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Concentrations of riboflavin and related organic acids in children
with protein-energy malnutrition’*
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ABSTRACT children with PEM, however, have been poorly studied to date.
Background: Riboflavin, flavin mononucleotide (FMN), and Riboflavin is the precursor of flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD) concentrations have beerilavin adenine dinucleotide (FAD), which are cofactors in inter-
little studied in cases of malnutrition. mediary metabolism. The conversion of riboflavin into FMN
Objective: Our objective was to investigate the effects of mal-requires riboflavin kinase (EC 2.7.1.26), the activity of which is
nutrition on riboflavin status and riboflavin's relation with enhanced by triiodothyronine T (10-13). Previous studies
thyroid hormones and concentrations of urinary organic acids. showed that thyroid hormone concentrations are affected in PEM
Design: Malnourished children from the savannah in Benin (14, 15) and that riboflavin deficiency is responsible for a spe-
(group S,n = 30) and the coast in Togo (group I€= 30), as cific organic aciduria (16, 17). The aim of the present work was
well as 24 control subjects from both regions, were studiedto study the influence of PEM and thyroid hormone concentra-
Blood riboflavin, FMN, and FAD were analyzed by HPLC; uri- tions on riboflavin metabolism and concentrations of organic
nary organic acids were analyzed by gas chromatography—maasid excreted in the urine.

spectrometry.

Results: Children in group S were more severely malnourished

than children in group C. Triiodothyronine concentrations wereSUBJECTS AND METHODS

lower in group S than in group C or the control group (024
compared with 1.74 0.18 and 2.92 0.19 nmol/L, respectively;
P < 0.0001). Plasma riboflavin concentrations in group S were Sixty malnourished children from 2 different geographic
higher than those in group C or the control group (6€.2@.75  regions in western Africa were examined in the present study.
compared with 28.0% 9.12 and 20.0& 3.03 nmol/L, respec- Thirty children came from the savannah region (group S) in the
tively; P < 0.001). Plasma FAD concentrations in group S werecenter of Benin and 30 children came from the gulf coast of
lower than those in group C or the control group (3%30.19  Benin in the south of Togo (group C). The diagnosis of malnu-
compared with 59.02 5.60 and 65.3% 5.23 nmol/L, respec- trition type (kwashiorkor or marasmus) was made by using the
tively; P < 0.0001). Dicarboxylic aciduria was higher in group C Wellcome classification (18); additional criteria for the diagno-
than in group S or the control subjects. sis of kwashiorkor were the existence of edema, thin and discol-
Conclusions:Children in group S had low triiodothyronine con-
centrations and low conversion of plasma riboflavin into its
cofactors, leading to a plasma FAD deficiency. Plasma FAD wa
not correlated with urinary dicarboxylic acid concentrations.
Am J Clin Nutr2000;71:978-86.
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ored hair, skin lesions, and low weight-for-height. Eighteenacid) was added together with 1Q0 galactoflavin (206 nmol/L).
children with kwashiorkor and 12 with marasmus were identi-Samples were incubated at°6€5for 15 min to release FAD and
fied in group S and 6 with kwashiorkor and 24 with marasmu$=MN from apoenzymes present in the medium. Proteins were pre-
were identified in group C. Diagnostic symptoms at hospitaliza<ipitated by adding a 0.5-mL aliquot of 10% trichloroacetic acid
tion were fever, diarrhea, failure to thrive, vomiting, or infection. solution to the reaction mixture and centrifuging at 3209 for

Parental, informed consent was obtained before the study. TH&® min at room temperature; the supernate was kept in a separate

social, clinical, and nutritional history of the child was noted, astube and the original tube was then rinsed once with 1 mL solution
were anthropometric data, which included weight, height, andA and centrifuged at 3208 g for 5 min at room temperature. The

arm and head circumferences. We calculated body mass indexpernate was added to the first one. Supernates were then loaded

