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Abstract

Red meat and dairy products contain high sialic acid (Sia) levels, but the metabolic fate and health impact in children remain unknown. The
aims of the present study were to quantify the levels of urinary Sia N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc)
and ketodeoxynonulosonic acid (KDN) and to determine their relationship with dietary Sia intake. Spot urine samples were collected from
386 healthy children aged 3 (12 108), 4 (12 144) and 5 (12 134) years at 06.30-07.00, 11.30—12.00 and 16.30—17.00 hours. Food intake levels
were recorded on the day of urine sample collection. Sia levels were quantified using LC—MS/MS with ['°C5]Sia as an internal standard. We
found that (1) total urinary Sia levels in healthy pre-school children ranged from 40 to 79 mmol Sia/mol creatinine; (2) urinary Sia levels
were independent of age and consisted of conjugated Neu5Ac (approximately 70-8 %), free Neu5Ac (approximately 21-3 %), conjugated
KDN (approximately 4:2%) and free KDN (approximately 3-7%); Neu5Gc was detected in the urine of only one 4-year-old girl; (3)
total urinary Sia levels were highest in the morning and declined over time in 4- and 5-year-old children (P<<0-05), but not in 3-year-
old children; (4) Sia intake levels at breakfast and lunch were approximately 2-5 and 0-16 mg Sia/kg body weight; and (5) there was no
significant correlation between dietary Sia intake levels and urinary Sia levels. Urinary Sia levels varied with age and time of day, but
did not correlate with Sia intake in 3- to 5-year-old children. The difference in urinary Sia levels in children of different age groups suggests
that the metabolism and utilisation rates of dietary Sia are age dependent.
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Sialic acids (Sia) are a diverse family of sugars having neuraminic
acid, a nine-carbon sugar acid, as the parent compound. They
are typically found attached to the non-reducing terminus of
cell surface glycans in all vertebrates" >, N-Acetylneuraminic
acid (Neu5Ac) and its hydroxylated form N-glycolylneuraminic
acid (Neu5Gc) are the two major forms of Sia in mammals®.
A less common Sia is ketodeoxynonulosonic acid (KDN),
which is frequently found in lower vertebrates®. However,
human erythrocytes and ovarian cancer cells express unusually
high levels of free KDN compared with the mostly conjugated
forms of NeuSAc and Neu5G¢”. More than fifty naturally occur-
ring derivatives of Sia have been discovered, resulting often
from the modification of the parent Sia with phosphate,
sulphate, lactyl and multiple acetyl groups®®. The negative

charge of the polySia moiety on neural cell adhesion molecules
and its extended chain length or degree of polymerisation® are
of critical importance for the mediation of many specific
biological functions, including cell recognition, cell-to-cell
adhesion, receptor-mediated cell signalling and immune func-
tion modulation” =,

Siaare expressed in the tissues and body fluids of all vertebrates
including cerebrospinal fluid, saliva, gastric juice, serum, urine,
tears, milk®®'? and fish eggs®
of neuroinvasive bacteria causing meningitides(’%). Sia levels are
highest in the central nervous system, primarily in neural cell
membranes, which contain levels that are approximately twenty
times higher than those present in other cell membranes®'"
Dietary Sia supplementation increases Sia concentrations in the

and in the neurovirulent capsule

Abbreviations: Cr, creatinine; KDN, ketodeoxynonulosonic acid; Neu5Ac, N-acetylneuraminic acid; Neu5Ge, N-glycolylneuraminic acid; Sia, sialic acids.
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brain and improves learning and memory'?~">. The results of
earlier studies show that Sia is essential for the neural structure
and function of newborns®*!>_ The pre-school period (e.g.
3—5 years) is an important period in life, as rapid postnatal brain
development takes place during this time, particularly neural
plasticity(l(’). Anatomical MRI studies have shown that total
cerebral volume peaks at the age of 145 years in boys and
11-5 years in girls and that by 6 years of age 95% of the brain
volume is achieved"”. During this neural developmental
period, children’s spoken vocabulary also increases significantly.
They gain greater motor coordination and are able to engage in
tasks including working memory, attention and inhibitory con-
trol"®. These special aspects and functions of brain development
are reflected in a higher need for many nutrients such as iodine,
Fe, Zn, divalent cations, gangliosides, glycoproteins and sphingo-
lipids(‘l(”. It is postulated that Sia, a key precursor of brain
gangliosides and glycoproteins, in particular, for the synthesis of
polysialylated neural cell adhesion molecules, may facilitate
neural development and cognitive function in pre-school children.
Humans cannot synthesise Neu5Gc because of a human-
specific mutation in the CMP-Neu5Ac hydroxylase (CMAH)
gene?~?_ However, Neu5Gc can be metabolically incorpor-
ated into human tissues from animal-derived foods,
primarily red meat and milk products. This incorporation
occurs even in the presence of an anti-Neu5Gc¢ ‘xeno-autoanti-
body’ response"?*. Varki‘®® has shown that the dietary uptake
of Neu5Gc correlates with human inflammatory diseases
including atherosclerosis and cancer. Human anti-Neu5Gc¢
antibodies first appear in children during infancy and their
level correlates with weaning and exposure to dietary Neu5Gc
in cows’ milk-based infant formula®®?V. The long-term
impact of the uptake of the non-human Neu5Gc on health and
disease remains to be determined®'*~?¥_ To our knowledge,
there are no published studies on the uptake, metabolism and
catabolism of exogenous dietary KDN in human subjects.
Urine is the most important excretory product containing Sia
and an important marker for the clinical diagnosis of several
inborn errors of Sia metabolism, including Salla disease, infant
Sia storage disease and sialidosis®>~*”. Abnormal concen-
trations of urinary Sia have also been reported in adults and
children with renal diseases®®”, diabetes®” GD,
Given their potential importance, it is surprising that there is

