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Abstract

Nonglucose carbohydrates such as mannose and inositol are important in early growth and development, although little is

known about their metabolism. Our aim in this study was to determine the plasma appearance rates (Ra) for mannose and

inositol in newborns as an index of utilization and as an improved guide to supplementation practices. We studied late-

preterm (n = 9) and term (n = 5) infants (median 34 wk gestation, range 33–41 wk) using a multiple isotope infusion start

time protocol to determine Ra for each carbohydrate. The plasma mannose concentration [median (range)] was 69.83

(48.60–111.75) mmol/L and the Ra was 0.59 (0.42–0.98) mmol×kg21×min21 (854 mmol×kg21×d21). The plasma inositol con-

centrationwas 175.74 (59.71–300.60)mmol/L and Rawas 1.06 (0.33–1.75)mmol×kg21×min21 (1521mmol×kg21×d21). The Ra for

mannose and inositol are.10-fold higher than the amounts a breast-fed infant typically ingests, which are ~6 mmol×kg21×d21

mannose and 150 mmol×kg21×d21 inositol. Thus, for both mannose and inositol, the newborn infant must produce these

compounds from glucose at rates sufficient to meet nutritional requirements. J. Nutr. 139: 1648–1652, 2009.

Introduction

Nonglucose carbohydrates such as inositol (present in biological
systems primarily as myo-inositol) and mannose (biologically
active as D-mannose) have specific functions in fetal and
neonatal nutrition and development. Inositol plays a role in
many important biological functions, including the regulation of
cell osmolality (1), phosphoinositide-mediated processes of cell
signaling (2,3), formation of the neural system (4), pulmonary
surfactant phospholipid production (5,6), and host defense (7).
Several studies have proposed an important nutritional role for
inositol in early human development. As early as the first
trimester of pregnancy, inositol is concentrated in the intervillus,
coelomic, and amniotic fluids compared with maternal serum,
consistent with production of inositol by the conceptus (8). At
term, inositol concentrations are highest in the umbilical artery
compared with the umbilical vein and maternal serum (9). An
uptake of inositol into the placenta from the fetal circulation
indicates that there is high fetal inositol production to meet fetal
requirements. Furthermore, inositol is present at relatively high
concentrations in human breast milk (~1200 mmol/L), 3rd only

to lactose and glucose, suggesting exogenous inositol require-
ments postnatally (10).

Mannose is a biologically important molecule for N- and O-
glycosylation, mannosylation, and glycosylphosphatidylinositol
anchor synthesis (11). Mannose may be essential to the
developing fetus, because there is a considerable uptake of
mannose into the fetal circulation despite the relatively low
plasma concentrations in the maternal circulation (9). Free
mannose also is present in breast milk (~40 mmol/L) (10),
although there may be even more mannose available in milk in
the form of oligosaccharides, which contribute to the establish-
ment of nonpathogenic colonic flora and inhibit binding of
pathogens to the intestinal epithelial cell (12,13).

Although there have been many studies of glucose metabolic
rates due to the relatively high frequency of plasma glucose
abnormalities in neonates (14–17), there have been no metabolic
studies in infants or children, to our knowledge, that aimed to
define the utilization rates of inositol and mannose. Given the
high concentration of inositol in breast milk, inositol has been
widely supplemented in term and preterm formulas without
basic information about utilization rates in the newborn.
Furthermore, most parenteral nutrition (PN)3 solutions contain
little or no inositol (18), with no known consequences attrib-
utable to inositol deficiency. Thus, in this study, we aimed to
determine the plasma appearance rate (Ra) for inositol and
mannose in late-preterm and term infants as an index of
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utilization and as an improved guide to more accurate supple-
mentation practices.