(BMI; in kg/m2) (19) and the ratio of arm to head circumferenceonto a Gy Sep-pak cartridge (Waters, Milford, MA) previously
(AC:HC) (20). Weight and height data were compared with staneonditioned with 2 mL methanol (Prolabo, Paris) and 2 mL solu-
dards from the US National Center for Health Statistics (21)tion A. The Sep-pak cartridge was rinsed with 2 mL solution A;
Overnight fasting blood and urine samples were collected thgitamins were then eluted with 2 mL solution B (a 1:1 mixture of
morning after admission of patients, just before commencememhethanol and solution A). A 100[hypheut] volume of the vitamin
of the treatment program. extract was then injected into the HPLC apparatus for analysis.
The control data provided in this study were obtained fromStandard solutions of 265 nmol riboflavin/L (Merck, Darmstadt,
23 healthy, age-matched children from the same savanrahbX) Germany); 240 nmol FAD/L, 220 nmol FMN/L (Sigma Chemical
and coastaln( = 9) regions. The study was conducted in accor-Co, St Louis), and 206 nmol galactoflavin/L (Merck Sharp &
dance with guidelines of the Declaration of Helsinki in 1989. Dohme, Gibstown, NJ) were used for calibration. The extraction
. . o recoveries from supplemented samples were 99.8.81%,
Dietary investigation 99.0+ 5.80%, and 97.@& 2.80% for FAD, FMN, and riboflavin,
The qualitative composition of the diet was determined forrespectively. The extraction recovery of the internal standard
both malnourished groups. Breast milk was the principle foodgalactoflavin) was 9% 2.04%. The between-run CVs were 5.9%,
for children <24 mo of age, followed by porridges of rice, mil- 6.8%, 4.3%, and 2.1% for FAD, FMN, riboflavin, and galactoflavin,
let, and maize. After 24 mo of age, the diet was composed of riceespectively.
or maize pudding, vegetables, and, occasionally, powdered cow . . L . . . .
milk. Riboflavin concentrations in maize (0.11-0.17 mg/100 g)YHPLC separation and identification of riboflavin and riboflavin
millet (0.11-0.14 mg/100 g), and cow milk (0.15—-0.20 mg/100 g)cofactors
are higher than those measured in rice (0.01-0.03 mg/100 g) andAnalyses for riboflavin and riboflavin cofactors were carried
human milk (0.03-0.04 mg/100 g) (22). out with a Gg reversed-phase column (250 mn4 mm, 5 un
internal diameter; Interchim, Montlugon, France) with isocratic
elution by using 15% acetonitrile in solution A at a flow rate of
All samples were collected under low-intensity lighting. 1 mL/min. The HPLC system was composed of 2 Waters 501
Venous blood from patients was collected in a 3-mL heparinpumps connected to a Shimadzu RF 535 fluorescence HPLC
containing tube (wrapped in aluminum foil) and centrifuged atmonitor and a Shimadzu CR6A Chromatopac integrator (Shid-
2200x gand £C for 5 min. Plasma was dispensed into aliquotsmadzu Corporation, Kyoto, Japan). The spectrofluorometer was
and red cells were washed 3 times with a 0.9% sodium chloridget to 445 nm for the excitation wavelength and 530 nm for the
solution. A 15-50-mL volume of urine voided after an overnightemission wavelength.
fast was collected from the subjects. Plasma, erythrocytes, and . . . .
urine were immediately frozen at20°C. All samples were Urinary organic acid analysis
transported to our laboratory on dry ice and were stored at Organic acids were extracted from volumes of urine contain-
—20°C until analyzed. Samples were protected from light duringng 1 mg creatinine and analyzed by using a gas chromato-
transport and storage. graph—mass spectrometer (model 5971 A; Hewlett-Packard, Palo
Alto, CA) according to Lefebvre et al (24). Only specific organic
acids related to riboflavin concentrations (glutaric, succinic,
Albumin, transthyretin, transferrin, ang-acid glycoprotein  methylsuccinic, ethylmalonic, suberic, adipic, methyladipic, and
were analyzed by Beckman immunonephelometry (Array 36@imelic acids) were examined in this study.
CE system; Beckman, Brea, CA), whereas C-reactive protein

was analyzed by Behring immunonephelometry (Behring, Mar-PI""s'm"’1 thyroid hormone analysis

Collection and handling of samples

Assay of biological variables

burg, Germany). Plasma thyroid hormones were assessed by using a time-

resolved fluoroimmunoassay (25) with a DELFIA kit and an
HPLC procedure LKB Wallac 1230 Arcus fluorometer (both from Wallac Oy,
Blood vitamin extraction Turku, Finland).

