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Abstract

Purpose  Meconium peritonitis is caused by an intestinal
perforation that may occur in the fetus, followed by severe
chemical peritonitis, resulting in high morbidity.

Methods We have experienced six patients with meco-
nium peritonitis. Cystic drainage was performed soon after
birth for all patients. We investigated the concentrations of
several cytokines and a chemokine (interleukin 8) in the
ascites from the six patients with meconium peritonitis. In
two patients we also measured the serum cytokines and
chemokine level just after birth.

Results Interleukin 6 and interleukin 8 concentrations
were very high in the cyst or ascites just after birth. In the
serum taken from two patients, the levels of interleukin 6
and interleukin 8 were also high. In five patients who
underwent drainage of cysts after birth, systemic inflam-
mation could not be completely suppressed before curative
surgery.

Conclusions Interleukin 6 and interleukin 8 play impor-
tant roles in the inflammatory response syndrome associ-
ated with meconium peritonitis, and drainage of cystic fluid
did not completely suppress this inflammation. To lessen
the high morbidity of meconium peritonitis, efforts should
be made to suppress the inflammatory response using new
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treatment strategies, such as administration of steroids or
anti-cytokine therapy to supplement cystic drainage.

Keywords Meconium peritonitis - Systemic
inflammatory response syndrome - Fetal inflammatory
response syndrome - Interleukin 6 - Iuterleukin 8

Introduction

Meconium peritonitis is a fetal inflammatory response
syndrome (FIRS) [1] that is triggered by meconium leaking
into the peritoneal cavity in the fetus. If such chemical
inflammation continues after birth, it is called systemic
inflammatory response syndrome (SIRS) and makes patient
care more difficult. A high morbidity rate of meconium
peritonitis is reported even today [2]. However, precisely
which cytokines and chemokines are involved in this
inflammation remain to be elucidated, and only one
experimental report has previously suggested a role for
tumor necrosis factor-o [3]. We report herein our investi-
gation of the concentrations of several cytokines and che-
mokines in the ascites and serum taken from six patients
with meconium peritonitis and elucidate their potential
roles in the systemic inflammation in these patients.

Materials and methods

We have experienced six patients with meconium perito-
nitis since 1993. One patient died soon after birth because
he was complicated with a diaphragmatic hernia and had
severe pulmonary hypoplasia. The other five patients were
classified as having giant cystic type meconium peritonitis.
In all six patients, ascitic or cystic fluids were drained soon
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after birth and centrifuged at 5,824 g for 10 min; super-
natants were kept at —80°C until examination. In two
patients, blood samples were also taken just after birth, and
these were also kept at —80°C until use. Five patients
underwent curative surgery at 5-25 days of age, and they
all had ileal atresia and short bowels. In one patient, severe
peritonitis caused by methicillin-resistant Staphylococcus
aureus occurred after curative surgery, and additional
peritoneal drainage was needed. Ascites and serum were
taken from this patient after surgery and kept at —80°C
until they were analyzed.

The following cytokines and a chemokine [interleukin 8
(IL-8)] were measured using commercially available
ELISA kits: interleukin 15 (IL-1p), interleukin 2 (IL-2),
interleukin 4 (IL-4), interleukin 6 (IL-6), interleukin 8 (IL-
8), interleukin 10 (IL-10), tumor necrosis factor-o (TNF-a),
and interferon-y (IFN-y).

Results

Profiles of the six patients and the degree
of inflammation after birth

The patient profiles are shown in Table 1. Four patients
were male and two were female. Patient 2 was not
diagnosed antenatally, but five patients were diagnosed as
having meconium peritonitis while in utero. Patient 3 died
soon after birth because he also had a diaphragmatic
hernia and severe pulmonary hypoplasia. The gestational
age of the six patients at birth ranged from 34 to
40 weeks and 3 days. Their body weight varied between
2,425 and 3,700 g (including the volume of the peritoneal
cyst). All six cases except case 3 were giant cystic types;
case 3 was an adhesive type with massive had ascites.
The cystic fluids or ascites were drained at 0-2 days after
birth, and the serum C-reactive protein (CRP) level was
monitored as an indicator of systemic inflammation
(Fig. 1). Curative surgery was performed at 5-25 days of
age. All patients except in case 3 had ileal atresia and had

shorter bowels (the small intestine ranged from 70 to
130 cm in length) compared with age-matched normal
neonates. The five patients who underwent surgery are all
still alive.

