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Homeostatic Mechanisms in the Utilization of Exogenous
Iron in Children Recovering from Severe Malnutrition
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Summary: We evaluated the role of initial iron stores on
iron accumulation during recovery from severe edema-
tous protein—energy malnutrition in children. Twenty-six
preschool children were divided in two groups according
to their initial iron rescrves, as estimated from serum fer-
ritin concentration, using a cutoff criterion of 30 ng/ml.
The low ferritin (LF) group had a mean serum ferritin
level of 12 = 8 ng/dl. and the high ferritin (HF) group,
86 = 32 ng/dl. Both groups had similar degrees of mal-
nutrition and of anemia, as defined by hemoglobin con-
centration. All children received an adequate therapeutic
diet and 60 mg iron daily as ferrous sulfate. The recovery
of biochemical and anthropometric indicators of nutrition-
al status. as well as of hemoglobin concentration. was sim-
ilar in both groups. On the contrary, the LF group showed
a marked increase in serum ferritin concentration from
the onset of treatment, whereas the HF group had a net

o

decline in this parameter by 30 days, and a stable level
thereafter. The difference in serum ferritin concentration
between groups was maintained until day 60, and both
groups ended the study (90 days) with similar levels. Es-
timation of the utilization of exogenous iron from changes
in total-body iron during the first 60 days of recovery
showed the LF group to retain an average of 9.3% of iron
intake, whereas the HF group retained only 1.4%. These
results confirm that similar degrees of anemia in severe
malnutrition can be associated with markedly different
iron reserves, and suggest that the homeostatic regulation
of intestinal iron absorption by the storage iron pool may
produce a lower utilization of oral iron supplements in
malnourished children with high iron reserves at the onset
of treatment. Key Words: Exogenous iron—Anemia—
Protein—-cnergy malnutrition—Serum ferritin—Total
iron-binding capacity.

Since low levels of circulating hemoglobin (Hb)
are {requently found in children with protein—en-
ergy malnutrition (PEM), there has been enduring
interest in the study of iron metabolism in mal-
nourished children. Undoubtedly, iron deficiency is
a frequent feature of PEM, and can by itself account
for the low Hb production. On the other hand, it
has been pointed out that the anemia of kwashi-
orkor is also an adaptative phenomenon: the red
cell mass is determined by the oxygen demands of
actively metabolizing tissues, and since lcan body
mass is reduced in severe malnutrition, a compen-
satory reduction in oxygen transport capacity (cir-
culating Hb) is appropriate, to spare amino acids
for other synthetic functions (1).
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A variable incidence of iron malabsorption has
also been reported in PEM (2.3), but its cause is
not fully understood. Since a host of derangements
in gastrointestinal function has been documented in
PEM (4,5), it can be speculated that iron malab-
sorption results from nutritional damage to the in-
testinal mucosa. Another interpretation could be re-
lated to the homeostatic regulation of intestinal iron
absorption by iron stores, a fact well established for
experimental animals (6-8) and for normal mcn
(9,10), but little explored in the severely malnour-
ished child.

The development of the radioimmunoassay de-
termination of scrum ferritin (SF) provided a con-
venient, noninviasive incthod for the assessiment of
iron reserves (11.12), and equations for estimating
storage and total-body iron from SF values have
been proposed (13). In the present study we have
used the sequentiad changes in SF concentration to
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assess the repletion of iron stores in scverely mal-
nourished children during the first 90 days of nutri-
tional rehabilitation, while they reccived thera-
peutic supplements of ferrous sulfate. The results
suggest that the size of the storage iron pool at the
onset of treatment may have an important influence
in the ability of the malnourished child to utilize oral
iron supplements during the nutritional recovery.

PATIENTS AND METHODS

The patients were preschool children of Mayan
or ladino descent, aged 18-40 months, admitted to
the Clinical Research Center of the Institute of Nu-
trition of Central America and Panama (INCAP)
with diagnosis of severe cdematous PEM (kwashi-
orkor or marasmic kwashiorkor). This diagnosis
was based on past clinical history, physical exami-
nation, low plasma protein concentration, and def-
icit of weight-for-height. The series consisted of 26
children from 32 consecutive admissions to the unit.
Six children with protracted iafections or who were
unable to receive the standard therapcutic diet
owing to vomiting or other complications were ex-
cluded from the study. The protocol was approved
by the Human Studies Committee at INCAP. The
parcnts of all children studied gave writlien consent
after the purpose and procedures of the study were
clearly explained. The children were trcated ac-
cording to the standard therapecutic program used
in INCAP (13), which included a gradual increase
in dietary protein and energy until 4 g/kg/day milk
protein and 150 kcal’kg/day were reached by the
8th day of hospitalization. This intake was main-
tained until each child had recovered completely; a
mixed diet was then offered ad libitum until dis-
charge. Vitamin and mincral supplements were in-
cluded as part of the therapeutic regimen (13).
Starting 2-3 days after admission, 60 mg elemental
iron was administered every morning before break-
fast (as 300 mg ferrous sulfate).

