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ABSTRACT. Newborn infants of diabetic mothers have
serum biochemical signs of iron deficiency in cord blood
directly related to elevations of cord erythropoietin and Hb
concentrations. In sheep, chronic fetal hyperinsulinemia
results in fetal hypoxemia, expansion of the red cell mass,
and decreased iron concentrations, most likely due to in-
creased iron utilization for Hb synthesis. To determine
whether fetal insulin exposure also results in reduced tissue
iron concentrations, we measured liver, skeletal muscle,
small intestine, heart, and brain iron concentrations in
newborn rat pups after s.c. fetal injection of insulin or
diluent alone on d 19 of gestation. The fetuses of 11
pregnant rats were exteriorized, injected with 2 U neutral
protamine Hagedorn insulin or diluent, replaced in utero,
and delivered on d 22. To determine dose dependency, the
fetuses of six pregnant rats were injected with 3 U of
longer-acting protamine zinc insulin and delivered on d 21.
At delivery, the insulin-treated groups had higher birth
weights than the placebo-treated group, although plasma
insulin concentrations were not different. The 2 U neutral
protamine Hagedorn insulin-treated fetuses had signifi-
cantly lower mean * SEM liver iron concentrations than
the control fetuses (910 * 34 versus 1014 * 43 ug/g dry
tissue weight; p < 0.05), but had similar skeletal muscle
iron concentrations. The 3 U protamine zinc insulin-treated
fetuses had significantly lower liver and skeletal muscle
iron concentrations compared to control and to 2 U neutral
protamine Hagedorn insulin-treated fetuses (p < 0.05). No
differences in small intestine, heart, or brain iron concen-
trations were seen among groups. We conclude that expo-
sure of fetal rats to insulin during late gestation compro-
mises liver and skeletal muscle iron content. Based upon
these findings, we speculate that infants of poorly con-
trolled diabetic mothers may be at risk for decreased tissue
iron content. (Pediatr Res 31: 64-67, 1992)

Abbreviations

NPH, neutral protamine Hagedorn insulin
PZ1, protamine zinc insulin

Infants of diabetic mothers are frequently born with serum
biochemical signs characteristic of iron deficiency including low
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serum iron and ferritin concentrations and elevated transferrin
and free erythrocyte protoporphyrin concentrations (1-3). The
severity of these abnormalities is inversely related to the mother’s
glycemic control during pregnancy, and is directly related to the
degree of macrosomia at birth and elevations of cord blood
erythropoietin and Hb concentrations (3). Using chronically
catheterized fetal sheep, we have previously shown that in utero
hyperinsulinemia causes fetal hypoxia, compensatory expansion
of the red cell mass, and low serum iron concentrations, most
likely due to increased iron utilization for Hb synthesis (4, 5).

Although abnormal plasma iron indices have been docu-
mented in infants of diabetic mothers and hyperinsulinemic fetal
sheep, their tissue iron status has not been directly assessed.
Indirect estimates of total body iron in infants of diabetic mothers
with significant serum iron abnormalities at birth suggest that
they may have reduced nonhepatic as well as hepatic tissue iron
content (3).

The purpose of this study was to determine whether exogenous
insulin administration to late gestation fetal rats results in re-
duced hepatic and nonhepatic tissue iron content. We varied the
dosage and duration of action of the insulin to assess whether a
relationship exists between the magnitude and duration of fetal
insulin exposure and subsequent reductions in tissue iron con-
tent. Based upon the differential sensitivity of postnatal rat tissues
to iron deficiency (6), we hypothesized that, in the fetal rat liver
iron would decrease before skeletal muscle, which in turn would
be reduced before heart and brain iron concentrations.