Table 2 shows laboratory data immediately after birth
indicating the level of systemic inflammation. White blood
cell counts were high, from 18,000 to 32,500/mm3 in all
patients. The serum CRP level was high in patients 1, 2,
and 4 (17.4, 2.33, and 4.38 mg/dl, respectively) and mildly
elevated in patients 3, 5, and 6 (0.49, 0.3, and 0.8 mg/dl,
respectively). Erythroblast counts indicated the level of
inflammation, which was high in patients 2 and 4 (12% and
75.6%, respectively).

Concentrations of cytokines and a chemokine
in cystic or ascitic fluid and serum that were
collected after birth (Tables 3, 4)

In the cystic or ascitic fluids, IL-6 and IL-8 were present at
very high concentrations (IL-6 level, 393-31,800 pg/ml;
IL-8, 35.2-11,000 pg/ml). The levels of these two cyto-
kines did not correlate with the disease term (from gesta-
tional age at diagnosis to gestational age at birth) and also
were not correlated with the serum whole blood cell
(WBC) and CRP levels, as shown in Table 2. IL-1 was
mildly elevated, from 8 to 348 pg/ml. TNF-o was at very
low levels in most patients. IFN-y, IL-2, IL-4, and IL-10
were all almost below the level of detection. In patients 2
and 6, IL-10 was mildly elevated, which suggested that an
antiinflammatory response had occurred in these patients
[4]. In patients 2 and 4, the serum cytokine and chemokine
levels were measured. IL-6 and IL-8 were high, whereas
IL-1p and TNF-« were mildly elevated.

Increases and decreases of systemic inflammation
after cystic drainage

Figure | shows CRP changes before and after curative
surgery in case 2. The CRP level fluctuated after cystic
drainage, but it never came down below the normal value.

Table 1 Profile of six patients

with meconium peritonitis Case Sex ?etal ‘ Gestation Bo@y Drainage Curative Lengt}} of . Prognosis
iagnosis weight (days) surgery  small intestine
(2) (days) (cm)

1 M 32 weeks 40 weeks, 3 days 2,920 0-2 25 70 Alive

2 F - 35 weeks, 0 day 3,700 0.1 5 75 Alive

32 M 33 weeks 35 weeks, 2 days 2,698 0 - ? Dead
2 Case 3 was complicated with 4 M 28 weeks, 34 weeks, 0 day 2,425 1 16 130 Alive
diaphragmatic hernia and the 2 days
patient died at 2 days of age of 5 F 28 weeks 36 weeks, 5 days 2,748 0.1 20 110 Alive
pulmonary insufficiency and M 30 weeks 36 weeks, 1 day 2,448 0 5 120 Alive

generalized edema
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Fig. 1 C-reactive protein (CRP) change in patient 2. Just after birth,
the CRP level was 2.33 mg/dl (y-axis). After cystic drainage, it
fluctuated, but never came down to the normal value. After curative
surgery on day 5 after birth (x-axis), the CRP level increased as high
as 9.0 mg/dl, but decreased thereafter. Arrow cystic drainage,
arrowhead curative surgery

Table 2 Inflammatory states after birth in six patients

Case  Term from WBC? CRP* Erythroblasts®
diagnosis to birth ~ (/mm®)  (mg/dl) (%)

1 8 weeks, 3 days 32,500 17.4 0

2 - 29,700 1.33 12

3 2 weeks, 2 days 18,000 0.49

4 5 weeks, 5 days 15,400 4.38 75.6

5 8 weeks, 5 days 28,800 0.3

6 6 weeks, 1 day 25,600 0.8

WBC whole blood count, CRP C-reactive protein
# Blood samples were taken just at birth

The other four patients (cases 1, 4, 5, and 6) also showed
fluctuations in their CRP levels after drainage, and none of
them came down below the normal value (data not shown).
We concluded that cystic drainage could attain reduction of
the local levels of cytokines and the chemokine but could
never completely control systemic inflammation caused by
meconium peritonitis.

Table 3 Concentration of cytokines and chemokine in cystic fluids

Discussion

In the past few decades, meconium peritonitis has been
considered to be a severe, complicated disease with a very
high mortality rate [3, 6]. Recently, antenatal diagnosis and
progress in treatment have decreased the mortality rate {7,
8], but the morbidity rate is still high because the severe
inflammatory response may continue after birth and cause
complications [2].

FIRS is a relatively novel concept, but it is now
becoming widely accepted by neonatologists and obstetri-
cians [1], and it is closely related to the presence of cyto-
kines such as IL-6 and IL-8 [9, 10]. Meconium peritonitis
may be a typical FIRS manifestation at the early stage of
the disease in the fetus when one considers its fetal path-
ophysiology. Meconium is a strong inducer of inflamma-
tion via the complement system and the CD14 molecule on
macrophages [11]. In the fetus, TNF-« and IL-1f secreted
by peritoneal macrophages might play an important role in
triggering the inflammatory response in meconium perito-
nitis [3].

