvinyl catheters were placed into the
ascending aorta via the right brachial artery, the right and
left brachial vein, the left brachial artery, and the inferior
vena cava and abdominal aorta via the femoral vein and
artery. Through a left-sided thoracotomy fetal catheters
were placed into the left atrium and coronary sinus.”® The
pericardium remained open and the chest was closed in
layers. An amniotic catheter also was placed for infusion of
antibiotics and as a reference for fetal aortic blood pressure.
Maternal catheters were placed in the femoral artery
and vein via a small groin incision. All catheters were sub-
cutaneously tunneled to a nylon mesh bag sutured onto the
ewe’s flank and maintained as previously described.?**
Ampicillin (500mg) was infused into the amniotic cavity
before the uterus was closed and procaine penicillin
(6,000,000 U) was administered intramuscularly to the ewe
at the time of surgery. The animals were allowed to recover
for several days post-operatively prior to in vivo studies.

Blood pressure and heart rate measurement

On the day prior to metabolic study, fetal arterial blood
pressure and heart rate were measured. Fetal abdominal
aortic amniotic cavity pressure determinations were made
using a computerized BioPac System (MP100A, Biopac
Systems Inc., Santa Barbara, CA). Amniotic pressure read-
ings were used as a reference for abdominal aortic pres-
sures. Aortic systolic, diastolic, and mean pressures, as
well as heart rate were measured every 10 min for 1 h.

Myocardial metabolic study

At 128-132 dGA basal and insulin-stimulated myocardial
metabolism were measured. Insulin-stimulated myocardial
metabolism was measured during an acute fetal hyperinsu-
linemic/euglycemic (HI/EG) clamp maintained over
2h.'%?° Two baseline fetal right brachial and coronary
sinus blood samples were obtained prior to tracer infusion.
Fetal right brachial arterial and coronary sinus baseline con-
centrations of glucose, lactate, and blood gas values were
determined in four consecutive samples during a 60 min
basal metabolic period. Fetal right brachial arterial plasma
insulin concentrations also were measured in the four sam-
ples. Following the basal period, the fetus received an infu-
sion of human insulin (Humulin R; Eli Lilly, Indianapolis,
IN) prepared in 0.9% wt/vol sodium chloride to provide a
bolus of 45 mU/kg followed by a constant pharmacologic
infusion of 3mU/kg/min. An intravenous maternal dex-
trose infusion (50% wt/vol dextrose; Abbott Laboratories,
North Chicago, IL) was adjusted every 10-20min to
maintain fetal euglycemia (+1-2mg% of baseline).>**!
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The HI/EG clamp was maintained for at least 60 min prior
to steady-state blood draws. Four samples of fetal right bra-
chial arterial and coronary sinus blood were analyzed as
described for the basal period. An isovolumetric maternal
blood transfusion was used to maintain baseline fetal
hemoglobin concentration and hematocrit.

Left ventricular (LV) myocardial blood flow was mea-
sured using 15um diameter fluorescent-labeled, polystyr-
ene microspheres (Triton Technologies, San Diego, CA).*?
For each measurement 1.58 million microspheres were
injected into the left fetal brachial vein catheter ensuring
two-chamber cardiac mixing. Blood samples were with-
drawn at 2mL/min over 3 min from the fetal right brachial
arterial catheter (tip in ascending aorta) at baseline and
during the HI/EG clamp. Different color microspheres
were used for basal and HI/EG clamp conditions. LV myo-
cardium obtained at necropsy and blood were digested and
filtration recovery of microspheres was performed using
previously published methods (“Manual for Using
Fluorescent Microspheres to Measure Regional Organ
Perfusion,” Fluorescent Microsphere Resource Center,
Univ. of Washington; http://fmrc.pulmcc.washingto-
n.edu/frmc/frme.html).>* Sample fluorescence was deter-
mined using a Gemini XPS fluorometer (Molecular Devices,
Sunnyvale, CA) at specified excitation and emission wave-
lengths. LV myocardial blood flow was calculated as:

Qsample = (Qref X Fsample)/Fref

where Qsample and Qye represent blood flows in mL/min of
the LV and the reference blood sample withdrawal rate.
Fsample and Fie¢ are the specific fluorescent intensities mea-
sured for the LV and reference sample, respectively.