The nutritional recovery of the children was mon-
itored daily by mcasurement of body weight and
weekly by complete anthropometry. These proce-
dures, as well as the preparation and assessment of
dietary intake, have been described in detail else-
where (14).

Hematological and Biochemical Deterininations

On admission and at intervals of ~30 days, de-
terminations were made of microhematocrit, Hb
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concentration, serum iron, total iron-binding ca-
pacity (TIBC), and percent saturation of trunsferrin
(15). ST was determined by the immunoradiometric
assay (Fer-Iron kit, Ramco Laboratorics Inc.,
Houston, TX) (16,17). Total plasma protcin concen-
tration was also determined. Urinary creatinine ex-
cretion was mcasured at monthly intervals in 72-h
urine collections (18), and the creatinine-hcight
index was calculated as an indicator of lean body
mass (19).

RESULTS

Classification into Groups with High or Low Iron
Stores on Admission

Bascd on the distribution of SF concentration on
admission, the 26 children were divided into groups
with higher ferritin (HF) and lower ferritin (LF)
concentration, with a cutoff criterion of 30 ng/ml—
a level reporied to be the median (20) and close 1o
the mean (21) SF concentration in normal children
of this age. The groups formed using this criterion
had significantly different mcan SF concentrations
(p < 0.001). The HF group also had higher scrum
iron concentration, TIBC, and percent saturation of
transferrin than the LF group. The anthropometric
and biochemical indicators of nutritional status on
admission were similar in both groups, as were the
hematocrit and Hb concentration (Table 1).

Clinical and Nutritional Qutcome

All children in both groups had an adequate nu-
tritional recovery. Their average weight-for-height
after 90 days of trcatment was 99 = 5% in the LF
group and 95 * 8% in the HF group; the corre-
sponding crcatinine-height indices were 0.93 =
0.08 and 0.95 + 0.02, respectively. Several children
from both groups had mild cpisodes of upper re-
spiratory tract or localized skin infections, but chil-
dren with febrile syndrome or anorexia were cx-
cluded from the study. Seven children (4 in the HF
and 3 in the LF group) received systemic antibiotics
for 5-7 days.

Hematological Changes During Recovery

On admission, the mean Hb concentration of our
patients was 2.2 g/dl below the normal valuces for
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TABLE 1. Nutritional and hematological data on
admission in the children studied

Status of iron reserves

Low High
Nutritional status
Age (months) 22 =5 24 = 6
Weight (kg) 7.2+ 1.0 6.9 = 1.2
Height (cm) 75.1 = 3.8 75.0 = 4.2
Weight-for-height (%)° 5 =9 7] =7
Creatinine-height index 0.63 = 0.13 0.65 = 0.16
Hematological data
Hematocrit (%) 31 =4 29 =3
Hemoglobin (g/dl) 9.8 = 1.8 93+ 1.1
Serum iron (pg/d)) 39.5 = 20.8® 62.6 = 18.2"
TIBC (pg/dl) 196 = 108* 115 = 32¢
Saturation of transferrin (%%) 28 + 2]¢ 57 = 19b
Serum ferritin (ng/ml) 127 86 = 32

Values are means = SD. TIBC, total iron-binding capacity.

¢ Percent of adequacy in reference to 50th percentile, National
Center for Health Statistics tables.

b.c Group differences (Student’s 7 test): p < 0.05 and p < 0.001,
respectively.

Guatemalan children of the same age (22), and was
representative of previous findings in PEM children
reported from INCAP (1,23) and from other devel-
oping countries (24-27). The serial changes in Hb,
serum iron, and TIBC throughout the study are
shown in Fig. 1. The mean Hb concentrations were
similar in HF and LF groups at all stages of re-
covery (Fig. 1A). By 90 days, mean Hb values were
11.7 and 11.6 g/dl in the LF and HF group, respec-
tively. The initial difference in serum iron concen-
tration (Table 1) decreased slightly at day 30, to 42.1
+ 22.5 (LF group) and 60.5 = 26.4 pg/dl (HF
group), and disappeared at day 60 (Fig. 1B). At day
30. both groups showed a marked increase in TIBC
values, reaching comparable levels (Fig. 1C). At the
same time interval, the saturation indices fell to 12
+ 8 and 17 = 6% in the LF and HF groups, re-
spectively. At the end of the study, percent satu-
ration was 25 = 11% in the LF group and 19 * 5%
in the HF group.