MATERIALS AND METHODS

Animal preparation. Seventeen time-dated pregnant Sprague-
Dawley rats (Charles River Breeding Laboratories, Wilmington,
MA) were used. All rats were individually housed in wood-chip-
bedded plastic cages in a temperature-controlled, light-dark
cycled room and allowed free access to an iron-sufficient stock
diet. On d 16 of gestation, 20% dextrose solution was substituted
for water as the sole drinking water to prevent maternal hypogly-
cemia, which has been observed to result in the demise of the
mother (7, 8). Five mg of progesterone was injected intramus-
cularly daily for 3 d, on d 17 to 19 of gestation, to maintain the
pregnancy (8).

A laparotomy was performed under light ketamine anesthesia
to exteriorize the fetuses on d 19 of gestation as previously
described (7, 8). Eleven animals had their fetuses alternately
injected along the uterine horn through the uterine wall s.c. into
the fetal back with either 2 U NPH (Eli Lilly Co., Indianapolis,
IN) in 0.05 mL of diluent or an equal volume of diluent. Six
animals had their fetuses injected with either 3 U PZI (Eli Lilly
Co.) or diluent alone. The fetuses were replaced in wutero, the
laparotomies closed, and gestation allowed to proceed. The fe-
tuses were delivered surgically on d 21 (3 U PZI group) or d 22
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(2 U NPH group), and the number of surviving fetuses was
noted. A total of 33 experimental and 32 control fetuses were
delivered in the 3 U PZI study and 53 experimental and 57
control pups in the 2 U NPH study. The fetuses were killed and
weighed, and truncal blood was obtained for plasma iron and
insulin concentrations. Fetal liver, skeletal muscle, small intes-
tine, heart, and brain were washed free of blood in isotonic saline
and weighed wet. Organs from insulin-treated fetuses from each
mother were pooled, as were tissues from placebo-treated fetuses.

Biochemical assessments. Plasma iron was determined spec-
trophotometrically using the chromophore Ferene (Dimension
Clinical Chemistry, E.I. DuPont Co., Wilmington, DE) as pre-
viously described (2, 3). Tissue iron samples were lyophilized
and weighed dry, and the iron was digested in 10 mL of 4:1
nitric-perchloric acid at 25°C for 24 h. After tissue digestion was
complete, the iron content was assayed by atomic absorption
spectrometry (9). Plasma insulin concentrations were determined
by a double RIA (10). The interassay variability was <5% for
plasma and tissue iron measurements.

Statistical assessment. Tissue and plasma concentrations from
the insulin-treated fetuses were compared to those of the placebo-
treated fetuses using two-tailed paired ¢ tests. To assess whether
the combination of increasing both the dose and duration of
insulin would affect tissue iron concentrations, two-way analysis
of variance using insulin strategy and treatment versus placebo
as independent factors was used with post-hoc paired ¢ tests to
assess significant differences between group means. Comparisons
were considered significant at p < 0.05. All values are presented
as mean = SEM.

RESULTS

The fetuses treated with 2 U NPH weighed slightly, but not
significantly, more than diluent-treated fetuses after death,
whereas fetuses treated with 3 U PZI weighed significantly more
than their respective diluent-treated controls (Table 1). Liver
weight was significantly greater in the high-dose insulin group
compared to its control group, but no differences in brain or
heart weights were observed at either dose (Table 2). Plasma
insulin and iron concentrations were not different between ex-
perimental and placebo groups at the time of death with either
insulin dose (Table 3).

Liver iron concentrations were significantly lower in both
insulin-treated groups compared to their respective diluent-
treated controls (Fig. 1). In addition, the liver iron concentration
of the 3 U PZI group was significantly lower than that in the 2
U NPH group. Skeletal muscle iron concentrations were lower
than control only in the 3 U PZI group (Fig. 2). Intestine, heart,
and brain iron concentrations were not affected by either insulin
dose (Table 4).

Table 1. Fetal weights at delivery

Gestational age  Placebo-treated  Insulin-treated

Insulin dose  at delivery (d) wt (g) wt (g)
2 U NPH 22 5.59+0.20 5.68 £0.16
3 U PZI 21 5.85+0.43 6.16 + 0.58*

* p < 0.05 compared to placebo.