Our present data showed that the inflammatory
response continued after birth, and that the patients had
varying degrees of inflammatory responses at birth. In
other words, the patients with meconium peritonitis are in
SIRS just after birth, and suppressing this inflammatory
response is very important for successful treatment after
birth. Our data also showed that after birth, IL-6 and IL-8
played key roles in inflammation, in contrast to IL-1§ and
TNF-¢, which were suggested to play important roles in
experimental meconium peritonitis [3]. We hypothesize
that IL-1f and TNF-¢ work in the fetus to induce an
inflammatory reaction in the peritoneal cavity, and that
such an inflammatory reaction can result in the formation
of a pseudocyst. IL-6 and IL-8 may amplify the inflam-
mation initiated by IL-1 and TNF-«. In some patients, the
IL-10 level was increased slightly in the cyst, thus sug-
gesting that these patients may have had antiinflammatory
response syndrome (CARS) [4], but even in these

Case TNF-o (pg/ml) IL-1f (pg/ml) IL-6 (pg/ml) IL-8 (pg/ml) IFN-y (IU/ml) 1L-2 (U/ml) IL-4 (pg/ml)  IL-10 (pg/ml)
(<5) (<10) (<4) (<2) (<0.1) (<0.8) (<6) (<5)

1 6 348 1,120 11,000 <0.1 <0.8 - <2.0

2 <5.0 38 31,800 1,800 <0.1 <0.8 <2.0 9

3 <5.0 16 7,800 591 <0.1 <0.8 <2.0 <2.0

4 23.2 8 393 352 0.3 <0.8 - <2.0

5 <5.0 30 566 3,220 0.2 <0.8 <2.0 <2.0

6 <5.0 2.89 5,200 6,650 0.2 <0.8 - 25

Numbers in parentheses indicate normal value in human blood
TNF-o. tumor necrosis factor-o, IL interleukin, IFN-y interferon-y
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Table 4 Concentration of cytokines and chemokines in serum after
birth

Case TNF-a (pg/ml) IL-15 (pg/ml) IL-6 (pg/ml) IL-8 (pg/ml)

1 - - _ -
2 1.8 2.1 154 66
3 - - - -
4 3 1.13 384 104
5 - - - _
6 _ - - _

patients, the systemic inflammation still continued, as
indicated by the WBC count and CRP level.

The 11.-6 and IL-8 concentrations in the cysts did not
correlate with the disease term (from first diagnosed ges-
tational age to birth age), or with the serum inflammatory
markers such as WBC and CRP in our five patients,
although the reasons for this lack of correlation were not
clear. We speculate that the inflammatory responses in a
fetus may vary according to the process of formation of the
pseudocyst wall (this process is likely different in each
patient), and once formed, this pseudocyst wall may work
as a seawall to prevent the overflow of cytokines into the
bloodstream in some patients, whereas in other patients, the
wall did not work, leading to severe systemic inflamma-
tion. Another important fact was that the IL-6 and IL-8
levels were high in all six patients, but their absolute
concentrations varied. Again, the reason for this was not
clear, but we speculated that IL-6 and IL-8 were produced
by the activated macrophages and neutrophils attracted by
the first inflammation evoked by TNF-« and IL-15. If the
adhesive and fibrous pseudocyst wall was promptly formed
after first inflammation, it might be difficult to attract
macrophages and neutrophils into the cysts, thereby pre-
venting the inflammatory cascade from effectively pro-
ducing IL-6 and IL-8. In contrast, if the pseudocyst was
formed gradually by a necrotic intestinal wall, the wall
would have been fragile and easily attracted macrophages
and neutrophils into the cyst, allowing the inflammatory
cascade to proceed to induce high levels of IL-6 and IL-8.
However, these theories are just speculation, and more data
are needed to a demonstrate reasonable explanation for
these observed differences.