Vitamins were extracted from blood was performed according tétatlstlcal analysis

Capo-chichi et al (23) with the use of galactoflavin as an internal STATVIEW software (version 4.02; Abacus Concepts, Inc,
standard. All experiments were carried out under low-intensityBerkeley, CA) was used for statistical analyses. Data are
light. A 0.5-mL volume of hemolysate or a 1-mL sample of plasmaexpressed as meafisSEs and ranges. Because of a skewed data
was used for vitamin extraction, to which an equal volume of soludistribution, logarithmic transformations were carried out to nor-
tion A (10 mmol dihydrogen potassium phosphate/L and 15 mmamalize distributions before the statistical analyses (Studieteti
magnesium acetate/L, adjusted to pH 3.4 with orthophosphorifor unpaired data and Bonferroni adjustment). The following
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comparisons were mad#} group S with group Q) each group ficant difference in this variable was observed between group C
of malnourished children with the control group, é)dhe sub-  and the control group.
groups with kwashiorkor and marasmus with each other and with For the malnourished childreng Toncentrations were posi-
the control subjects. Differences were considered significant fotively correlated with albumin, transferrin, and transthyretin
P values < 0.05. Linear regression correlation coefficieftwg¢re  (r = 0.49,P < 0.0001) concentrations € 41). Graphs showing
used to assess the relations between nutritional proteins, riboflavithe correlation of T concentration with that of albumin and
FMN, FAD, thyroid hormones, and organic acids. transferrin are presented lfigure 1 and show that all children
with low T, concentrations had low albumin and transferrin con-
centrations. Correlation coefficients foy, Toncentrations with
RESULTS albumin, transferrin, and transthyretin concentrations were 0.82
Anthropometric and biological data from age-matched malnour{P < 0.0001), 0.81 R < 0.0001), and 0.29P(< 0.05), respec-
ished children (groups S and C) and the control group are summavely. The T,-T, ratio was positively correlated with albumin
rized in Table 1. Malnourished children in groups S and C hadr = 0.34), transferrinr(= 0.25), and transthyretim € 0.29) con-
significantly lower average anthropometric measurements than dickntrations R < 0.05,n = 41).
the control group. Weights and height expressed as percentages ofF T, concentrations were positively correlated with albumin
normal weights- and heights-for-age (21), were significantly lowelr = 0.51), transferrinr(= 0.47), and transthyretim € 0.43) con-
in group S than in group C. There were no significant differencesentrations R < 0.01; n = 36); no significant correlation was
in AC:HC or BMI values between groups S and C. observed with FJ. In addition, the FJ-FT, ratio was positively
Except for transferrin concentrations of group C, plasmacorrelated with albuminr(= 0.52), transferrinr(= 0.41), and
nutritional protein concentrations were lower in the malnour-transthyretin ( = 0.59) concentration?(< 0.05; n= 36).
ished children than in the control subjects. These nutritional Measured riboflavin, FMN, and FAD concentrations are sum-
measures were significantly more affected in group S than imarized in Table 2, which shows that there were no significant
group C. Plasma inflammatory protein concentrations weralifferences in riboflavin concentrations between group C and the
higher in both malnourished groups than in the control group. control group. The plasma riboflavin concentration was signifi-
As shown inTable 2, all malnourished children had lower cantly higher in group S than in group C or the control group. FMN
thyroxine (T,), T,, free thyroxine (FJ), and free T (FT;) con- concentrations were not significantly different between groups,
centrations than did the control subjectg.T,, and F§ concen-  whereas plasma FAD concentrations were significantly lower in
trations were lower in group S than in group C. There were ngroup S than in group C or the control group. Plasma riboflavin
significant differences in thyrotropin concentration between theleficiency was observed in 3 children in group S and 1 child in
groups. Although the mean of the ratio oftd T, was low in  group C. The plasma riboflavin and FAD concentrations in these
group S (0.018t 0.003), it was not significantly different patients were below the lowest values for the control group
from that in group C (0.01% 0.001) or the control group (riboflavin <12.53 nmol/L and FAD <33.53 nmol/L, respectively).
(0.023+ 0.001). In contrast, the mean JFRT, ratio was signifi- During HPLC analysis of riboflavin concentrations, 3 differ-
cantly lower in group S (0.320.04) than in group C (0.470.04; ent chromatographic profiles were observE&iggre 2). 1) In
P < 0.01) or the control group (0.480.04;P < 0.01). No signi- those in group C and the control group with normal riboflavin

