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This study compared leucine kinetics and acute-phase protein
and cytokine concentrations in three groups of Malawian chil-
dren who were fed an isoenergetic, isonitrogenous diet: children
with marasmus with (n � 25) and without (n � 17) infection and
well-nourished children with infection (n �13). The hypotheses
tested were that whole-body leucine kinetics will be less in
marasmic acutely infected children than in well-nourished
acutely infected children but greater than in marasmic uninfected
children. Children were studied after 24 h of therapy using
standard 13C-leucine stable isotope tracer techniques. Well-
nourished children with acute infection had greater leucine ki-
netic rates than did marasmic children with acute infection;
nonoxidative leucine disposal was 153 � 31 versus 118 � 43
�mol leucine · kg�1 · h�1, leucine derived from whole-body
proteolysis was 196 � 34 versus 121 � 47, and leucine oxidation
was 85 � 31 versus 45 � 13 (p � 0.01 for all comparisons).

Leucine kinetic rates were similar in marasmic children with and
without acute infection. Well-nourished children with acute in-
fection increased their serum concentration of five of six acute-
phase proteins during the first 24 h, whereas marasmic children
with infection did not have any increases. The serum concentra-
tions of IL-6 were elevated in well-nourished and marasmic
children with infection. These data suggest that the cytokine
stimulus for the acute-phase protein kinetic response to acute
infection is present in marasmic children but that the acute-phase
protein metabolic response is blunted by malnutrition. (Pediatr
Res 55: 940–946, 2004)

Abbreviations
Ra, rate of appearance
TNF-�, tumor necrosis factor-�

Severe malnutrition and acute systemic infection are often
coincident and synergistic in children (1). In adults, these two
physiologic states are important determinants of whole-body
protein kinetics. Whole-body protein kinetics are characterized
by the dynamic sum of factors that add to the free amino acid
pool, primarily dietary protein intake and the release of amino
acids during proteolysis, and those factors that subtract from
this pool, namely the use of amino acids in the synthesis of new
protein and the oxidation of amino acids (2). Protein synthesis
is limited by the availability of free amino acids, and muscle

proteolysis can be accelerated to increase the pool of free
amino acids. Malnutrition decreases protein turnover by low-
ering dietary intake of amino acids and limiting proteolysis to
conserve amino acids (3). Acute infection increases protein
turnover (4) by invoking the acute-phase response, the accel-
erated synthesis of a group of proteins useful to the host in
successfully responding to the infection (5, 6). Understanding
how malnutrition and acute infection together affect protein
metabolism in children may give insight into the optimum
dietary therapy to facilitate recovery, as well as increase the
knowledge of the interaction between nutritional status and
immunity.

Unfortunately, little is known about these relationships,
primarily because of the complexity and challenges in measur-
ing protein kinetics in young children. In addition, primary
malnutrition usually occurs in poor populations in the devel-
oping world, far removed from the clinical research units
where protein kinetics are often studied. This study used a
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standard 13C-leucine stable isotope tracer dilution method to
measure whole-body leucine kinetics (7) in Malawian children
with marasmus with and without acute infection and compares
them with well-nourished Malawian children with acute infec-
tion. The hypotheses tested were that nonoxidative leucine
disposal and leucine derived from whole-body proteolysis
would be less in marasmic acutely infected children than in
well-nourished acutely infected children but greater than in
marasmic uninfected children. In addition, the magnitude of
the cytokine and the acute-phase response was measured and
compared in these groups of children.