Cystic drainage was reported to be valuable to control
the inflammation because it worked to reduce cytokine
levels [12], but such treatment alone could not suppress the
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inflammation completely, as shown by our present data.
Therefore, a more effective and stronger anti-cytokine
treatment is needed to control SIRS after birth. Steroids are
among the promising therapeutic candidates [13]. Other
candidates, as apparent from our data, are anti-IL-6 agents
[14]. It will be important and valuable to use these medi-
cations in the future to control SIRS in meconium perito-
nitis patients, and this may reduce the morbidity of the
disease.
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Carbohydrate and Energy Metabolism in the Brain of Rats With
Thromboxane A,-Induced Fetal Growth Restriction
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ABSTRACT: Fetal growth restriction (FGR) remains a cause of
perinatal brain injury, sometimes leading to neurological and intel-
lectual impairment. Although the mechanisms and pathophysiology
of CNS injuries have not been elucidated completely, it is possible
carbohydrate and energy metabolism may have an important role in
the FGR brain. In this study, FGR was induced in rats by adminis-
tration of synthetic thromboxane A, (STA,). Pups were delivered by
cesarean section. After killing, samples were obtained from the
fetuses of both control and FGR rats for evaluation of carbohydrate
and energy metabolism in brain tissue. Lactate and pyruvate levels in
brain were reduced significantly in the FGR group. Glucose content
in brain tissue tended to be increased in the FGR group. In contrast,
glycogen content in brain tissue tended to be lower in the FGR group.
However, these differences in glucose and glycogen content did not
reach statistical significance. Brain high-energy reserves, including
ATP, ADP, AMP, and phosphocreatine (P-Cr), were similar in the
control and FGR groups. Gluconeogenesis compensated for chronic
fetal hypoxia and decreased glycogen storage. Energy metabolism in
the FGR brain is likely to be disrupted as a consequence of lower
reserves of energy substrates. (Pediatr Res 70: 21-24, 2011)

Fetal growth restriction (FGR) is an important cause of
perinatal morbidity and mortality. Surviving small-for-GA
(SGA) infants have a higher incidence of neurological impair-
ments including mental retardation and educational and/or
behavioral problems (1-3). Several authors have reported that
perinatal hypoxic ischemic brain damage may contribute to an
increased prevalence of motor, cognitive, and affective dis-
abilities in children born with FGR (4-6). However, the
mechanisms underlying these disabilities have not yet been
fully elucidated.

Various prenatal factors may affect fetal growth. Pregnancy-
induced hypertension (PIH) is an especially important factor in
FGR fetuses. In PIH, increasing umbilical vessel resistance
causes limitations in uteroplacental blood flow. As a conse-
quence, the supply of oxygen and nutrition to the fetus may
decrease (7). FGR fetuses are frequently hypoxic and hypo-
glycemic (8). During labor, uterine contractions can further
compromise placental blood flow and oxygen supply to the
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FGR fetus, thereby increasing the risk of an intrapartum
hypoxic-ischemic event and subsequent brain injury (9). Sev-
eral authors have also reported that FGR fetuses are not only
at great risk of perinatal hypoxic ischemic events but also may
be more susceptible to hypoxic-ischemic brain damage, com-
pared with appropriate-for-GA (AGA) fetuses (9,10).

Several studies have investigated the mechanisms of brain
injuries in FGR model animals (11-13). Manipulations to
induce FGR in animal models included surgical ligation of
vessels supplying the uteroplacental unit (12) and maternal
starvation (11). However, these models do not necessarily .
reflect the pathophysiology of FGR. It has been suggested that
plasma levels of thromboxane, a potent vasoconstrictor, may
exceed prostacycline levels in PIH, whereas in normal gesta-
tion, the opposite is true (14-16). This prostacycline-
thromboxane imbalance may be of primary importance in the
pathophysiology of uteroplacental vascular insufficiency and
resultant fetal growth retardation. We have developed an FGR
model induced by maternal administration of thromboxane A,
(17) and consider that this model may more closely resemble
the pathophysiology of human FGR compared with other
models generated by uterine artery ligation (18) or maternal
undernutrition (19). Our FGR model exhibits not only physi-
cal growth restriction but also a significant delay in postnatal
neurological development (20). The phenotype of our FGR
model is therefore very similar to severe human FGR associ-
ated with severe PIH.

In general, FGR infants suffer from hypoglycemia. There is
evidence that hypoglycemia affects psychomotor development
in SGA infants (21). Changes in energy metabolism associated
with adaptation of the FGR fetus to chronic hypoxia and
hypoglycemia in utero may therefore be an important deter-
minant of susceptibility to perinatal hypoxic ischemic brain
injury in FGR neonates. Accordingly, it is important to clarify
the alterations that occur in carbohydrate and energy metab-
olism in growth-retarded fetal brains. We hypothesize that the
content of substrates in FGR brains is lower than in brains of
AGA infants. However, we speculate the energy status in FGR
is normal as the majority of FGR infants do not have neuro-
logical symptoms. In this study, we examined cerebral carbo-

Abbreviations: FGR, fetal growth restriction; P-Cr, phosphocreatine; PIH,
pregnancy-induced hypertension; STA,, synthetic thromboxane A,
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hydrate and energy metabolism and used our model of FGR to
clarify the mechanism of brain damage in this condition.