TABLE 1
Anthropometric and biological data for malnourished children and a control*group

Group S Group C Control group
(n=30) (n=30) (n=24)
Age (mo) 20.20+ 1.37 18.40+ 1.46 18.60+ 2.76
(6-36) (6-36) (6-36)
Weight (% of NCHS standard) 60.53+ 1.7 67.22+3.7% 91.51+ 3.46
Height (% of NCHS standard) 88.1#31.33* 93.7+2.48 93.75+ 2.46
AC:HC 0.24+ 0.0 0.26+ 0.0 0.32+0.01
BMI (kg/m?) 12.08+0.3% 12.35+0.38 17.96+ 0.58

Plasma measures

Albumin (g/L)

19.77+ 1.38 [26]°

31.47+ 1.76 [29F

39.97+ 0.88 [24]

(9.4-33.7) (14.80-54.10) (32.8-49.0)

Transthyretin (g/L) 0.1@ 0.001 [26} 0.13+0.01 [29F 0.17+ 0.09 [24]
(0.06-0.21) (0.02-0.29) (0.11-0.27)

Transferrin (g/L) 0.95% 0.14 [26p5 2.33+0.24 [29] 2.65+ 0.12 [24]
(0.13-2.98) (0.53-5.44) (1.56-3.49)

a-Acid glycoprotein (g/L) 2.43+0.17 [26F 2.38+0.17 [29F 1.49+ 0.16 [24]
(1.05-5.17) (0.91-4.47) (0.52-3.41)

C-reactive protein (mg/L) 48.169.88 [26F 48.84+ 10.91 [29¢ 15.66+ 5.39 [24]

(<3.00-200.0)

(<3.0-196.0)

(<3.0-121.80)
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1X + SE; range in parentheseasin brackets. Group S was from the savannah in Benin; group C was from the coast of Togo. Weight and height are
expressed as percentages of National Center for Health Statistics standard values for age (21).

238gjgnificantly different from the control group (with Bonferroni adjustmei)< 0.0001 P < 0.05,°P < 0.001.

+5Significantly different from group C (with Bonferroni adjustmeff:< 0.05,°P < 0.0001.
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TABLE 2
Plasma thyroid hormones and plasma and erythrocyte riboflavin and riboflavin cofactor concentrations in malnourished children and a éontrol group
Group S Group C Control group
Thyrotropin (mU/L) 3.35+ 0.55 [23] 3.11+0.48 [21] 2.23+0.26 [19]
(0.38-9.54) (0.49-10.28) (0.73-4.62)
T, (nmol/L) 1.12+ 0.24 [23F2 1.74+0.18 [21} 2.92+0.19 [19]
(0.01-4.84) (0.40-3.12) (1.50-4.25)
T, (nmol/L) 57.06+ 5.87 [23F° 94.58+ 8.59 [21} 129.92+ 6.11 [19]
(9.13-111.40) (21.76-169.80) (83.54-185.60)
FT; (pmol/L) 4,71+ 0.68 [19F 5.25+ 0.50 [17} 7.19+0.42 [19]
(1.15-12.22) (2.32-11.21) (3.62-10.08)
FT, (pmol/L) 13.0+ 0.97 [19P 11.32+0.65 [17F 16.55+ 1.77 [18]
(8.01-20.22) (7.94-17.08) (10.35-38.69)
Plasma
Riboflavin (nmol/L) 66.9 12.75 [24F4 28.09+ 9.12 [27] 20.08t 3.03 [15]
(3.0-277.98) (3.0-227.83) (12.53-44.49)
FMN (nmol/L) 13.70+ 2.08 [24] 16.4Gt 2.45 [27] 13.02+ 0.74 [15]
(4.0-38.67) (4.0-55.26) (10.24-18.35)
FAD (nmol/L) 31.57+ 10.19 [24}° 59.02+ 5.60 [27] 65.35t 5.23 [15]
(4.0-217.0) (4.15-108.50) (33.34-94.20)
Erythrocyte
Riboflavin (nmol/mol hemoglobin) Trace [21] Trace [22] Trace [15]
FMN (nmol/mol hemoglobin) 23.056.07 [21] 15.61+ 3.27 [22] 17.39 2.18 [15]
(4.0-109.73) (4.0-68.88) (5.40-31.02)