Myocardial glucose and oxygen calculations

All fetal blood samples were collected in EDTA-coated syr-
inges and centrifuged (14,000 g) for 3 min at 4°C and plasma
glucose and lactate concentrations were determined imme-
diately with a YSI Model 2700 Analyzer (Yellow Springs
Instruments; Yellow Springs, OH). The remainder of the
plasma was stored at —80°C. Blood gas, oxygen content,
pH, and hematocrit were determined for two samples
during the basal and HI/EG clamp periods each with an
ABL 520 Hemoximeter (Copenhagen, Denmark). Fetal
arterial plasma was analyzed for insulin concentration
using an ELISA (ALPCO ovine insulin ELISA; Windham,
NJ; intra- and inter-assay coefficients of variation <5%.34
The following equations were used:

LV substrate (oxygen or glucose) supply
= arterial substrate concentration
x LV myocardial blood flow

LV substrate uptake
= LV myocardial blood flow
x (arterial substrate concentration

— coronary sinus substrate concentration)
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LV oxygen extraction

= LV oxygen uptake/LV oxygen supply

Organ isolation and in vitro analysis

At the end of the metabolic study, the ewe received an intra-
venous infusion of ketamine (500 mg) and diazepam (5 mg).
The ewe and fetus were euthanized by rapid intravenous
infusion of Sleepaway pentobarbital solution (Fort Dodge
Laboratories, Fort Dodge, IA) into the ewe. Fetal measure-
ments and organ isolation were performed immediately.
The heart was dissected into right ventricular free wall
and LV plus septum. LV plus septum was snap frozen in
liquid nitrogen and stored at —80°C.

Statistical analysis

Results are expressed as mean =+ standard error of the mean.
For measurements made only once, control and IUGR
fetuses were compared with a two-tailed, unpaired
Student’s t-test or a Mann-Whitney test for non-parametric
data as appropriate. When comparing control and TUGR
measurements at baseline and during the HI/EG clamp a
two-way mixed models ANOVA was used which included
terms for group (control or IUGR), period (basal or HI/EG
clamp), group x period interaction, and a term to account
for repeated measurements made within the same animal.
Individual means were compared with Fisher’s least
squares difference. Results were considered significant at
P <0.05. Trends are noted when P <0.1.

Results

Fetal growth, heart rate, and blood
pressure measurements

Fetal age, heart rate, blood pressure, lengths, and weights
are presented in Table 1. IUGR fetuses were 67% lighter
than C fetuses (P <0.05), as were IUGR heart weights
(P <0.05). As a percentage of total fetal weight, however,
IUGR fetal heart weights were not different from C fetal
heart weights.

Fetal metabolic measurements

Fetal arterial pH, blood gasses, hematocrit, plasma glucose,
plasma lactate, and plasma insulin concentrations during
the basal and HI/EG clamp periods are presented in
Table 2. Although fetal arterial oxygen contents and
plasma glucose and insulin concentrations tended to be
lower in the IUGR fetuses, this trend did not reach statistical
significance. Fetal arterial PaO, and hemoglobin oxygen
saturations were lower in the IUGR group (P <0.05).
During the HI/EG clamp period arterial plasma insulin
concentrations increased to similar extents in both groups
(P <0.001) and the fetuses remained euglycemic.