MATERIALS AND METHODS

The protocol for this study was approved by the Ethical Committee of the
Center for the Promotion of Medical Research and Education, Nagoya
University Graduate School of Medicine.

Preparation of FGR rats. Dated pregnant Sprague-Dawley rats were
purchased from Chubu Kagaku Shizai, Nagoya, Japan, and osmotic pumps,
Model 2MI1 from Alza Corporation, Palo Alto, CA. Synthetic thromboxane
A, (STA,) analog was kindly gifted by Ono Pharmaceutical Company, Osaka,
Japan. All reagents and enzymes used in the study were of the highest
commercial grade available. The maternal rats were housed individually and
fed ad libitum under controlled light cycle (12-h light and 12-h darkness) and
temperature conditions. The FGR model rats were produced using our pre-
viously reported method (17). In brief, on the 13th day of pregnancy, an
osmotic pump filled with STA, was implanted into the peritoneal cavity under
general anesthesia with pentobarbital. The mean delivery rate of STA, was 20
ng/h. On the 20th day of gestation, the fetuses were delivered by cesarean
section under ether anesthesia. The fetuses were stabilized for 1 h after birth
and then weighed. To avoid hypothermia, the environmental temperature was
regulated using a temperature-controlled bath. After decapitation, blood sam-
ples were collected for analysis of blood glucose levels. The whole brains
were then removed and weighed, and saved for the experiments.

Six pregnant rats were divided into two groups, with three rats being
administrated STA, to induce FGR, whereas the remaining three animals had
no intervention. None of the maternal rats died during pregnancy, and there
was no intrauterine/neonatal death of the pups in the study. We were unable

_to obtain sufficient quantities of tissue from several pups. The lactate and
pyruvate content was measured in whole brains of 10 FGR pups from a litter
of 13 and also in 14 control pups from a litter of 14. Glucose and glycogen
contents in whole brains were evaluated in 7 FGR rats from a litter of 10 and
in 13 controls from a litter of 13, whereas energy status in whole brains was
evaluated in 9 FGR rats from 1 litter of 12 and in 9 controls from a litter of
13. The total number of pups in the FGR and control groups were 26 and 36,
respectively. A proportion of the experimental animals was used to measure
plasma glucose levels (10 FGR rats and 13 controls).

Preparation of brain tissue. For determination of lactate and pyruvate
contents, the whole brains were removed and homogenized immediately in 2
mL of 0.6% perchloric acid using a Potter-Elvehjem glass homogenizer to
achieve optimal preservation of the labile metabolites. The combined proce-
dures of decapitation, brain removal, and homogenization were carried out
within 13-15 s. The homogenate was centrifuged at 28,000 X g for 30 min
and the resultant supernatant adjusted to pH 6.0 with 3 N potassium carbonate
containing 0.5 M triethanolamine, followed by centrifugation at 28,000 X g
for 30 min. The final supernatant was stored at —80°C until analyzed. To
measure glucose and glycogen contents, the homogenate of the whole brain
was added to 50 volumes of 0.03 N HCI and then heated for 10 min at 100°C
in sealed tubes. The boiled suspension was used in the assays (22).

Whole brains were homogenized with 10 volumes of ice-cold 6% perchlo-
ric acid to evaluate ATP, ADP, AMP, and phosphocreatine (P-Cr) levels.
Sampling of the brain tissue was carried out using the same methods as for
pyruvate and lactate. After centrifugation of the homogenate at 10,000 X g for
10 min, 0.1 mL of 1 M dibasic potassium phosphate was added to 1 mL of the
supernatant. The mixture was then neutralized with 3 N potassium hydroxide
and centrifuged at 10,000 X g for 10 min. The supernatant was stored at
—80°C until analysis.

Laboratory measurements. Measurement of glucose and pyruvate con-
tents in whole brains were essentially those described by Lowry and Passon-
neau (23), whereas lactate and glycogen contents were determined by the
method of Vannucci and Duffy (22).

The fluorometric methods for ATP, ADP, AMP, and P-Cr were essentially
those described by Lowry and Passonneau (23). Determination of adenine
nucleotide concentrations allows estimation of the ATP/ADP ratio and ade-
nylate charge ratio, (ATP + 1/2ADP)/(ATP + ADP + AMP). The former
approximates energy availability, whereas the latter reflects the equilibrium
between high-energy adenine nucleotides mediated by adenylate kinase (24).
Plasma glucose was analyzed by the glucose oxidase method using an
Ascensia Breeze2 Blood Glucose Meter (Bayer HealthCare, Japan).

Statistical analysis. The results were expressed as median and range. The
Mann-Whitney U test was used to evaluate the statistical significance of
differences between the FGR and control groups. A p < 0.05 was considered
statistically significant.