METHODS

Subjects. Children who were aged 12–60 mo and had
marasmus and were admitted to Queen Elizabeth Central Hos-
pital in Blantyre, Malawi, were eligible. Marasmus was defined
as having weight-for-age �60% of the international standard
(8) and evidence of wasting, manifest by weight-for-height
�80% of the international standard. After mothers gave their
informed consent for their child’s participation, each child was
admitted to a special metabolic ward, which provided more
intensive nursing care, better parenteral antibiotics, more fre-
quent feedings, and more careful clinical monitoring than the
hospital ward. The initial evaluation of these children included
blood culture, urine culture obtained by sterile catheter, chest
x-ray, thick blood smear for malaria parasites, and an ELISA
for HIV (Vironostika HIV; Organon Teknika, Durham, NC,
U.S.A.). Every child received parenteral ceftriaxone for the
first 48 h after admission. Acute infection was defined as
sepsis, malaria, or pneumonia. Sepsis was defined as clinical
signs of sepsis with a positive blood or urine culture, malaria
was defined as clinical signs of falciparum malaria with a
positive smear for malaria parasites, and pneumonia was de-
fined as cough and tachypnea with a focal infiltrate on chest
x-ray. The infections were believed to be acute because ac-
cording to the caregiver’s report, each child’s clinical condition
had worsened within the day before admission. As a compar-
ison group, children who had weight-for-age within the norms
of the World Health Organization’s reference population and
acute infection and received the same diet as the malnourished
children were enrolled. The study was approved by the Human
Studies Committee of Washington University (St. Louis, MO,
U.S.A.) and the College of Medicine Research Committee of
the University of Malawi.

Diet. The metabolic ward diet provided 350 kJ · kg�1 · d�1

(85 kcal) and 1.2 g · kg�1 · d�1 of protein to all children. Each
feeding contained 40 g of full-cream milk powder, 40 g of
maize oil, and 26 g of sugar mixed in 1 L of water. All children
received a mineral multivitamin supplement added to the feed-
ing (Nutriset, Malauney, France) (9). Feedings were adminis-
tered in equal amounts per kilogram of body weight every 2 h,
and children who were unable to take feedings by mouth were
fed through a nasogastric tube. The diet provided modest
amounts of energy and protein to meet maintenance require-
ments in accordance with standard recommendations for the
first phase of treatment of severe malnutrition (10).

Metabolic study. The protocol and calculations for the met-
abolic study have been described and validated previously
from a subset of the children included in this report (11, 12).
Briefly, at 19 h after admission, each child’s CO2 appearance
rate was determined with a primed (2.5 �mol/kg), constant (5
�mol · kg�1 · h�1) 70-min infusion of 13C-sodium bicarbonate
(99% 13C; Cambridge Isotopes, Andover, MA, U.S.A.). Before
the 13C-sodium bicarbonate infusion was started, breath sam-
ples were collected using a silicone rubber face mask con-
nected to a nondiffusing gas collection bag (Hans Rudolph,
Kansas City, MO, U.S.A.) to determine the baseline 13CO2

isotope abundance. Breath samples were collected 60, 65, and
70 min after the initiation of the 13C-sodium bicarbonate
infusion for the measurement of the CO2 appearance rate.
Immediately after the collection of these breath samples, a
primed constant i.v. infusion of 1-13C-leucine (99% 13C) was
begun. Each child received 1-13C-leucine (prime 15.3 �mol/
kg, infusion 4 �mol · kg�1 · h�1) for 5 h. During the 5-h
infusion, children received feedings in small aliquots every 30
min. The amount of each feed was such that it provided the
same rate of dietary energy intake (350 kJ · kg�1 · d�1) as the
2-h feedings. This was done so that the metabolic measure-
ments would be representative of the fed state rather than the
postabsorptive state. At 4.5 and 5 h after the start of the leucine
infusion, 24 h after admission and the initiation of feedings, a
1-mL blood sample was drawn to measure isotopic abundance
of �-ketoisocaproic acid. Three breath samples were collected
4.5, 4.75, and 5 h after the start of the leucine infusion for the
measurement of 13CO2 isotope abundance, representative of
leucine oxidation.

Sera for the measurement of the concentrations of six acute-
phase proteins, C-reactive protein, properdin factor B, C3,
haptoglobin, �1-antitrypsin, and �1-acid glycoprotein, and the
cytokines IL-1�, IL-6, and tumor necrosis factor-� (TNF-�)
were drawn on admission and 24 and 48 h after admission.