Basal LV myocardial blood flow was maintained in
IUGR fetuses compared to controls (Figure 1la). Insulin
increased LV myocardial blood flow (P <0.01), but insu-
lin-stimulated LV myocardial blood flow in IUGR fetuses
was 73% greater than controls (Figure 1a). Similar to
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Table 1 Fetal growth and cardiac characteristics
Control IUGR P value
Gestational age (days) 130.5+1.3 129.2+0.7 0.377
Sex (% men) 50 67
Crown rump length (cm) 47.7+£2.0 40.8+2.2¢ 0.041
Lower limb length (cm) 35.7+1.4 30.6+1.9 0.058
Fetal weight (g) 3263.8 +189.1 2188.2 +£262.7* 0.008
Heart () 27.35+1.89 18.95+2.64* 0.027
Left ventricle + septum (g) 10.12+0.82 717+£1.01* 0.047
Right ventricle 4.97+0.48 3.37 £0.48* 0.042
Heart/fetal (%) 0.84+0.03 0.86+0.05 0.694
LVS/heart (%) 37.13+2.30 37.88+1.02 0.772
RV/heart (%) 18.04 £0.94 18.17+£1.29 0.938
LV + S/fetal weight (%) 0.31+0.02 0.32+0.02 0.635
RV/fetal weight (%) 0.15+0.01 0.16 £0.01 0.804
Brain (g) 47.0+2.3 41.8+2.3 0.144
Brain/fetal (%) 1.46+0.10 2.01+0.18* 0.025
Liver (g) 105.8+12.5 57.0+6.1* 0.005
Liver/fetal (%) 3.19+0.17 2.63+0.14* 0.034
Brain/liver (ratio) 0.47 +0.07 0.78 +£0.09* 0.037
Fetal heart rate 171.2+4.9 179.3+5.4 0.289
Systolic blood pressure (mmHg) 61.6+3.7 58.3+2.6 0.477
Diastolic blood pressure (mmHg) 38.0+1.5 35.3+3.0 0.446
Mean blood pressure (mmHg) 47.8+1.9 45.0+3.0 0.463
Data are presented as mean + SE and are analyzed with the Student’s t-test or the Mann-Whitney test as appropriate.
Table 2 Basal and hyperinsulinemic—euglyemic clamp fetal arterial and left ventricle characteristics
Hyperinsulinemic-euglycemic

Basal clamp ANOVA

Control IUGR Control IUGR

(n=6) (n=6) (n=5) (n=5) IUGR Clamp
Glucose (mmol/L) 1.27+0.10 0.94+0.14 1.19+0.15 1.09+0.11
Lactate (mmol/L) 2.32+0.24 4.89+1.36 3.41+£0.75 7.87 £2.544 P <0.05
Insulin (ng/mL) 0.16+0.03 0.11+0.03 7.46 +2.85# 6.10+1.71# P <0.001
pH (ratio) 7.37£0.01 7.36 +£0.03 7.31+£0.01 7.23+0.07# P <0.01
PaCO, (mmHg) 47.7£1.7 48.4+0.8 49.4+1.5 53.2+1.7# P <0.005
PaO, (mmHg) 20.0+1.1 15.9+1.2* 19.7+2.0 16.3+0.7 P <0.05
Hemoglobin—-oxygen saturation (%) 56+4 39+ 5* 45 + 6# 27 £ 4*# P <0.05 P <0.0001
Arterial O, content (mmol/L) 3.40+0.18 2.65+0.40 2.71+£0.43# 1.72+0.28# P <0.001
Hematocrit (%) 32+1 35+2 31+1 32 +2# P <0.05

Data are presented as mean + SE and are analyzed with a mixed models ANOVA. *refers to significant differences between control and IUGR groups within a study
period; #refers to significant differences between study periods within control or IUGR groups.

previous reports testing acute hypoxia, LV blood flow was
inversely related to arterial oxygen concentration in both
control and IUGR animals (Figure 2).%° Basal LV myocardial
glucose delivery and uptake were not different between
IUGR and control fetuses (Figure 1b,c). Insulin increased
LV myocardial glucose delivery and uptake (P <0.01), but
to a greater extent in the IUGR fetuses compared to controls
(Figure 1b,c). During basal and HI/EG clamp conditions LV
myocardial oxygen delivery, oxygen uptake, and oxygen

extraction efficiency were not different between groups
(Figure 1d,e/f).