and cancer

little information on the concentrations of urinary Sia such as
Neu5Ac, Neu5Gc and KDN and the possible relationship of
these concentrations with dietary Sia intake in pre-school chil-
dren. The present study provides new information on the
metabolic fate of dietary Sia present in red meat and other diet-
ary sources and its possible correlation with urinary Sia levels in
pre-school children. The present study thus provides the basis
for follow-up studies to determine the lifelong effects of Sia
intake, principally from dietary red meat in early life, on health

and disease in adulthood®?.

Subjects and methods

A total of 386 healthy children were recruited from a large
kindergarten in Xiamen, China, in three groups: 3—4-year-
olds (n 107), 4-5-year-olds (n 145) and 5-06-year-olds
(n 134). All the children were provided breakfast, lunch and
afternoon dessert from 07.30 to 17.30 hours. Fresh drinking-
water was provided throughout the day. Children ate dinner
at home. Total nutrient intake levels, principally dietary Sia
intake levels, were recorded and analysed. Body weight and
height were also recorded. Children were excluded from the
study if they were taking any medication. The characteristics
of children on the day of urine sample collection are given
in Table 1. The present study was conducted according to
the guidelines laid down in the Declaration of Helsinki, and
all procedures involving human subjects were approved by
the Human Ethics Committee of Xiamen University, with writ-
ten informed consent from the parents of all subjects.

Method of urine sample collection

Spot urine samples were collected daily from each child at
three different time periods (07.00, 11.30 and 16.30 hours).
Morning urine samples were collected by the parents. Urine
sample collection at noon and late afternoon was carried out
by trained researchers. Urine samples were collected from
183 3—5-year-old children at all the three time periods at the
kindergarten. Major reasons for children missing urine
samples included ‘they do not have urine and have just now
passed urine in the sample collection period. Each sample

Table 1. General characteristics of the study participants

(Mean values and standard deviations)

Children’s age (years)

3 years 4 years 5 years Total
Mean sD Mean SD Mean SD Mean SD
Subjects (n) 107 145 134 386
Male 55 84 71 210
Female 52 61 63 176
Ethnic group (n)
Han 106 145 134 385
Others 1 0 0 1
Height (cm) 101-0 41 107-8 2.3 114.7 1.3
Weight (kg) 16-3 4-6 182 24 20-9 1.2
BMI (kg/m?) 16-0 5-3 156 36 15-8 1.7 15-8 1.4
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was collected in a sterile container and stored at —20°C and
then at —80°C before analysis.

Food sample collection

A total of twenty-one different types of fresh raw foods and
products including meat, poultry, eggs, seafood, milk and
milk products were purchased from three to five different
local supermarkets (Table 2) and stored at —20°C until use.

LC-MS/MS for quantitative analysis of
N-acetylneuraminic acid, N-glycolylneuraminic acid and
ketodeoxynonulosonic acid levels in the urine and foods

The major forms of free Sia (Neu5Ac, Neu5Gc and KDN)
were analysed using a highly sensitive LC—MS/MS method
(Agilent1100-Agilent6430;  Agilent Technology)®®. Urine
samples were filtered through a 0-22 pm membrane filter
(Millipore Corporation), diluted and mixed with 0-5 uwmol/l
internal standard. Subsequently, 1 g of food samples was hom-
ogenised in an Eppendorf tube with Tris-buffered saline using
a high-speed disperser (T10 basic ULTRA-TURRAX, IKA) at
4°C”. Then, the homogenate was centrifuged at 3000 g for
30 min, and the supernatant was filtered through a 0-22 um
membrane filter before analysis for free Sia. Because only
free Sia can be measured using this method, optimal con-
ditions for the release of conjugated Sia were established by
prior hydrolysis of urine samples and precipitation of food
samples under a variety of acidic conditions. The maximum
release of conjugated Sia from food samples was achieved
using an equal volume of 0-1mol/l trifluoroacetic acid for
60 min at 80°C and from urine samples using 0-15M-H,SO4
at 80°C for 90min. All foods samples were filtered after