FAD (nmol/mol hemoglobin)

79.357.32 [21]
(35.61-142.30)

67.86¢ 7.90 [22]
(34.85-170.62)

83.85+ 9.79 [15]
(62.26-150.44)

1X + SE; range in parenthesesin brackets. Group S was from the savannah in Benin, group C was from the coast of, Togoddthyronine; T,
thyroxine; FT, eg, free T; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide.

2455jgnificantly different from the control group (with Bonferroni adjustmeéii)< 0.0001P < 0.001,°P < 0.05.

3Significantly different from group @& < 0.0001 (with Bonferroni adjustment).

status (Figure 2A), FAD concentrations were found to be higher Plasma riboflavin was negatively correlated with loyc®n-
than FMN and riboflavin concentratiory.In cases of riboflavin  centrations { = —0.39, P < 0.05;n = 27), whereas the FMN-
deficiency (Figure 2B), FAD, FMN, and riboflavin concentra- riboflavin and FAD-riboflavin ratios were positively correlated
tions were all lower than reference valu&}.In cases of a with low T, concentrationsr(= 0.45 andr = 0.44, respectively,
decrease in riboflavin conversion into its cofactors (Fif(€?, P < 0.05; n = 27). No significant correlation was observed
riboflavin concentrations were higher than FMN and FAD con-between low T concentrations and the plasma FAD-FMN ratio.
centrations in groups S and C, especially in the most malnouiFhere was no significant correlation between riboflavin deriva-
ished children in group S. tives and T concentrations in the control group or in the mal-

The extent of riboflavin conversion into its cofactors was esti-nourished children with Jconcentrations >1.50 nmol/L (lowest
mated by calculating the FMN-riboflavin, FAD-FMN, and FAD- value for the control group).
riboflavin ratios for each subject. The mean values of these ratios FT, was positively correlated with FAD concentrations
in plasma were significantly lowerP(< 0.01) in group S (r =0.39) and the FAD-FMN ratiar = 0.38,P < 0.05; n= 27).
(0.44+0.12, 2.48+ 0.46, and 0.9% 0.31, respectivelyn = 24) The T,-T, ratio was positively correlated with FAD € 0.57)
than in group C (2.050.48,5.33:0.91, and 7.0& 1.96, respec- and FMN ¢ = 0.26) but negatively correlated with riboflavin
tively; n = 27) or the control group (0.780.20, 5.68t 0.72, and  (r = —0.42,P < 0.05;n = 27) concentration. In addition, the
4.16 £ 0.64, respectivelyn = 15). No significant difference in T,-T, ratio was positively correlated with the FMN-riboflavin
these flavin pair ratios was observed between group C and th{e = 0.46), FAD-FMN (r= 0.29), and FAD-riboflavinr(= 0.47,
control group. P < 0.05; n=27) ratios.

There was no significant difference in erythrocyte FAD, FMN, The relation between plasma riboflavin concentrations and
or riboflavin concentrations, or erythrocyte flavin pair ratios plasma nutritional protein andjTconcentrations Kigure 3)
between the groups. Erythrocyte riboflavin was measured ishows that children with riboflavin concentrations above the
trace amounts in all groups (Table 2). highest control riboflavin values (44.49 nmol/L) had very low

In group S, patients with low ;Tconcentrations had plasma concentrations of albumin (<33 g/L), transferrin (<1.56 g/L),
riboflavin concentrations that were higher than plasma FAD conand T, (1.50 nmol/L).
centrations. However, in 2 patients with normal thyroid hormone All urinary organic acids were analyzed and some specific
values, higher plasma riboflavin concentrations than FAD conerganic acids related to fatty acid oxidation are presented in
centrations were also observed. Only one patient in group C witfiable 3. Excretion of ethylmalonic, adipic, methyladipic, suberic,
low T, (0.69 nmol/L) had a plasma riboflavin concentration glutaric, and methylsuccinic acids was higher in groups S and C
(227.8 nmol/L) that was higher than the plasma FAD and FMNhan in the control group. Dicarboxylic aciduria was higher in
concentrations (18.7 and 12.18 nmol/L, respectively). group C than in the most severely malnourished children in
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FIGURE 1. Correlations between albumin and triiodothyronine concentration®(78,P < 0.0001) and between transferrin and triiodothyronine
concentrationsr(= 0.72,P < 0.0001) in malnourished children.