Table 2. Fetal organ wet weights at delivery

Organ wt (g)

Organ Insulin dose Placebo-treated Insulin-treated
Liver 2 U NPH 0.27 £ 0.01 0.29 + 0.01

3U PZI 0.28 + 0.01 0.31 + 0.02*
Heart 2 U NPH 0.04 £ 0.003 0.04 + 0.004

3 U PZI 0.04 = 0.006 0.04 £ 0.002
Brain 2 U NPH 0.21 £0.01 0.22 £0.01

3 U PZI 0.19 = 0.02 0.21 £ 0.01

* p < 0.05 compared to placebo.

Table 3. Plasma iron and insulin concentrations at delivery

Concentration

Insulin dose Placebo-treated Insulin-treated

Plasma iron (uM/L) 2 U NPH 53.7+ 3.9 50.1 £7.3
3U PZI 422+ 6.6 452+ 124
Plasma insulin (pmol/L) 2 U NPH 1479.5 £ 169.3 1476.6 = 160.0
3UPZI 73.2+5.7 170.8 £ 95.4
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Fig. 1. Liver iron concentrations in insulin-(M) and placebo-treated

(@) fetal rats. *, significant at p < 0.05; 1, significant at p < 0.01 when
compared to the respective placebo group. Values are mean + SEM.
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Fig. 2. Skeletal muscle iron concentrations in insulin-(ll) and pla-
cebo-treated (@) fetal rats. *, significant at p < 0.05 compared to placebo.
Values are mean = SEM.

Table 4. Small intestine, heart, and brain iron concentrations at
delivery

Iron concentrations (ug/g dry wt)

Insulin dose  Placebo-treated Insulin-treated
Small intestine 2 U NPH 98.6 + 6.7 121.3+11.8
3U Pzl 101.3+£5.3 90.1+ 74
Heart 2 U NPH 276.6 £ 19.7 303.2 + 14.2
3U PzZI 2304 £ 16.8 271.0 = 15.0
Brain 2 U NPH 199.4 + 12.5 1747 £ 6.1
3U PZI 166.0 £ 19.8 160.1 = 13.7
DISCUSSION

This study demonstrated that exposure of fetal rats to excess
insulin during late gestation results in a reduction of hepatic and
skeletal muscle iron concentrations. Qur findings, when consid-
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ered in conjunction with our previous observations of decreased
plasma iron concentrations during hyperinsulinemia-induced
erythropoiesis in fetal sheep (4), suggest that late gestation hy-
perinsulinism results in a reduction of plasma and tissue iron
content in the fetus to provide iron needed for red cell mass
expansion (5). These two models potentially explain the abnor-
mal plasma iron status found in infants of poorly controlled
diabetic mothers at birth (1-3) and raises the possibility that
these infants may be at risk for reduced tissue iron content as
well.

We and others have demonstrated that hyperinsulinemia
causes significant arterial hypoxemia (4, 5, 11), most likely
because of increased cellular oxygen consumption (11). The
resultant compensatory expansion of the red cell mass, which we
have documented in fetal sheep (4, 5) and which is characterized
by polycythemia in infants of diabetic mothers (12), necessitates
an increase in iron delivery to the bone marrow for Hb synthesis.
This increased iron use is thought to result in the reduced plasma
iron concentrations, which we have documented in fetal sheep
and newborn infants of diabetic mothers (2-4). Infants of diabetic
mothers also have abnormally low ferritin concentrations at birth
(1-3), an indirect indication of decreased hepatic iron storage.
There is, however, no plasma marker in humans reflecting non-
storage tissue iron content. Thus, the nonhepatic tissue iron
content of poorly controlled infants of diabetic mothers is un-
known.