Methods

Participants. This study was approved by the Institutional Review

Board at the University of Colorado Denver, Aurora, CO, and was

supported by the NIH-University of Colorado Denver Pediatric Clinical
Translational Research Center. Informed consent was obtained from the

parent or guardian of the infants (both parents when possible) prior to

the study by Clinical Translational Research Center nurses. Infants were

recruited from the neonatal intensive care unit at the University of
ColoradoHospital and were considered eligible for the study if they were

$32 wk gestation, clinically stable, and had an i.v. in place for other

clinical indications. Infants with respiratory distress syndrome who

required a brief period of minimally supportive mechanical ventilation,
nasal continuous positive airway pressure, or supplemental oxygen were

included. The nutritional intake of the infants varied from PN only, milk

(breast milk or standard formula) feedings only, or both modes of
nutritional support. PN at our institution contains no mannose or

inositol. Per our previous study, we estimated that breast milk, term

formula, and preterm formula inositol concentration ranges from 400 to

2200 mmol/L and mannose content ranges from 40 to 140 mmol/L (10).
If the infant was receiving enteral feeds, the study was performed during

the 3-h time period between feedings to best approximate endogenous

carbohydrate production.

For each infant studied, the following information was collected:
gestational age, postnatal age, birthweight, infant weight at the time of

the study, sex, milk type, intake volume/kg body weight (for breast-fed

infants, intake volume was determined by weighing the infant before and

after the feeding), composition of PN, and clinical indication for i.v.
placement.

Study protocol. Amultiple infusion start time protocol was used in this
study, which staggers the start time of stable isotope infusions. Each

infusate contained a different isotopomer of mannose and inositol and

therefore minimized the number of blood samples required to measure

the steady-state Ra of each carbohydrate in an infant (19). Isotopes were
reconstituted and diluted in dextrose 5% in water at 0.3 g/L. After

sterilization by filtration (0.22-mm filter), samples were tested for

pyrogen content and sterility cultures were performed before the isotopes

were utilized in infants. Baseline blood samples were obtained by heel
stick for molar percent enrichment (MPE) and plasma concentration

measurements. Infusate 1 contained [1-13C] mannose (mannosem+1) and

[2H6] myo-inositol (inositolm+6) (both from Cambridge Isotope Labora-
tories) and was started at time 0 at an infusion rate of 2 mL×kg21×h21

(Fig. 1A). Infusate 2 contained 2 different isotopomers of mannose and

inositol, [13C6] mannose (mannosem+6, Isotec) and [2-2H] myo-inositol

(inositolm+1, Cambridge Isotope Laboratories) and was started 15 min
later at the same rate of infusion. Two more blood samples were

obtained 30 min apart at 135 and 165 min after starting infusate 1.

Approximately 0.5 mL of blood was obtained per sample, resulting in a

total of 1.5 mL of blood withdrawn from each patient during the study.
Because different isotopomers of each carbohydrate were started 15 min

apart, these 2 blood samples provided MPE measurements at 4 time

points (120, 135, 150, and 165 min).

Plasma carbohydrate concentration and enrichment analysis.
Allose and chiro-inositol, which are stereoisomers of mannose and

inositol, respectively, were used as internal standards to account for the
loss of carbohydrate during the following sample preparation and

derivatization steps. Human plasma glucose concentration is ~40-fold

higher than mannose concentration. Chromatographically, the high-

glucose concentration interferes with the determination of mannose
concentration. Therefore, glucose was removed from each sample by the

action of glucose oxidase (20). Plasma (0.05 mL) was added to 0.2 mL

water and 0.05 mL of internal standards (10 mg/L of chiro-inositol and

10 mg/L of allose) followed by 280 U of catalase and 12 U of glucose
oxidase. After incubating at ambient temperatures for 90 min, the

reaction was stopped by the addition of 0.15 mL of 0.3 mol/L ZnSO4

and 0.15 mL of 0.3 mol/L Ba(OH)2. The protein precipitate was

removed by centrifugation at 16,000 3 g for 4 min at 40˚C. The

supernatant was transferred to a test tube and dried under a vacuum.
Isotopic enrichments were determined using GC-MS (Model 5975,

Agilent Technologies) equipped with a HP5-MS column (30 m 3 0.25

mm 3 0.25 mm). Helium was used as the carrier gas at a flow rate of
1 mL/min. The injector inlet and the transfer line were both maintained

at 2808C. The initial column temperature was 1208C and held for 1 min.