RESULTS

Evaluation of fetal growth. The median body weights of
pups in the FGR and control groups were 3.64 g (3.35-4.09 g)
and 4.18 g (3.74-4.69 g), respectively. Fetuses with FGR
were significantly smaller than those in the control group (p <
0.0001). The median brain weight in the FGR group was
significantly lower than that in the control group [167 mg
(144186 mg) versus 180 mg (156-192 mg), p < 0.0001].

Evaluation of carbohydrate metabolism. Carbohydrate
substrates and metabolites in the whole brains are shown in
Fig. 1. The median lactate content in the brains was signifi-
cantly lower in the FGR group compared with the control
group [0.69 wmol/g (0.34-1.67 umol/g) versus 1.19 umol/g
(0.81-1.63 wmol/g), p = 0.017]. The median pyruvate content
in the brains was also significantly lower in the FGR group
than in controls [0.24 umol/g (0.12-0.43 pumol/g) versus 0.31
umol/g (0.26—0.43 pmol/g), p = 0.004]. Total glucose con-
tent tended to be higher in FGR rat brains [1.24 wmol/g
(0.54-1.96 pmol/g) versus 0.58umol/g (0.37-1.78 umol/g),
p = 0.081]. In contrast, total glycogen content in the brains
tended to be lower in the FGR pups compared with controls
[1.29 pmol/g (1.15-1.66 pwmol/g) versus 1.53 pmol/g (1.11-
1.85 pmol/g), p = 0.075]. These differences in glucose and
glycogen contents in the whole brains were not statistically
significant.

Median plasma glucose was significantly lower in FGR rats
compared with controls [24.8 mg/dL (18.0-30.5 mg/dL) ver-
sus 43.8 mg/dL (39.0-60.5 mg/dL), p < 0.0001].

Evaluation of energy status in the brain. The energy state
in brain tissue was evaluated by measuring ATP, ADP, AMP,
and P-Cr concentrations (Table 1). There were no significant
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Figure 1. Comparison of carbohydrate substrates in whole brains of the
control and FGR groups. (A) Lactate contents in control (n = 10) and FGR
(n = 14) pups. (B) Pyruvate contents in control (n = 10) and FGR (n = 14)
pups. (C) Glucose contents in control (n = 7) and FGR (n = 13) pups. (D)
Glycogen contents in control (n = 7) and FGR (n = 13) pups. The horizontal
bars within the boxes correspond to the median, the upper and lower bars of
the boxes to the first and third quartiles, respectively, and the upper and lower
whiskers to the 90th and 10th percentiles, respectively. The observations
marked by an open circle were considered extreme outliers. *p < 0.01, *¥p <
0.05.

—182—



CARBOHYDRATE AND ENERGY IN FGR BRAINS 23

Table 1. High-energy metabolism in the fetal brain
FGR (n = 9) p

1.79 (1.45-2.25) 0.392
0.28 (0.18-0.49) 0.870
0.10 (0.03-0.20) 0.128
1.17 (0.77-1.50) 0.205

6.1 (4.3-12.3) 5.93.7-10.1) 0.627
0.88 (0.86-0.93) 0.89 (0.82-0.93) 0.773

Charge ratio; (ATP + 1/2ADP)/(ATP + ADP + AMP).

Controls (n = 9)

1.85 (1.57-3.08)
0.33 (0.19-0.41)
0.11 (0.09-0.15)
1.50 (0.70-1.72)

ATP (umol/g)
ADP (umol/g)
AMP (umol/g)
P-Cr (umol/g)
ATP/ADP
Charge ratio

differences in cerebral high-energy reserves, as total ATP,
ADP, AMP, and P-Cr contents were similar in the two groups.
The ATP/ADP and charge ratio in the FGR brains were also
similar to those in the controls.

DISCUSSION

In this study, we evaluated carbohydrate substrates and
energy status in the brains of rats with FGR induced by STA.,.
Pyruvate and lactate contents in the brain were decreased
significantly in FGR rats. Although glucose content tended to
be increased in FGR rat brains compared with controls, gly-
cogen content tended to be lower. These differences in glucose
and glycogen content in whole brains, however, did not reach
statistical significance. There was also no significant differ-
ence in cerebral high-energy reserves such as total ATP, ADP,
AMP, and P-Cr contents between the two groups. Our results
suggest that a normal energy state is maintained in FGR brains
even when serum glucose levels are low. However, energy
metabolism may be disrupted easily when there is a decreased
supply of carbohydrate substrates in the FGR brains. This
suggests that FGR brains may be more susceptible to hypoxic-
ischemic events.