Sample analyses. In 10-mL aliquots of breath, 13CO2/12CO2

abundance was measured using an automated gas isotope ratio
mass spectrometer (Finnigan MAT Delta� XL, Bremen, Ger-
many) (13).

Plasma �-ketoisocaproic acid, the intracellular deamination
product of leucine, was used to estimate intracellular 13C-
leucine enrichment. Serum samples were analyzed by gas
chromatography electron impact-quadruple mass spectrometry
(Agilent Technologies 6890N capillary GC system and 5973
Network Mass Selection Detector, Foster City, CA, U.S.A.)
after the �-ketoisocaproic acid was converted to its quinoxa-
linol trimethylsilyl derivative (14).

The concentrations of acute-phase proteins were measured
by rate nephelometry (Beckmann Image Nephelometry Sys-
tem; Beckmann, High Wycombe, UK). The cytokines were
measured by ELISAs that use panels of MAb to capture the
individual cytokine (Bioscience, Nivelles, Belgium, and R & D
Systems, Minneapolis, MN, U.S.A.).

Calculations and statistics. The rates of appearance (Ra) of
leucine and CO2 calculated from the following equation, de-
rived from a simple mass balance (7): Ra � [(Ei/Ep) � 1] �
I, where Ei is the isotopic enrichment of the tracer infused

941METABOLISM IN MALNUTRITION AND INFECTION



(99%), Ep is the isotopic enrichment of the tracer in serum or
breath, and I is the infusion rate of the tracer.

The rate of leucine oxidation (Raleuox) was estimated from
the following equations.

Raleuox � (rate of 13CO2 appearance in breath) � (fraction of
leucine that is labeled with 13C)/0.81

Raleuox � (RaCO2)(13CO2 enrichment in breath)(Ei/Ep � 1)/81
where Ei is the isotopic enrichment of the leucine infused

(98–99%) and Ep is the isotopic enrichment of the �-ketoiso-
caproic acid in plasma. The factor 0.81 accounts for the
fraction of CO2 that is produced by leucine oxidation but not
released from the body bicarbonate pool into the breath as
determined by Matthews et al. (7).

Leucine derived from whole-body proteolysis was calcu-
lated by subtracting the rate of leucine provided in the diet and
isotope infusion from RaLeu, and nonoxidative leucine disposal
was calculated by subtracting Raleuox from RaLeu. Leucine
derived from whole-body proteolysis and nonoxidative leucine
disposal are indices of whole-body proteolysis and protein
synthesis, respectively.

The estimated sample size was 13 children in each group,
assuming that protein kinetics would vary similarly as children
with kwashiorkor (14) and that differences of 10% between
groups would be detected with 95% specificity and 80%
power. Data are expressed as means � SD. Anthropometric z
scores were calculated using Epi Info 2000 (World Health
Organization/Centers for Disease Control and Prevention, At-
lanta, GA, U.S.A.). ANOVA was used to compare leucine
kinetics, acute-phase proteins, and cytokines between groups
of children and to compare acute-phase proteins and cytokines
within groups over time. Backward multiple linear regression
of the rates of nonoxidative leucine disposal, leucine derived
from whole-body proteolysis, and leucine oxidation with re-
spect to age, sex, anthropometric measurements and indices,
and HIV infection was used to determine which of these
parameters significantly influenced protein metabolism for
malnourished children (SPSS Professional edition for Win-
dows version 10, Chicago, IL, U.S.A.). Statistical differences
of p � 0.05 were considered to be significant.

RESULTS

Fifty-five children were studied between August 2000 and
October 2001: 22 boys and 33 girls (Table 1). The constant

13C-sodium bicarbonate infusion reached an isotopic steady state
for 13CO2 after 55 min and the 13C-leucine infusion after 4 h as
previously documented in a subset of these children (11, 12).