The column temperature was then ramped at a rate of 128C/min to

1798C and held for 8 min. Finally, column temperature was ramped at a
rate of 508C/min to 3208C and held for 1 min to clean the column.

Mannose was converted to the aldononitrile peracetate and inositol was

converted to the peracetate (21). A total of 0.1 mL hydroxylamine

hydrochloride (20 g/L in anhydrous pyridine) was added to the dried
residue. The pyridine solution was incubated at 908C for 30 min. After

cooling, 0.075 mL of acetic anhydride was added and the solution was

incubated for another 30 min at 908C. After cooling, 1 mL of 1 mol/L
HCl was added, followed by 2 mL chloroform. The mixture was

vortexed and after the separation of the phases, the aqueous layer was

removed and discarded. The chloroform solution was washed with

another 1 mL of 1 mol/L HCl, then washed sequentially 3 times using
1 mL of water and then dried. The residue was dissolved in 0.05 mL

acetonitrile. Mannose was monitored at a mass/charge ratio of 314, 315,

316, 319, 320, and 321. Inositol was monitored at a mass:charge ratio of

373, 374, 375, 379, 380, and 381. For mannose, the ratio of the 315:314
peaks was used to monitor the m+1 MPE and the ratio of the 319:314

peaks was used to monitor the m+6 MPE. For inositol, the ratio of the

374:373 peaks was used to monitor the m+1 MPE and the ratio of the

379:373 peaks was used to monitor the m+6 MPE. The plasma con-
centrations of mannose and inositol were calculated using the total ion

FIGURE 1 Experimental study design (A) in which term and late-

preterm infants were infused with mannose and inositol and samples

obtained at baseline (S1) and under steady-state conditions (S2, S3).

MPE for mannose and inositol were determined at 4 time points after

infusion began (B). MPE were corrected for the minor differences in

tracer infusate concentrations between infusate 1 and infusate 2.

Values are means 6 SEM, n = 14.
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counts of the corresponding ions. The total ion counts were compared

with standard curves constructed using unlabeled mannose and inositol.

The Ra of mannose and of inositol were calculated using the equation
Ra = IR/TTR, where IR is the tracer infusion rate (mmol×kg21×min21)

and TTR is the tracer:tracee ratio (22). The plasma clearance rates for

mannose and inositol were calculated by dividing IR by the plasma tracer

concentration.

Statistical methods. All analyses assumed a 2-sided test of the

hypothesis with an overall significance level of 0.05 and were conducted

in SAS v 9.1 (SAS Institute). Values in the text are presented as median
and range, unless otherwise specified. We usedWilcoxon’s rank-sum test

to compare MPE and Ra between mannose and inositol isotopomers.

Linear regression was used to model inositol and mannose Ra as a
function of plasma concentration, birthweight, and gestational age.

Results

Fourteen infants were evaluated (n = 9 late-preterm and n = 5
term) (Table 1). This distribution of infants reflected the
selection criteria, which required that the infants had an i.v.
line present for other clinical indications. All patients were
appropriate for gestational age based on percentile standards for
growth (23) and by fetal growth standards, with the exception of
1 term infant who measured large for gestational age with no
clinical evidence of maternal gestational diabetes.

The MPE of mannose and inositol at the 4 time points
analyzed were relatively constant in all infants for both
carbohydrates (Fig. 1B). Ra and MPE obtained from manno-
sem+1 in infusate 1 did not differ from that of mannosem+6 in
infusate 2. This was also true for the comparison of Ra in
inositolm+1 and inositolm+6.

The median plasma concentrations, Ra, and plasma clear-
ance rates for mannose and inositol are shown in Table 2.
Previously published glucose concentrations and Ra in term
infants are included in the table for reference (15). Ra
(mmol×kg21×min21) was modeled as a function of plasma
concentration (mmol/L), birthweight, and gestational age.