group S. Nosignificant correlation was observed between uri-and 90.35 7.44 nmol/L, respectively® < 0.0001), no signifi-
nary dicarboxylic acids and plasma or erythrocyte riboflavin,cant difference was observed between these groups in relation to
FMN, and FAD concentrations, nor between urinary dicar-transthyretinp,-acid glycoprotein, C-reactive protein, EFT,,
boxylic acids and plasma thyroid hormone concentrations. riboflavin, FMN, FAD, and urinary organic acid concentrations.
Although children with kwashiorkor had albumin, trans- Thyrotropin concentrations were significantly highBr< 0.05)
ferrin, T;, and T, concentrations that were significantly lower in the group with kwashiorkor (4.G70.66 mU/L) than in group
(18.25+ 1.47 g/L, 0.95+ 0.16 g/L, 1.10+ 0.24 nmol/L, and  with marasmus (2.5% 0.35 mU/L). No significant difference
54.85+ 6.97 nmol/L, respectively) than those of children with was observed for these variables in relation to the sex or age of
marasmus (31.891.43 g/L, 2.24+ 0.22 g/L, 1.68 0.20 nmol/L,  the malnourished children.
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FIGURE 2. HPLC chromatogram of plasma flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), galactoflavin (GF), and riboflavin
(RF) in children with normal plasma RF concentrations (A), plasma RF deficiency (B), and perturbations in plasma RF metabolism (C). The sample was
injected onto a G reversed-phase column (250 mxn4 mm, 5um) with isocratic elution using 15% acetonitrile and 85% of a solution of 10 mmol
dihydrogen potassium phosphate/L and 15 mmol magnesium acetate/L, adjusted to pH 3.4 with orthophosphoric acid at a flow rate of 1 mL/min. FAD,
FMN, GF, and RF were detected by spectrofluorometry at an excitation wavelength of 445 nm and an emission wavelength of 530 nm.
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Group S Group C Control group
(n=22) (n=26) (n=21)
Ethylmalonic acid gmol/mmol creatinine) 11.76x4.21 14.98+ 2.67 3.64+0.80
(0.87-86.8) (1.73-64.19) (0.87-16.05)
Succinic acid gmol/mmol creatinine) 43.35+ 25.08 41.73+ 7.99 14.48+ 3.20
(2.87-610.30) (4.6-157.90) (2.98-60.64)
Methylsuccinic acid imol/mmol creatinine) 2.81+0.573 5.06+ 0.99 2.05+0.22
(1.09-13.60) (1.36-22.58) (0.90-5.17)
Adipic acid @umol/mmol creatinine) 26.35+ 13.60 130.01+ 60.78 12.23+ 2.36
(3.66-187.30) (5.33-875.72) (1.0-45.7)
Methyladipic acid gmol/mmol creatinine) 20.07+ 5.54 92.32+ 18.2% 17.50+ 2.96
(2.85-117.15) (5.7-380.0) (1.05-52.25)
Suberic acid gmol/mmol creatinine) 34.08+ 7.1G>° 67.75+ 14.48 16.85+2.73
(6.02-122.0) (5.27-262.90) (1.36-39.17)
Glutaric acid (umol/mmol creatinine) 5.46+2.12 9.52+1.33 3.58+0.87
(0.77-46.96) (2.16-28.45) (0.23-17.61)
Pimelic acid (umol/mmol creatinine) 22.73+4.04 20.37+4.54 15.81+2.42
(4.91-65.52) (1.60-67.95) (2.05-40.94)

1X + SE; range in parentheses. Group S was from the savannah in Benin, group C was from the coast of Togo.
24significantly different from the control group (with Bonferroni adjustmeéi)< 0.01,*P < 0.001.
35Significantly different from group C (with Bonferroni adjustmefB:< 0.001,°P < 0.05.