Leucine kinetics. The rates of nonoxidative leucine disposal,
leucine derived from whole-body proteolysis, and leucine ox-
idation were greater in well-nourished children with acute
infection than in malnourished children with or without infec-
tion (Fig. 1). Leucine kinetics were similar between marasmic
children with and without infection. Although the sample size
was inadequate to detect differences of �10% between these
groups, a post hoc power calculation indicated that marasmic
children with acute infection were unlikely to have leucine
kinetics that were 10% greater than their uninfected counter-
parts (91% power). The only demographic or anthropometric
characteristic that was associated with nonoxidative leucine
disposal or leucine derived from whole-body proteolysis was
weight-for-height z score (r � 0.37, p � 0.001 for nonoxida-
tive leucine disposal and r � 0.57, p � 0.001 for leucine
derived from whole-body proteolysis). Likewise, linear regres-
sion modeling found that weight-for-height z score was the
only clinical characteristic that made a significant contribution.

Acute-phase proteins. Well-nourished children with acute
infection had higher concentrations of C-reactive protein,
C3, and properdin factor B than malnourished children with
acute infection (Table 2). Malnourished children with acute
infection had a greater concentration of C-reactive protein
than malnourished, uninfected children. In well-nourished
children with acute infection, five of the six acute-phase
protein concentrations (C-reactive protein, C3, properdin
factor B, haptoglobin, and �1-acid glycoprotein) increased
from admission to 24 h (p � 0.05). For the marasmic
children with acute infection, there were no significant
differences in the concentration of any of the acute-phase
proteins when those on admission were compared with 24-h
measurements.

Cytokines. IL-6 concentrations were increased on admission
in the marasmic and well-nourished children with acute infec-
tion (Table 3). IL-6 concentrations were actually greater in
marasmic infected children when compared with well-
nourished infected children at 24 and 48 h. Among the well-
nourished children with acute infection, the concentration of
IL-6 correlated with the concentrations of C-reactive protein,
C3, �1-acid glycoprotein, and �1-antitrypsin. Among the ma-

Table 1. Demographic, anthropometric, and clinical characteristics of study children

Well-nourished with acute infection
(M � 6, F � 7)

Marasmic with acute infection
(M � 8, F � 17)

Marasmic without acute
infection (M � 8, F � 9)

Age (mo) 31 � 14 31 � 12 28 � 13
Weight-for-age z score �0.7 � 0.9* �4.1 � 0.6 �4.0 � 0.6
Height-for-age z score 0.5 � 1.1* �3.4 � 1.0 �3.3 � 1.1
Weight-for-height z score �1.1 � 0.7* �2.9 � 0.6 �2.8 � 1.0
Clinical infections Pneumonia-5 Pneumonia-12

Sepsis-2 Sepsis-8
Malaria-9 Malaria-10

Values are means � SD
Marasmus was defined as having weight-for-age �60% of the international standard (8) and evidence of wasting, manifest by weight-for-height �80% of the

international standard. Well-nourished was defined as having weight-for-age within the norms of the World Health Organization’s reference population. For
clinical infections, the number of children listed with each infection is given; some children had more than one infection.

* Greater than marasmic children, p � 0.001.
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rasmic children with acute infection, the concentration of IL-6
correlated with the concentrations of C-reactive protein, C3,
�1-acid glycoprotein, and properdin factor B. Although all of
these correlations were statistically significant, the slopes of
the regression lines for the well-nourished children were
greater than for the marasmic children, as illustrated for C-re-

active protein (Fig. 2). Thus, the amount of acute-phase protein
present for a given level of IL-6 was greater in well-nourished
when compared with marasmic children. The pattern of serum
TNF-� concentration was similar to that of IL-6, with little
seen in uninfected children and decreasing amounts seen with
time in well-nourished and malnourished children with acute
infection (Table 3).

IL-1� showed a much different pattern than IL-6 or TNF-�;
it was found in very low concentrations in well-nourished
infected children and in elevated concentrations in malnour-
ished children with and without infection. The malnourished
children with acute infection had greater IL-1� concentrations
than uninfected children. There was no evidence that HIV
status independent of acute infection affected any of the serum
cytokine measurements when tested by backward regression.
Comparing the IL-1� concentration of HIV-negative unin-
fected malnourished children with HIV-positive uninfected
malnourished children showed very little difference: all of the
measures were �20 pg/mL, and the means were 1189 � 1356
versus 802 � 1063, respectively (p � 0.58). IL-1� and IL-6
concentrations were directly correlated (r � 0.47, p � 0.001).