Plasma concentration was the only significant predictor of
both mannose and inositol Ra, with r2 estimates of 0.73 and
0.74, respectively. In both cases, this was a positive relationship
with a mannose slope estimate of 0.0074 (95% CI 0.005–0.010;
P , 0.0001) and an inositol slope estimate of 0.005 (95% CI
0.003–0.006; P , 0.0001).

Discussion

The present study is the first, to our knowledge, to establish Ra
for D-mannose and myo-inositol under baseline conditions in the
late-preterm and term neonate. We used the multiple infusion
start time protocol, which staggers the start time of isotope
infusions containing different isotopomers of a substrate that are
metabolized in the same way as the naturally occurring forms.
This protocol minimizes the number of blood samples required
from each infant to accurately measure the steady-state Ra of a
substrate. Therefore, we were able to measure the Ra of both
mannose and inositol with only 2 blood samples from each
patient instead of 4. We also found that plasma concentrations
of mannose and inositol predicted their respective Ra. Our
results contribute to a growing body of literature that supports
the biological and nutritional importance of nonglucose carbo-
hydrates such as mannose and inositol in early growth and
development.

The Ra for mannose (854 mmol×kg21×d21) and inositol (1521
mmol×kg21×d21) were .10-fold higher than the amounts a
breast-fed infant typically ingests, which are ~6 mmol×kg21×d21

of mannose and 150 mmol×kg21×d21 of inositol (based on 150
mL×kg21×d21 of ingested breast milk) (10,24). Thus, the
newborn infant must produce both mannose and inositol from
glucose at rates sufficient to meet biological requirements.
Inositol can either be transported across the intestinal wall by
a sodium-dependent transport system (25) or synthesized from
D-glucose through the cyclization of glucose-6-phosphate and
dephosphorylation of inositol-1-phosphate (26). Mannose also
can be effectively absorbed from the gastrointestinal tract and

TABLE 1 Patient clinical data

Patient GA1 PNA1 BW1 Sex Nutrition1
Milk
intake

GIR
from PN1

Indications for
i.v. placement

wk d kg mL/kg mg�kg21�min21

1 34 1 2.08 M PN 5.5 RDS, i.v. fluids, antibiotics

2 33 0 1.86 M PN 5.4 i.v. fluids, antibiotics

3 33 1 2.12 F PN 4.7 RDS, i.v. fluids

4 33 1 1.80 F PN 5.6 i.v. fluids

5 34 1 1.89 F PN+M 6 5.6 i.v. fluids

6 33 2 2.25 F PN+M 2 6.9 RDS, i.v. fluids, antibiotics

7 33 1 2.05 F PN+M 12 5.5 i.v. fluids, antibiotics

8 36 3 2.22 F M 12 Poor feeding, RDS, antibiotics

9 34 2 2.30 M M 17 i.v. fluids

10 40 1 3.03 F PN 5.2 Respiratory distress, i.v. fluids

11 38 1 3.98 F PN 5.2 Respiratory distress, i.v. fluids

12 41 1 2.97 M PN+M 5 6.9 Respiratory distress, i.v. fluids

13 37 1 2.78 F PN+M 5 0.9 Respiratory distress, i.v. fluids

14 41 1 4.11 M M 10 Respiratory distress, antibiotics

Median 34.0 1.0 2.2 8 5.5

Mean 35.7 1.2 2.5 8.6 5.2

SD 3.1 0.7 0.75 5.0 1.6

1 GA, Gestational age; PNA, postnatal age; BW, birthweight; GIR, glucose infusion rate; RDS, respiratory distress syndrome; PN+M, PN

and milk; M, milk.
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transported into the cell by a specific mannose transporter
or synthesized from glucose by isomerization via fructose-6-
phosphate (11).