The changes in SF concentration are shown in
Fig. 2. The initial difference in this parameter be-
tween the two groups was still statistically signifi-
camt at day 30. However, by day 60 of trecatment
the groups showed similar SF values.

DISCUSSION

The absence of an cfficient physiological mech-
wnism by which the organism cian climinate excess
ron requires a strict regulation of its uptake at the
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FIG. 1. Serial changes in hemoglobin, serum iron, and total
iron-binding capacity (TIBC) in children with low (LF; n =
13) or high (HF; n = 13) serum ferritin on admission. Values
are means = SD. Differences between groups in mean serum
iron and TIBC at day 0 are significant (p < 0.05).

intestinal level, to avoid undesirable iron accumu-
lation in the body. In healthy individuals this regu-
lation is homeostatically related to the size of the
storage iron pool (9,10). On the other hand, in a
significant proportion of children with PEM, a low
Hb level cocxists with normal or even high iron
reserves (2,28,29). We therefore reasoned that, if
the homcostatic regulation of intestinal iron absorp-
tion was operative in PEM, those children would
show a lower intestinal avidity for ingested iron,
The results of the present study confirm this pos-
sibility.

The hematological profiles of the groups studied
differed in three classical indicators of iron status:
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FIG. 2. Changes in serum ferritin concentration during the
study in children with low (LF; n = 13) or high (HF; n = 13)
serum ferrilin on admission. Values are means =+ SD. Differ-
ences belween groups are significant at day 0 (p < 0.001)
and at day 30 (p < 0.05).

serum iron, TIBC, and SF (Table 1). The higher
serum iron and lower TIBC in the HF group were
consistent with a -normal iron status, as suggested
by the SF values. Thus, it can be proposcd that, in
this group, the low Hb concentration was mainly
dependent on an adaptative adjustment to the de-
creased lean body mass. On the other hand, in the
LF group a similar Hb level was associated with
markedly low SF values, suggesting that this low
Hb concentration was the combined result of the
adaptative hemopoietic response and of iron deple-
tion.

The early reports on the anemia of kwashiorkor
stressed the inability of the malnourished child to
utilize oral iron supplements and even suggested the
routine use of the parcnteral route for the treatment
of iron deficiency (30,31). In a study by Lynch et
al. (2), iron absorption in malnourished children
was measured by a tracer technique using *?Fe. At
the same time, stainable iron was determined in
bone marrow biopsy specimens. In the 12 studies
performed in children having 0 or 1 + levels of stain-
able iron in bone marrow, the mean fractional ab-
sorption of tracer iron was 35 * 26%, whercas in
the six children with iron reserves rated as 2+ or
3+, fractional absorption was 10 = 7%. As no sup-
plemental iron was given during recovery. many
children depleted their initial iron stores during nu-
tritional recovery. This depletion was associated
with an increased fractional absorption of iron in
follow-up studies some 30 -60 days affer admission.
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These findings suggest that the regulatory control
of intestinal iron absorption by iron reserves is
present even in severely malnourished children.
Our results, using SF concentration as an indicator
of iron reserves, are also consistent with this con-
clusion.

The issue of iron malabsorption in malnourished
children was raised again more recently by Massa
et al. (3). These investigators studied the rise in
plasma iron after an oral dose of 3 mg/kg ferrous
sulfate in a group of children with marasmic or ma-
rasmic kwashiorkor malnutrition. Scven of the 25
children had a low plasma iron response, which re-
verted after about 90 days of nutritional treatment
with high-protein, high-cnergy diets. However,
these children actually increased their red cell mass
during the study at the same pace as other children
with higher ferremic response, even when they re-
ceived only 15 mg iron/day. Thercfore, cither the
ferremic response is not an adcquate indicator of
the ability to absorb iron, or these children utilized
their iron reserves to produce Hb, or both. More-
over, since the status of iron stores was not as-
sessed, differences in iron absorption could simply
reflect that the population studied was heteroge-
neous in terms of iron status.

An excellent correlation between SF concentra-
tion and bone marrow iron has been reported in
normal subjects and in patients with iron deficiency
or overload (32-34), and equivalencies of 8-12 mg
stored iron/ng/ml circulating ferritin have been pro-
posed (33,34); however, these figures have not been
validated in malnourished children. Nevertheless,
if we use these reported equivalencies for a limited
factorial estimation of iron retention (35), the mean
daily rctention during the first 60 days of treatment
would be 9.3% for the HF group and 1.4% for the
LF group.