DISCUSSION

Marasmus depresses leucine kinetics during acute infection
and is associated with lower rates of nonoxidative leucine
disposal, leucine derived from whole-body proteolysis, and
leucine oxidation. Marasmus is also associated with an atten-
uated acute-phase response but not a diminished cytokine
response to acute infection.

This study assumes that whole-body leucine kinetics mirror
whole-body protein kinetics, an assumption that has been made
in a variety of human metabolic investigations. Leucine solu-
tions for human infusion are safe, easy to prepare, and stable
(15). Clinical methods for their administration are robust.
Kinetic calculations using leucine enrichments are relatively
straightforward, because leucine is an essential amino acid that
is degraded via a singular pathway (7). As an isotope, 13C-
leucine is inexpensive, and the laboratory methods for its
analyses are standardized and simple. The fraction of leucine in
a typical mixture of acute-phase proteins is 10.5%, so leucine
turnover is substantial during acute infection (16). This is why
we chose leucine as the stable isotope tracer for this study and
why we believe that leucine kinetics mirror whole-body protein
kinetics in malnutrition and acute infection. Because of the
modest content of aromatic amino acids in muscle, the primary
source of amino acids during catabolism, and the relative
abundance of these amino acids in acute-phase proteins, they
are in tight economy during acute infection (16). Kinetic
studies with aromatic amino acid tracers might yield interesting
insights into protein metabolism during malnutrition and in-
fection, but the complexity of methods precluded their use in a
modest metabolic unit in Malawi. A limitation of the study is
that we measured simply the concentrations of acute-phase
proteins and cytokines, whereas others have measured the
actual rate of synthesis (17). This would have required longer
isotope infusions and much larger amounts of blood to be

Figure 1. Mean rates of nonoxidative leucine disposal, leucine derived from
whole-body proteolysis, and leucine oxidation (� SEM) in three groups of
Malawian children, marasmic children with and without acute infection, and
well-nourished children with acute infection. *Greater than the two marasmic
groups, ANOVA, p � 0.01.
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drawn from the subjects, which unfortunately was not possible
in our context.

Leucine kinetic parameters were normalized to body weight in
this study, which is appropriate when children of similar body
composition are being compared. However, marasmic and well-
nourished children are not of similar body composition; the
marasmic child has a larger fraction of lean body mass, which is
metabolically more active. Although we found remarkable differ-

ences between the malnourished and well-nourished children
normalizing kinetic parameters to body weight, these differences
may underestimate the degree that malnutrition suppresses protein
kinetics. Normalization with a factor that accounts for body
composition, such as fat-free mass, might better estimate the
degree that malnutrition depresses protein turnover. The associa-
tion between more severe wasting and lower rates of nonoxidative
leucine disposal, leucine derived from whole-body proteolysis,

Table 3. Cytokine concentrations

Cytokine
Well-nourished children with

acute infection (n � 13)
Marasmic children with
acute infection (n � 25)

Marasmic children without
acute infection (n � 17)

IL 6 (pg/mL)
On admission 87 (30, 482) 154 (62, 238)† �20 (�20, 85)
After 24 h �20 (�20, 47) 70 (27, 127)*† �20 (�20, 33)
After 48 h �20 (�20, 26) 43 (�20, 120)*† �20 (�20, 31)

TNF-� (pg/mL)
On admission 85 (�20, 150) 121 (68, 251)† �20 (�20, 87)
After 24 h 21 (�20, 71) 92 (�20, 126) �20 (�20, 37)
After 48 h 26 (�20, 62) �20 (�20, 239) �20 (�20, 30)

IL-1� (pg/mL)
On admission �20 (�20, �20) 1855 (370, �3333)*† 393 (75, 751)
After 24 h �20 (�20, �20) 692 (170, 1606)*† 129 (�20, 306)
After 48 h �20 (�20, �20) 145 (�20, 894)* 128 (�20, 236)

Data are expressed as median (25%, 75%)
* Greater than well-nourished children with infection, p � 0.05.
† Greater than marasmic uninfected children, p � 0.05.