In view of the known predisposition for human FGR infants
to develop neonatal hypoglycemia, glucose metabolism was
the subject of early investigations in FGR models. We mea-
sured carbohydrate substrates in the brain, and as expected,
showed pyruvate and lactate levels were decreased in FGR
rats. Glycogen levels tended to be lower in FGR rats compared
with controls, although this difference was not statistically
significant. In contrast, glucose content in FGR brains tended
to be higher when compared with controls. In general, glucose
transportation across the placenta and the blood-brain-barrier
is facilitated by carrier-mediated diffusion that is dependent on
the concentration gradient. Ogata et al.(25) showed that
growth-retarded fetuses had significantly diminished plasma
glucose concentrations 10 and 240 min after uterine artery
ligation, which recovered to normal ranges by the 21st gesta-
tional day. Our results support the hypothesis that fetal gly-
cogen degradation with resultant hyperglycemia ensures an
adequate supply of substrates to vital tissues such as the brain,
and provides, at least, some measure of fetal tolerance to
interruptions in placental oxygen transport (26).

Brain glycogen is contained predominantly in astrocytes,
although its concentration is low compared with that in the
liver (27). When brain blood flow is interrupted completely,
theoretically energy may become depleted within a few min-
utes. However, it is possible that glucose utilization is con-

siderably slower in newborn rats (28), and therefore glycogen
may be an important substrate in fetal and neonatal brains
during periods of asphyxia even when the amount of glycogen
stored is small. A reduction in umbilical blood flow results in
a decrease in fetal glucose and oxygen uptake. Anaerobic
glycolysis is then stimulated by hypoxia to maintain optimal
cellular energy balance despite oxygen debt. Glycogenolysis
with resulting availability of glucose is an obviously important
pathway that contributes to glucose homeostasis during the
perinatal period. As glycogen storage in fetal brains is mini-
mal (27), the supply of free glucose via glycogenolysis from
glycogen storage tissues such as the liver and kidney plays an
important role in the survival of the fetus during times of
stress. It has been demonstrated that accumulation of fetal
hepatic glycogen is decreased in animal models of FGR (25),
and in our study we also observed that FGR brains had lower
glycogen content. Taken together, these experimental data
suggest that FGR brains may have a low tolerance to the
effects of undernutrition and adaptive glycogenolysis.

The significance of gluconeogenesis in fetal carbohydrate
metabolism remains controversial. Townsend ef al. (29)
showed that gluconeogenic capacity is not expressed in utero
under unperturbed circumstances, and that the contribution of
gluconeogenesis from lactate, pyruvate, or alanine to glucose
was quantitatively negligible. The FGR newborn also has
depressed activity of enzymes necessary for gluconeogenesis
(30). However, another report presented evidence that sug-
gested that three carbon substrates, such as lactate, pyruvate,
and alanine are likely to be precursors for hepatic glycogen
(31). In experiments on fasted sheep, fetal glucose utilization
did not decline to the same degree as the decrease in umbilical
uptake, suggesting compensatory glucose production by the
fetus (32). Rudolph er al. (33) also showed an increase in net
glucose production in fetal sheep livers during acute umbilical
cord compression.

The substrates in the FGR brain also remain controversial.
Kliegman et al. (11) examined brain substrates in FGR dogs
and showed the levels of lactate, pyruvate, and glycogen were
higher in brain tissue of FGR dogs than in controls. However,
glucose levels were similar in the FGR dogs and controls. Lin
et al. (12) also reported high levels of pyruvate and glucose in
the brains of FGR rats. By using magnetic resonance spec-
troscopy, Moxon-Lester et al. (13) demonstrated that lactate
levels in the brain of FGR piglets and controls were similar.
However, in our study, both lactate and pyruvate levels were
reduced significantly in the brains of FGR rats. Uteroplacental
blood flow reduction induced by STA, may stimulate gluco-
neogenesis at the expense of lactate and pyruvate to adapt to
the chronic reduction in delivery of oxygen and substrates.
This priority for endogenous fuel provision to vital tissues
leads to impaired fetal growth. The reasons for the different
results in the analysis of brain substrates between studies are
not clearly understood, although we speculate that differences
between species and the methodologies used in the FGR
animal models may have influenced the results,

In this study, serum glucose levels were significantly lower
in FGR rats compared with controls. We did not evaluate
glycogen storage in the liver or plasma insulin levels in this
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study. However, Ogata et al. (25) measured serum glucose and
insulin levels and glycogen content in FGR rats and showed
that insulin levels were low, despite glucose levels and gly-
cogen storage both being decreased. Therefore, we speculate
that the cause of hypoglycemia in FGR rats may be due to
reduced storage of glycogen.