The possible pitfalls in the interpretation of SF
values in malnourished children should also be ad-
dressed. This protein is a component of the **acute
phase’’ group of circulating macromolecules, and,
as such, is known to increase in response to infec-
tion, inflammatory processes, and certain types of
ncoplasias (36.37). Although we excluded paticnts
with severe infections or febrile syndrome, it could
be argued that the HF group simply reflected those
children with covert infectious processes. One ar-
gument against this possibility is that the difference
between the HF and LF groups was not restricted
to ferritin, but included serum iron and TIBC. the
classic indicators of iron status. Morcover. while
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during infectious processes the rise in SF is asso-
ciated with a marked fall in serum iron. the HI'
group showed the opposite. Also, the time course
of SF changes described during infectious pro-
cesses is at variance with our findings in the 11VI
group. In adult volunteers infected with bacterinl
cndotoxin or ethiocholanolone, the maximum in-
crease in SF appeared after 2 days, and returned 10
baseline values by day 7. The most sustained in-
crease lasted 10 days (38). In another study (39).

the serial determination of SF during episodes of

infection in renal transplant patients also showcdl
that peak SF values were always reached within #
week of the onset, and had a half-life of only 1.5
days. As expected, in both studies the rise in SI*
was invariably associated with a fall in scrum iron
concentration (38,39). In our study, the differences
in SF levels between the HF and LF groups werc
maintained until day 60 of treatment. It is highly
unlikely that a covert infectious process would af-
fect simultancously all children of the HF group for
such a long period of time, remain undetected, and
vet allow for nutritional recovery identical to tha!
of the *‘uninfected” LF group.

The possibility that protein deficiency per se may
have an effect on ferritin production should also bc
considered. To evaluate this possibility, we com-
pared the sequential changes in total plasma pro-
teins with those of SF or plasma transferrin—esti-
mated from TIBC (40)-—and found no correlation
(data not shown). This result suggests that protein
ligands of iron vary independently of other plasma
proteins during nutritional recovery, probably re-
sponding specifically to iron status and iron intake.
Experiments by Drysdale et al. (41) appear to con-
firm this possibility. They studied ferritin synthesis
in liver slices from protein-depleted rats and
showed that the ability to increase the synthesis of
the ligcand in response to iron administration was
largely maintained.

The SF levels in the HF group showed a marked
fall between admission and day 30. We have pre-
viously demonstrated that the marked shifts in
Waler compartments during-the early phase of re-
Covery do not produce significant changes in SF
Concentration (42). On the other hand. it is unlikely
"at the fall in SF could be explained only by an
“oreased mobilization of storage iron for Hb syn-
"2is, It is possible that, as has been suggested for
<d.Its, there is a “‘leakage’ of ferritin from the
“res 1o the circulation when iron deposits are sat-
~7ted. Jucobs et al. (43) compared the decrease in

SF with the actual loss of iron from scrial phlcbot-
omics in human volunteers, and showed that the
amount of iron lost per unit decrease in SF concen-
tration was much lower at high SF levels. In any
case, the difference between our two groups was
maintained even with the lower SF value of day 30.

The reduced lean body mass of the severely mal-
nourished child requires less oxygen transport ca-
pacity, and PEM is usually associated with a con-
traction of the circulating red ccll mass (1) and with
a decrease in crythropoietin production (44). These
adaptative phenomena can be observed associated
with either low or normal iron reserves, depending
on the previous history of iron intake and on the
ratc of depletion of body protein. When successful
nutritional therapy takes place, the opposite events
occur (i.e., an increase in lean body mass with the
consequent increased demand of oxygen carrying
capacity). The high rate of hemoglobin synthesis at
this point can be supported either by an adequate
exogenous iron supply or by normal or high iron
reserves at the onset of trcatment. This fact may
explain the contradictory hematological response of
PEM children to iron-free, high-protein diets: some
PEM children become rapidly anemic during nutri-
tional recovery if they are not provided with ther-
apeutic doses of iron (29), whereas others show a
dramatic increase in Hb production in response to
protein alone (45), and increases of >2 g of Hb have
been reported after 40 days of an iron-free recovery
diet (46). 1t is reasonable to suggest that this dif-
ferent response may be due to differences in iron
reserves at the onset of the nutritional therapy. In
the present study, all children had an equivalent re-
covery of hemoglobin concentration, although the
individual capacity to retain exogenous oral iron
was clearly dependent on the size of the iron re-
serves on admission. A key physiopathological con-
clusion is that the homeostatic regulatory mecha-
nism for iron absorption appears to be conserved in
most severely malnourished children. Thus, the re-
sponse 1o therapeutic oral iron administration in the
PEM patient should be evaluated not only based on
his’her depletion of the red cell mass, but also ac-
counting for the regulatory effect of the storage iron
nool.
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