Table 2. Acute-phase protein concentrations

Acute-phase protein

Well-nourished children
with acute infection

(n � 13)

Marasmic children
with acute infection

(n � 25)

Marasmic children
without acute infection

(n � 17)

C-reactive protein (mg/L)
On admission 122 � 111 72 � 50*† 24 � 39
After 24 h 132 � 90 63 � 58*† 23 � 34
After 48 h 78 � 62 39 � 37*† 14 � 14

C3 (g/L)
On admission 1.14 � 0.33 0.71 � 0.42* 0.88 � 0.38
After 24 h 1.34 � 0.69 0.73 � 0.42* 1.01 � 0.46
After 48 h 1.37 � 0.63 0.73 � 0.40* 0.89 � 0.41

Properdin factor B (g/L)
On admission 0.69 � 0.18 0.42 � 0.17* 0.41 � 0.14
After 24 h 0.87 � 0.43 0.41 � 0.15* 0.43 � 0.20
After 48 h 0.82 � 0.38 0.39 � 0.15* 0.39 � 0.15

Haptoglobin (g/L)
On admission 0.73 � 1.12 0.77 � 0.95 0.65 � 0.74
After 24 h 0.87 � 1.03 0.89 � 1.10 0.79 � 0.90
After 48 h 0.74 � 0.84 0.78 � 0.96 0.73 � 0.88

�1-Acid glycoprotein (g/L)
On admission 2.3 � 0.6 2.6 � 0.4 2.4 � 0.5
After 24 h 3.1 � 1.0 2.6 � 0.4 2.5 � 0.4
After 48 h 2.6 � 0.8 2.5 � 0.5 2.5 � 0.5

�1-Antitrypsin (g/L)
On admission 2.4 � 0.6 2.3 � 0.6 2.1 � 0.6
After 24 h 2.5 � 0.9 2.3 � 0.6 2.1 � 0.6
After 48 h 2.6 � 1.1 2.3 � 0.6 2.0 � 0.5

Values are means � SD.
† Marasmus was defined as having weight-for-age �60% of the international standard (8) and evidence of wasting, manifest by weight-for-height �80% of

the international standard. Well-nourished was defined as having weight-for-age within the norms of the World Health Organization’s reference population. The
concentrations of C-reactive protein, C3, properdin factor B, haptoglobin, and �1-acid glycoprotein for well-nourished, infected children showed an increase from
admission to 24 h (p � 0.05); however, among malnourished infected children, there were no increases in any of the values from admission to 24 h.

* Less than well-nourished children, p � 0.05.
† Greater than marasmic children without infection, p � 0.05.
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and leucine oxidation also suggest that nutritional status modu-
lates protein kinetics.

The rates of leucine derived from whole-body proteolysis
and nonoxidative leucine disposal in all marasmic children are
similar; no catabolic response to acute infection is seen. How-
ever, acute infection does prompt some acute-phase response
in marasmic children, as evidenced by the increased serum
concentrations of acute-phase proteins. Therefore, we specu-
late that this is achieved by further suppression of visceral
protein synthesis.

The well-nourished children with acute infection produced a
vigorous acute-phase response, as indicated by the total acute-
phase protein concentrations and the changes in concentration
that were observed in the first 24 h. The IL-6 response to acute
infection abated quickly in the well-nourished children. The
marasmic children with acute infection did not produce a
vigorous acute-phase response and had prolonged elevated
concentrations of IL-6. The elevation in C-reactive protein
among those with marasmus and infection compared with
uninfected marasmic children and the direct correlation be-
tween IL-6 and several acute-phase proteins indicates that there
was an attenuated acute response in severe malnutrition. This
suggests that acute-phase response during malnutrition is lim-
ited by protein synthesis rather than by abnormalities in the
cytokine cascade, which is consistent with the leucine kinetic
data. In vitro production of IL-6 and TNF-� is reduced in
severe malnutrition (18). This observation leads us to speculate
that it could be diminished clearance of IL-6 that results in
greater serum concentrations in severe malnutrition. In addi-
tion, IL-1� is known to stimulate IL-6 synthesis (19), and the
direct correlation between the concentrations of the two cyto-
kines found in this study support the notion that higher con-
centrations of IL-1� may be stimulating IL-6 synthesis in
malnourished children.