Regarding brain energy metabolism, no significant differ-
ence was observed in the high-energy reserves, ATP, ADP,
AMP, and P-Cr between FGR rats and controls. According to
a study by Brown and Vannucci (34) using the Wiggleworth
FGR model, the concentrations of various cerebral substrate
metabolites including glycogen, glucose, lactate, ATP, and
P-Cr were not altered in spite of a significant reduction in
brain weight. They ascribed these findings to the absence of
hypoxia at the level required to disrupt oxidative metabolism
and the energy state of the brain. Kliegman ef al. (11) dem-
onstrated using a maternal canine starvation model that cere-
bral charge in FGR neonates was unaffected, whereas their
calculated energy reserve was lower than that of controls.
Theoretically, depression of oxygen delivery to respiring tis-
sues increases the ADP to ATP ratio (ADP/ATP). This, in
turn, acts to stimulate glycolysis (i.e. the Pasteur effect), with
a subsequent increase in anaerobic ATP production. In this
study, the charge ratio in FGR rat brains was similar to that in
controls. This result demonstrates that the energy state in FGR
brains can be compensated by stimulation of glycolysis under
chronic hypoxic conditions, but that FGR fetuses do not revert
totally to anaerobic metabolism.

In summary, chronic disturbance in uteroplacental blood
flow stimulates fetal glucose production mainly by increasing
gluconeogenesis to maintain a normal energy state in the
brain. Energy metabolism in the FGR brain will be liable to
disruption and stressed further because of decreased storage of
carbohydrate substrates.

Acknowledgments. We dedicate this report to Dr. S
Mimura who designed the study protocol but died before its
the completion.
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Disease Summary

[Name of the disease/symptom]]| Congenital Diaphragmatic Hernia (CDH) |
[Number of Patients] [ 6,000 cases (200 cases/year) |
[Background] Congenital diaphragmatic hernia (CDH) is a developmental defect in the diaphragm

that allows abdominal viscera to herniate into the chest. CDH occurs in 1 out of
2000 to 4000 births. The Japanese society of pediatric surgeons recently
reported that the incidence of CDH was around 180 cases per year. The survival
rate of CDH, which has been improved recent years, is still remaining around 80%
in Japan. Moreover, 15 % of the survivor of this disease has been suffering from
subsequent complication which requires home medical care.

[Cause] CDH is a simple anatomic congenital defect or ageneis of the diaphragm. However,
the pathogenesis of diaphragmatic defect and associated pulmonary hypoplasia
and persistent pulmonary hypertension is poorly understood. Most defects
develop as isolated defects, ie, sporadically (70%). There are other factors
involved in about 20% detected on experiments, such as in relation to medications
like vitamin—A deficiency. Because the herniation of abdominal contents through
the diaphragmatic defect coincides with a critical period of lung development, lung
compression by the herniated viscera and bowel results in pulmonary hypoplasia.

[{Major symptoms] " |The size of the diaphragmatic defect and the timing of transposition of
intraabdominal structures intrathoracically is an important factor in early
presentation with symptoms after birth. A newborn in respiratory distress is
usually treated with oxygen and ventilation primarily using a mask. Typically, this
treatment leads to deterioration of oxygenation by inflating the stomach and the
gut, leading to more compression of the lung and to increasing mediastinal shift.
Most severe cases will die in a few days after birth. However, some cases with
small defects of the diaphragm may not be apparent at birth. In these situations,
mediastinal shifts are hardly ever found.

[Major complications) Pulmonary hypoplasia and persistent pulmonary hypertension are the two major
complications. Diaphragmatic defects are seen as well in trisomy 13, 18, or 21 in
8%, such as in Beckwith Wiedemann and Danny Drash syndrome. Familial
conditions are rare (2%). Some cases are associated with congenital cardiac
abnormalities. Late results are heavily influenced by accompanying congenital
morbidity. Reduced lung functions, growth retardation, neurological impairment,
healing loss, gastroesophageal reflux. scoliosis and funnel chest are recognized
during the long term follow up period.

[Major treatments]) Precise diagnosis and assessment of the severity following a careful perinatal
care are important for the patients with prenatal diagnosis of CDH. Recently,
aggressive treatments, including the use of high—frequency oscillatory ventilation,
inhalation of nitric oxide and extracorporeal membrane oxygenation, under the
concept of permissive hypercapnia and permissive hypoxia, have been performed
for high risk CDH patients. Clinical trials of fetal intervention have been
endeavored in Europe and the United States. Meanwhile, laparoscopic and
thoracoscopic surgery are performed in some limited cases.

Research on the treatmet strategy of congenital diaphragmatic hernia according

[Contact information] to the risk—stratified classification.
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