A positive correlation was demonstrated between fetal
arterial oxygen values and cardiac weights, as shown
in Figure 3 for fetal arterial partial pressure of oxygen
(PO,, panels a and c) and fetal arterial oxygen concentra-
tions (panels b and d) vs. heart weight (panels a and b) and
the combined left ventricle and ventricular septum (panels
c and d).
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Discussion

We compared insulin-stimulated fetal LV myocardial blood
flow, oxygen metabolism, and glucose metabolism between
control and IUGR fetal sheep. We demonstrated increased
myocardial blood flow as blood oxygen content declined
and a direct correlation between fetal oxygenation and
heart weight, similar to results from previous studies.***
We also noted a lack of observed differences in LV myocar-
dial oxygen delivery, uptake, and extraction efficiency
(under basal and clamp conditions), most likely because
fetal heart weight to body weight ratios were similar
between control and IUGR animals, with similarly

increased LV myocardial blood flow for lower blood
oxygen content in both. We also have shown maintained
rates of umbilical oxygen uptake in the IUGR fetus when
normalized to body weight, suggesting that substrate oxi-
dation rates are preserved to maintain energy balance for
survival.’® This is the first report, however, of increased
myocardial glucose uptake in placental insufficiency-
induced IUGR fetuses that exceeds that of normally
grown control fetuses on a cardiac weight-specific basis
during acute insulin stimulation in late gestation.
Furthermore, we demonstrated that basal fetal myocardial
weight-specific glucose metabolism is maintained during
IUGR despite significant deficiencies in circulating concen-
trations of glucose, oxygen, and insulin, all critical regula-
tors of myocardial metabolism and growth. Together these
in vivo observations validate and extend our previous
in vitro data that demonstrated up-regulated fetal cardio-
myocyte glucose transporter and insulin receptor expres-
sion in IUGR fetuses, as well as higher myocardial
glycogen content.”

The novel results in our current studies demonstrate
that the fetal heart exposed to nutrient and oxygen depriv-
ation from placental insufficiency appears to maintain
myocardial energy supply in the IUGR condition via
increased glucose uptake and metabolic response to insulin.
These metabolic developments in the IUGR fetus are
supportive of conditions conducive to myocardial function
and growth. They are similar to whole fetal up-regulation of
insulin sensitivity, which we have documented before, 1013
indicating a common response to reduced glucose supply
that would sustain tissue and organ growth despite nutrient
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deprivation from placental insufficiency. It is important to
note, however, that in contrast to maintained insulin sensi-
tivity in the heart (data herein) and the whole fetus,'*** our
past investigations have shown evidence for increased hep-
atic glucose production that is relatively insulin resistant.””
The non-glucose sources of such hepatic glucose produc-
tion are under investigation in our ongoing studies. Such
hepatic insulin resistance and glucose production would
prevent severe hypoglycemia from developing if placental
insufficiency should be too severe, thereby maintaining glu-
cose concentrations in the fetal plasma sufficient to support
glucose supply to essential organs such as the heart. Such
differences in insulin sensitivity in the PI-IUGR fetus, there-
fore, act in concert to promote critical fetal metabolism and
function.

Other studies using similar in vivo methodology have
documented the importance of glucose and lactate pro-
duced from glucose as the principal energy substrates for
the fetal myocardium. Previous studies indicated that fetal
cardiac glucose metabolism produces ATP production lar-
gely via glycolysis, while lactate produced from glucose
produces ATP in the fetal heart largely by oxidation.*
This pattern of energy metabolism differs from the mature
postnatal myocardium that under normal conditions pri-
marily uses fatty acids and very little lactate or glucose

for oxidative metabolism.'*?** Rates of myocardial glu-
cose consumption in these studies were reported to be on
the order of 17-22pmol/min/100g in the late gestation
sheep fetus. We found that basal myocardial glucose
uptake rates in both control (17.0 pmol/min/100g) and
IUGR animals (18.2 umol/min/100 g) were similar to each
other and to the previously reported rates. Our results show
that glucose remains as a significant substrate for the fetal
myocardium during IUGR despite significant fetal hypo-
glycemia and hypoinsulinemia, supporting our previous
observations of maintained to up-regulated myocardial glu-
cose transporter concentrations.”