DISCUSSION which would give rise to an insufficient conversion of riboflavin
We studied 2 populations of malnourished children from 2 dif-into its cofactors. Zinc deficiency, which was described previ-
ferent geographic regions of West Africa. Clinical records,ously in severely malnourished children (31, 32), might also be
anthropometric data, and plasma nutritional protein concentramplicated in the impairment of riboflavin conversion into its
tions observed in this and other studies (26, 27) indicate that theofactors. Along with the thyroid hormone concentrations
children in group S were more severely malnourished than werebserved in groups S and C, estimation of energy and zinc
the children in group C. We observed low thyroid hormone conintakes in severely malnourished children (group S) and moder-
centrations in the malnourished children described here, as wasgely malnourished children (group C) might help explain the
reported previously reported (14, 15). The lowgiamd T, con- observed riboflavin concentrations in group S.
centrations observed in group S than in group C was more likely In cases of low J concentrations, the positive correlation
due to the severity of malnutrition in group S and to the loweobserved between T3 and plasma FMN:riboflavin and FAD:
concentrations of jJbinding proteins (albumin and trans- riboflavin, and the negative correlation betwegmiid riboflavin
thyretin) in group S than in group C or the control group (28)concentrations suggest that riboflavin kinase activity decreases
than to an iodine-deficient intake. The megfiT] ratio and thy-  with decreasing Jconcentrations, leading to riboflavin accumu-
rotropin concentrations were indeed not higher than those meaktion and a reduction in plasma FAD and FMN concentrations.
ured in control subjects, in contrast with what was described ifThis observation is strengthened by the negative correlation of
children with iodine intake deficiency (29). The positive correla-T,-T, ratios with riboflavin concentrations and the positive cor-
tion between Tand albumin and transferrin concentrations con-relation of T,-T, ratios with FMN-riboflavin, FAD-FMN, and
firmed that thyroid hormone concentrations are affected by th&AD-riboflavin ratios.
severity of malnutrition. Although the fraction of bound riboflavin cofactors meas-
The children in group C did not have significantly lower trans-ured might not equal the total amount present, plasma FAD
ferrin, FAD, FMN, or riboflavin concentrations than the control concentrations measured in this study were more affected by
subjects (Table 1 and Figure 2A). In contrast, the children imalnutrition than were FMN concentrations in cases of malnu-
group S had significantly lower plasma transferrin, albumin, andrition accompanied by low jTconcentrations. In group S
FAD and higher riboflavin concentrations than the controlchildren with low T, concentrations, there was a positive cor-
group(Figure 2C). This was probably because of a decrease in thelation between plasma FMN-riboflavin and FAD-riboflavin
conversion of riboflavin into its cofactors. As shown in Figureratios ¢ = 0.87,P < 0.01), suggesting that a reduction in FAD
2B, the impairment in riboflavin conversion was not manifestedsynthesis in PEM is influenced by FMN availability. Two
in cases of low plasma riboflavin concentrations. patients in group S with normal thyroid hormone concentra-
Riboflavin is the precursor of FMN and FAD, which are tions and low albumin and transferrin concentrations also had
implicated in energy metabolism and electron transfer pathwayglasma riboflavin concentrations that were higher than those of
The conversion of riboflavin into FMN and FAD is catalyzed by FAD, proving that factors other than a low Toncentration
riboflavin kinase and FMN adenylyltransferase (EC 2.7.7.2) inmight be implicated in the impairment of riboflavin conversion
the presence of ATP and Zr(30). T, enhances riboflavin kinase into its cofactors. The higher plasma riboflavin than FAD con-
activity (10, 13). The low J concentrations observed in PEM centrations observed in these malnourished children were also
might be responsible for a reduction in riboflavin kinase activity,reported in some cases of severely malnourished anorexic girls
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with low thyroid hormone concentrations (23). A previous
study also reported an increase in riboflavin excretion during
acute starvation and restriction of energy intake (33). Despite
the anemia (34) and erythrocyte membrane perturbations (35)
occurring in the malnourished children, erythrocyte riboflavin
cofactor concentrations were not deficient in either of the
groups of malnourished children in our study.