Due to the high de novo synthesis rates of mannose and
inositol from glucose, the healthy, full-term, breast-fed infant
should not be at risk for developing a deficiency of either
carbohydrate. However, this may not be true for infants who are
critically ill, such as infants born prematurely and infants of
diabetic mothers (IDM). Fetuses and infants born prematurely
have higher plasma concentrations of inositol than term infants,
which decline to adult levels by ~8 wk of postnatal age (24,27–
29). Extremely low-birthweight babies who require prolonged
PN devoid of nonglucose carbohydrates may not be able to
maintain endogenous production to meet requirements. Previ-
ous studies have demonstrated that prolonged PN in preterm
infants is an important predictor of lower plasma inositol
concentrations (24,27). Furthermore, supplementation of inosi-
tol to preterm infants increases plasma inositol concentrations,
reduces neonatal mortality, increases survival without chronic
lung disease, and decreases the incidence and severity of retinop-
athy of prematurity, all findings consistent with inositol defi-
ciency and subsequent adverse effects in the preterm infant (6).

IDM also may be at increased risk for developing a deficiency
in inositol and are at increased risk of neural tube defects, which
may be in part the result of maternal hyperglycemia and
subsequent deficiency of inositol in offspring (30). In rodent
models of neural tube defects, a hyperglycemic embryonic
environment results in decreased inositol uptake either by
competitive inhibition with glucose or by compromised incor-
poration of inositol into lipid components (31). Inositol supple-
mentation to cultured rat embryos exposed to hyperglycemia
and as well as to a mouse model of gestational diabetes reduces
the incidence of neural tube defects (4,32,33). Further investi-
gation is needed to determine whether a deficiency in inositol
does occur in preterm, prolonged PN-dependent neonates or
IDM and whether supplementation to such at-risk groups is
therapeutic. Less is known about the potential for mannose
deficiency in a preterm neonate or IDM, although an external
supply of mannose may be required in some tissues for an
optimal rate of mannosylation (11,34).

Plasma concentration was the only significant predictor of
both mannose and inositol Ra when Ra was modeled as a
function of plasma concentration, birthweight, and gestational
age. This finding suggests that supplementation of the diet with
either carbohydrate might increase utilization rates, which would
be consistent with the metabolism of other major substrates in
the fetus and neonate, such as glucose and certain amino acids
(35–38). We studied a relatively small number of patients re-
ceiving each of the various dietary intakes; thus, we were unable
to test the effect of dietary intake on Ra in our study. Previous
studies have found positive correlations between inositol intake
and plasma inositol concentrations after 2–3wk of age (24,27,39)

and supplementation of inositol in premature infants has been
shown to increase plasma concentrations (6). However, supple-
menting infants with inositol and mannose above what is present
in milk might simply suppress endogenous mannose and inositol
production from glucose, especially in the healthy, full-term
infant.

The Ra of mannose and inositol under fasting steady-state
plasma concentrations using a single-pool model equals the sum
of endogenous production and exogenous infusion (22). Our
study was performed under relatively short-term, fasting condi-
tions (2 h after a milk feeding). We have previously reported in
term neonates that a single milk feeding does not change
postprandial plasma concentrations of either mannose or
inositol (40). Neither carbohydrate was present in PN admin-
istered to the infants. We did not specifically measure urinary
losses of either substrate, although for inositol, urinary losses are
only a small fraction of the total disposal (41). Statistically, Ra
and MPE did not differ among the samples at the 4 time points
measured for both mannose and inositol, indicating steady-state
conditions. Therefore, we assumed that the Ra measured in our
study approximates the utilization rate in the infant. However,
one must use caution when assuming equilibrium among all
compartments that utilize these carbohydrates, which is a
limitation to the methodology used in this study. Stable isotope
methodology using isotopes labeled with deuterium may also
overestimate utilization due to unintended measurements of
futile cycling of deuterium in exchange for hydrogen. This
scenario is not likely in our study, because m+1 and m+6
measurements did not differ and there was no measurable
enrichment of m+2, m+3, m+4, and m+5 for inositol above the
natural abundance for each isotopomer.

In conclusion, we report the Ra of 2 nonglucose carbohy-
drates, mannose and inositol, which indicate a relatively high
requirement for de novo production from glucose or other
carbon source despite their high content in breast milk and
formula. Whereas healthy infants should not require supple-
mental mannose and inositol due to endogenous production, the
need for and possible benefit of supplementation to those infants
at risk for developing mannose or inositol deficiency requires
further study.
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