A new observation from our work is that the IL-1� concen-
tration is increased in the serum of malnourished children with
and without acute infection. The low concentration seen in
well-nourished infected children is consistent with data from
other reports (20, 21), as this cytokine is known to be only
transiently elevated during acute infection. Certainly subclini-
cal exposure to pathogens, through either the gastrointestinal
tract or other compromised portals, could explain the increased
concentrations seen in uninfected children. It is known that
essential fatty acids have immunomodulatory functions (22)
and that increased dietary intake of n-3 polyunsaturated fatty
acids can decrease cytokine production (23, 24). Although we
did not assess the essential fatty acid status of these malnour-
ished children, they may well have some degree of deficiency.
We speculate that this may be related to the increased concen-
trations of IL-1� observed in both acutely infected and unin-
fected malnourished children whom we studied. Alternatively,
the IL-1� may be in an inactive form or released during cell
lysis. Further study is needed to determine the role that IL-1�
plays in severe malnutrition.

Our findings are consistent with Morlese et al. (25), who
explored the kinetics of specific acute-phase proteins in ma-
rasmic Jamaican children during and after an acute infection.
They found that the concentrations of four acute-phase proteins
were higher during acute infection, as was the absolute syn-
thesis rate of haptoglobin, indicating that there was some
acute-phase response in marasmic children. However, no well-
nourished, infected control subjects were receiving the same
diet in this Jamaican study, so it was not clear to what extent
that malnutrition attenuated the acute-phase response.

This work, coupled with our recently published work com-
paring energy expenditure in these children (12), indicates that
severe malnutrition suppresses the normal metabolic response
to acute infection. Malnutrition blunts increases in protein
turnover and with it the acute-phase response and limits in-
creases in energy expenditure that facilitate fever. During
malnutrition, nutrients are in short supply; perhaps this blunted
metabolic response is an adaptation to conserve protein and
energy. However, fever and the acute-phase protein response
are known to be important components of a successful immune
response to infection. Thus, it may be that this metabolic
adaptation to malnutrition contributes to the immunocompro-
mise of malnutrition. This speculation raises another question:
if nutrients are not made available from endogenous stores to
facilitate the immune response, then can dietary provision of
these nutrients during malnutrition and infection enhance the
immune the response? Would these malnourished, infected
children fare better if more dietary protein and energy were
provided? This question needs further investigation, and may
provide an avenue to improve therapy to many unfortunate
children who both are malnourished and have infection.

CONCLUSIONS

The rates of leucine derived from whole-body proteolysis
and nonoxidative leucine disposal are lower in marasmic,
infected children when compared with well-nourished, infected
children and are similar to those in uninfected marasmic

Figure 2. Correlation between serum IL-6 concentration and C-reactive
protein for two groups of children with acute infection, well-nourished and
marasmic. The correlations between IL-6 and C-reactive protein for both
groups of children are highly significant (well-nourished children r � 0.82, p
� 0.001; marasmic children r � 0.85, p � 0.001). The slope of the relationship
between C-reactive protein and IL-6 for the well-nourished children was
greater than it was for marasmic children (0.27, 95% confidence intervals
0.17–0.39 vs 0.12, 95% confidence intervals 0.09–0.15). �, Marasmic; E,
Well-nourished.
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children. The concentrations of acute-phase proteins are lower
in infected, marasmic children when compared with well-
nourished infected children, but the serum cytokine concentra-
tions are higher. Thus, the protein metabolic and acute-phase
responses to acute infection are blunted in marasmus. Dietary
interventions should be investigated to determine how they
affect protein metabolism in malnutrition and infection.
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