The effect of insulin on fetal myocardial metabolism has
been inadequately described. Earlier studies indicated that
the fetal myocardium is resistant to insulin until the transi-
tion to extra-uterine life when developmental increases in
glycolytic enzymes and glucose transporters allow for
increased myocardial insulin sensitivity.*' More recently stu-
dies in late gestation fetal piglets (88% of gestation) have
demonstrated an insulin responsive myocardium.** In
these studies, using an isolated fetal heart, a myocardial infu-
sion of glucose and insulin was associated with increased
myocardial glycogen deposition, comparable to our model.*’

Our studies expand further the understanding of the
effects of insulin on fetal myocardial glucose metabolism.
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We found that acute insulin stimulation increases glucose
uptake from baseline by 48% in control animals.
Importantly, insulin-stimulated myocardial glucose
uptake increased more dramatically in IUGR fetuses, by
105%. We previously reported increased myocardial insulin
receptor protein and plasma membrane associated glucose
transporter isoform 4 (GLUT4) concentrations in IUGR LV
myocardium.*® Coupled with our present data, these
results show that the fetal ovine myocardium adapts to
IUGR by increasing myocardial plasma membrane insulin
receptor and insulin sensitive GLUT4 concentrations and
maintains normal concentrations of GLUT1 concentrations,
allowing for maintained basal glucose uptake rates and a
greater response to acute insulin stimulation compared
with control animals, despite decreased basal glucose and
insulin concentrations. Increased whole body sensitivity to
insulin for glucose metabolism has been demonstrated in
many animal models of IUGR and is consistent with human
IUGR newborns.”#**® This is the first study to report
increased fetal myocardial insulin sensitivity in the IUGR
fetal myocardium, consistent with the data for whole
animal insulin sensitivity.'’"*®

In our model of fetal growth restriction, circulating fetal
arterial concentrations of insulin and glucose are lower,
while those of lactate, the primary myocardial substrate
for oxidative metabolism, are higher than in normally
grown fetuses of the same gestational age and in fetuses
from IUGR models that are less severe in terms of placental
insufficiency and degree and duration of fetal oxygen
supply and relative fetal hypoxemia.® Increased lactate con-
centrations and metabolic acidosis increase in IUGR fetuses
in our model of placental insufficiency as the fetal oxygen
and nutrient supplies decrease and blood flow is shunted
away from the placenta and peripheral fetal tissues to
supply the brain, heart, and adrenals; such conditions
increase in later gestation as the fetus becomes progres-
sively more hypoxic.'®*” Our model is relatively severe in
this regard'® vs. other chronic models.®**?”3? Cardiac lac-
tate uptake and metabolism are directly related to plasma
lactate concentrations.'® It is possible, therefore, that the
increased capacity for the IUGR fetal myocardium to trans-
port glucose intracellularly to maintain glycolysis, glycogen
synthesis, and glycogenolysis, also produces the increased
amounts of lactate noted in our study, which then would be
available for preferential oxidation for energy produc-
tion.'”?%949 Such mechanisms also might support the
unique myocardial response to fasting in which the myo-
cardium increases glycogen content, unlike other organs
such as skeletal muscle and the liver where glycogen
levels, normally unchanged in the IUGR fetus from
normal levels," " decrease under fasting conditions.”!