The present study provides direct tissue evidence demonstrat-
ing an association between fetal insulin exposure and decreased
tissue iron content. Both groups of insulin-treated rat fetuses had
decreased hepatic iron concentrations, indicating a reduction in
liver iron stores. There appeared to be a slightly greater hepatic
iron response in the group injected with 3 U PZI, suggesting that
longer exposure to a higher insulin dose results in a greater
reduction in hepatic iron stores. The PZlI-treated fetuses had
lower skeletal muscle iron content than placebo-injected fetuses,
whereas there was no difference in muscle iron content between
insulin- and placebo-injected animals when a lower dose of a
shorter acting insulin (NPH) was used.

Unlike liver and skeletal muscle, small intestine, heart, and
brain iron content were not affected by either experimental
condition. The differential response across tissues is consistent
with models of dietary iron deficiency in the postnatal rat (6). In
that model, as iron deficiency progresses, hepatic iron stores are
mobilized initially (13). Skeletal muscle and small intestine iron
concentrations decrease only after liver iron has been compro-
mised. Brain and heart are relatively resistant to iron deficiency
states (6, 14). A similar sequence appears to occur in the fetal rat
exposed to excess insulin, with the exception that the small
intestine was resistant to both doses of insulin. Our study dem-
onstrates that more severe and/or longer duration of insulin
exposure is needed to compromise skeletal muscle iron compared
with liver iron in the rat.

The constraints of this model precluded continuous plasma
monitoring, which was possible in fetal sheep. Because we did
not monitor arterial oxygen saturation or erythropoietic response
in the fetuses, we can only surmise that events similar to those
documented in fetal sheep (4, 5) took place in the rat in response
to insulin loading. We did not find higher insulin concentrations
in the insulin-treated groups at the time of death. Nevertheless,
it is quite likely that differences in insulin concentrations did
exist, inasmuch as the insulin-treated fetuses were macrosomic
relative to control, particularly in the PZI-treated group. Given
the relatively short half-lives of both NPH and PZI (24 and 36
h, respectively, in humans), it is likely that the exogenous insulin
administered to the metabolically more active rat was fully
metabolized by the time of death.

It was not possible to compare plasma insulin concentrations
at the time of death between the two insulin-treated groups or
the two placebo-treated groups at different days of gestation.
Plasma insulin concentrations vary considerably between d 21.5

and 22.5 of gestation in the rat, with previous studies document-
ing a range of mean values from 37.9 to 199 pU/mL (8, 15-17).
Sodoyez-Goffaux et al. (17) demonstrated a surge in plasma
immunoreactive insulin concentrations after d 19 of gestation
and a large variability noted particularly after d 20. The values
for our animals at each gestational age were in the same range
as those documented by previous investigators (15, 17).

There were also no differences in plasma iron concentrations
at the time of death. Once again, it is likely that we did not
sample at the nadir of the plasma iron response, although some
3 U PZlI-treated fetal samples showed a residual effect, account-
ing for the large SEM seen in that group. In fetal sheep, acute
erythropoietin administration results in a transient decrease in
plasma iron concentrations (18), whereas persistent hyperinsu-
linemia chronically suppresses iron levels (4). We speculate that
plasma iron concentrations in the insulin-treated rats decreased
transiently in response to the acute insulin dose but recovered
by the time of study termination.

This study confirms that exposure of fetal rats to exogenous
insulin during late gestation compromises liver and skeletal
muscle iron content while leaving brain, heart, and small intes-
tine iron content intact. In muscle, iron is localized in heme
proteins such as myoglobin, cytochromes, and catalase and in
enzymes such as succinate dehydrogenase, monoamine oxidase,
and a-glycerophosphate oxidase (19). Postnatal models suggest
that decreased concentrations of these compounds are responsi-
ble for the physiologic dysfunction seen in iron deficiency states
(20-22). If applicable to the human fetus, we speculate that these
results provide evidence that infants of poorly controlled diabetic
mothers exposed to chronic hyperinsulinemia may be at risk for
reduction of hepatic and nonhepatic tissue iron.
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