Some studies have implicated riboflavin and FAD deficien-
cies in a specific organic aciduria (16, 17, 36). The high urinary
excretion of dicarboxylic acids (ethylmalonic, succinic, methyl-
succinic, glutaric, adipic, methyladipic, and suberic acids)
observed in PEM indicates a defect in fatty acid mitochondrial
B-oxidation (37-41). In our study, adipic, methyladipic, and
suberic aciduria were higher in group C children with normal
plasma FAD concentrations than in group S children with low
plasma FAD concentrations. This suggests that dicarboxylic
aciduria was not correlated with plasma FAD concentrations.
Organic aciduria does not always reflect vitamin deficiencies,
but their analysis is useful in the assessment of the active forms
of vitamins in cells. The lower concentrations of urinary organic
acids observed in the most severely malnourished children
(group S) leads to the hypothesis that fatty acids were less avail-
able for oxidation in cases of severe malnutrition.

Organic aciduria was described previously in cases of malab-
sorption (41), in malnourished children (42, 43), and in anorexia
nervosa (23, 44). These latter studies also showed an increase in
organic acid excretion during refeeding. A recent study of
organic aciduria in infantile malnutrition (43) showed an increase
in dicarboxylic aciduria during refeeding. These studies in
anorexia nervosa patients and malnourished children (23, 43, 44)
add weight to the hypothesis that the high organic aciduria
observed in the group C children was due to more substrates
being available to enter the mitochondria than in the group S chil-
dren, in whom substrate availability might have been rate-limit-
ing.

Although hepatic steatosis is observed in PEM (45), the
pathogenesis of fatty liver in malnutrition remains unknown.
Among the hypotheses proposed to explain it is an impairment
of fatty acid Boxidation (46). Previous studies have reported
that riboflavin uptake by rat and human liver cells is energy
dependent (47, 48) and that hepatic FAD is low in rats with
hypothyroidism (10, 11). These findings might explain the fact
that in cases of severe protein-energy restriction and hypothy-
roidism, the reduction of riboflavin uptake by liver cells is
responsible for the decreased availability of riboflavin-derived
cofactors for fatty acid fxidation via acyl-CoA dehydrogenase
activities in mitochondria, leading to the shunting of fatty acids
into thew-oxidation pathway to form dicarboxylic acids. These
findings also explain why malnourished children in both groups
S and C had dicarboxylic aciduria despite the fact that most of
them had normal plasma riboflavin concentrations.

Our data show that dicarboxylic aciduria occurs in patients
with riboflavin, FMN, and FAD concentrations in plasma and
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FIGURE 3. Relations between plasma riboflavin concentration anderythrocytes that are not deficient. The observed organic aciduria

albumin (n= 48), transferrinif = 48), and triiodothyroninen(= 41) con-

centrations in malnourished children from the savannah in Benin (S) an
from the coast of Togo (C). All malnourished children with high plasma
riboflavin concentrations (>44.5 nmol/L) had albumin concentrations
<33 g/L, most of the malnourished children with high plasma riboflavin

is not the consequence of vitamin deficiency but, more likely,
geﬂects a reduction of riboflavin uptake by hepatic cells and an

imbalance between substrate amount gsukidation activity.
In conclusion, our work shows a relation between riboflavin

concentrations had transferrin concentrations <1.56 g/L, and most of thgo_ncentrations, theri_d_ hormones, and plasma nUtritiO'?m pro-
children with high plasma riboflavin concentrations had triiodothyroninet€ins. Severe malnutrition and low concentrations gbifding
concentrations <1.50 nmol/L

proteins (albumin and transthyretin) result in lopcdncentréions,
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which in turn impair the conversion of riboflavin into its cofac- 16.

tors. According to our results, thyroid hormone deficiencies
might not be the only factor influencing riboflavin metabolism.

In our study, severely malnourished children were not globallyl7'

riboflavin deficient, but the lack of mitochondrial riboflavin
cofactor biosynthesis might be implicated in the reduction of
FAD-dependent enzyme activities, leading to the urinary excre- 4
tion of dicarboxylic acids resulting from theoxidation path-

way. The fact that the severely malnourished children (group S)

with insufficient riboflavin conversion into cofactors had lower 2¢.

excretions of dicarboxylic acids than the 2 other groups, sug-

gests that the severity of the PEM might limit the availability of 21.

fatty acids to be oxidized in these children. This finding could
explain the differences observed in the excretion of dicarboxylic

acids in the groups of malnourished children studied held 22.
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