Our studies also highlight adaptive increases in coronary
blood flow during late gestation IUGR, a period of chronic
fetal hypoxemia and higher umbilical artery Doppler pul-
satility and resistance indices. A previous study using our
IUGR model showed that increased umbilical arterial pul-
satility and resistance indices in the IUGR ovine fetus cor-
relate with significantly higher fetal systemic blood
pressures and placental vascular resistance.”® Such
increases in systemic and umbilical arterial resistance also
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could lead to a compensatory increase in myocardial con-
tractility, which could induce GLUT4 translocation and
increase cardiac glucose metabolism. We found control
fetal LV myocardial blood flows and oxygen extraction
were similar to the values that have been reported in pre-
vious studies of fetal sheep at similar gestational ages.” >’
Basal LV myocardial blood flow and insulin-stimulated LV
myocardial blood flow, however, were increased to a
greater extent in the IUGR fetuses than in the controls.
Increased coronary blood flow during placental insuffi-
ciency-induced IUGR is an adaptation that allows for main-
tained fetal cardiac nutrient and oxygen supply, as well as
subsequent energy metabolism and growth.

Arterial oxygen concentrations are critical determinants
of coronary blood flow in both mature and fetal animals.
During episodes of acute hypoxemia in fetal sheep, cardiac
output is redistributed to critical organs, including the
heart, which maintains myocardial oxygen delivery and
consumption.'>**-" This observation was corroborated in
our studies (Figure 1), showing an exponentially increasing
rate of myocardial blood flow as blood oxygen concentra-
tions decreased. Studies using fetal anemia in late gestation
fetal sheep show that the coronary blood flow increase in
response to low oxygen concentrations was secondary to an
increased coronary conductance, an increased myocardial
vascular diameter, and a maintained vascularity and coron-
ary flow reserve.®! Furthermore, with fetal anemic hypoxia,
cardiac enlargement relative to the body is produced by
cardiomyocyte proliferation (but not hypertrophy, which
can be partially reversed by transfusion), indicating that a
key regulator of cardiac growth is blood oxygen con-
tent.*>*? Because fetal hypoxia tends to increase blood pres-
sure, however, relative hypertension also could promote
cardiac cellular proliferation and hypertrophy.®® In contrast,
in the absence of fetal arterial hypertension, placental insuf-
ficiency from placental embolization in late gestation is
associated with substantially depressed growth of the
heart through suppressed proliferation and maturation of
cardiomyocytes. This observation indicates that other char-
acteristics of placental insufficiency, such as cardiomyocyte
insulin sensitivity, glucose and amino acid supply and
metabolism, oxygen availability to individual cardiomyo-
cytes, and IGF-1 production and function, might have a
prominent role in regulating myocardial metabolism,
growth, and function independent of hypertension.**

The present studies also provide insight into how the
IUGR fetal myocardium could maintain function despite
reduced oxygen and nutrient supplies. This is important
as previous studies in other animal models have shown
that in utero undernutrition is associated with impaired
cardiac muscle energetics, including decreased fatty acid
oxidative capacity, decreased maximum oxidative phos-
phorylation rate, and decreased proton leak respiration.®*
IUGR fetuses also show signs of cardiac dysfunction from
early stages and a significant decline in cardiac systolic
function together with the appearance of biochemical
signs of cell damage as gestation proceeds and their [IUGR
condition worsens.*>%

In summary, we have identified mechanisms of fetal
myocardial adaptations that allow for normal or even
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increased glucose uptake during late gestation IUGR, which
maintain cardiac metabolism and thus might help maintain
cardiac growth and function, despite significant limitations
in fetal arterial glucose, oxygen, and insulin availability. The
results also demonstrate that there are adaptations in myo-
cardial vascular development and function in response to
hypoxemia that allow for increased basal coronary blood
flow during IUGR when placental oxygen delivery is
reduced. Thus, while current evidence indicates that rela-
tive sparing of heart growth and function might have sur-
vival value for the fetus, the resulting differential fetal
cardiac growth rates serve as a marker for compromised
myocardial metabolism that portend cardiovascular dis-
eases in later life.
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