hydrolysis using a 0-22 um Millipore membrane. To 100 pl of
diluted samples, 25 ul of 0-5wmol/l ['*C5]Sia were added as
an internal standard before analysis using LC—MS/MS. Nega-
tively single charged ions for Neu5Ac (m/z 308-0), Neu5Gc
(m/z 324:0), KDN (m/z 267-0) and internal standard (m/z
311-1) were selected as parent ions and m/z 871, m/z
1161, m/z 87-0 and m/z 90-1 were selected as daughter
ions, respectively. The ratio of Sia:['*CslSia (peak area) was
used to quantify the concentrations of Sia.

Quantitative analysis of urinary creatinine levels

The Nanjing Jiancheng Bioengineering Institute creatinine (Cr)
kit was used with a semi-automatic biochemical analyser
(Microlab300, Vital Scientific) to quantitatively determine urin-
ary Cr levels. All samples were analysed in duplicate, and the
final concentrations of total, free and conjugated Sia are
expressed as mmol Sia/mol Cr.

Levels of sialic acid intake from dietary food sources

Sia is predominantly conjugated to mammalian glycoconju-
gates in red meat and dairy products®~>3%3>_ All food intake
levels of children at the kindergarten were recorded on the
day of urine sample collection. Food intake levels were ana-
lysed exactly as described in our previous published
method®”. Briefly, a trained researcher used the ‘China Food
Composition’ to calculate individual nutrient intake levels of
the 1506 foods and thirty-one nutrients®®. The intake levels
of selected nutrients were analysed using software for ‘Intake
Distribution Estimation’, based on Chinese Food Nutrition
Composition(‘%"%g). Sia intake levels for each participant are
expressed as pg Sia/kg body weight.

Table 2. Concentration and distribution of different forms of sialic acids (Sia) in conventional foods of China (j.g/g wet tissue)

Neu5Ac Neu5Gc KDN
Total Sia

Foods wg/g Percentage of total Sia wg/g Percentage of total Sia ng/g Percentage of total Sia wg/g

Crucian eggs 4574-3 100-0 ND 0-0 ND 0-0 4574-3
Egg yolk 1110-3 100-0 ND 0-0 ND 0-0 1110-3
Egg-white 367-6 100-0 ND 0-0 ND 0-0 367-6
Milk 1975 832 10-9 4.6 29.0 12.2 2374
Yogurt 158.-9 71-6 69 31 56-2 25.3 222.0
Cheese 204-9 70-9 67 2.3 77-4 26-8 289-0
Beef 46-2 60-2 30-3 395 0-2 0-3 76-7
Pork 571 911 5.6 89 ND 0-0 626
Lamb 70-0 77-3 20-4 22.5 02 0-2 90-6
Duck 67-2 99.3 ND 0-0 0-5 07 677
Chicken 56-7 994 ND 0-0 0-3 0-6 57-0
Crucian carp 53-6 97.2 1.5 27 ND 0-0 55-2
Grass carp 45.2 99-0 0-5 1-0 ND 0-0 45.6
Golden pomfret 74.9 100-0 Tr 0-0 ND 0-0 749
Sea fish bar 43-8 100.-0 Tr 0-0 ND 0-0 43-8
Squid 20-1 89-3 1.8 8.0 0-6 2.7 22.5
Octopus 3.0 100-0 Tr 0-0 0-0 0-0 3.0
Crab Tr 0-0 ND 0-0 09 100-0 09
Shrimp Tr 0-0 ND 0-0 ND 0-0 ND

Clam ND 0-0 ND 0-0 ND 0-0 ND

Oil clam ND 0-0 ND 0-0 ND 0-0 ND

Abalone Tr 0-0 ND 0-0 ND 0-0 ND

Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid; KDN, ketodeoxynonulosonic acid; ND, not detected; Tr, trace amounts.
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Statistical analysis

Data were analysed by a two-factor repeated-measures ANOVA
model with three time points using the Greenhouse—Geisser
adjustment for asphericity. To determine the different time
trends for the three age groups, an interaction between the
dependent variable and grouping factor was analysed. The over-
all comparison of different levels of Sia between the three age
groups was made using the repeated-measures ANOVA model,
and comparisons at individual time points were made using
¢ tests. Values were considered significant at P < 0:05.
Pearson’s correlation was used for analysing the correlation
between urinary Sia concentrations and dietary Sia intake. Sig-
nificant correlations were obtained if P < 0-01. The F test was
used for the comparison of the slopes of the regression lines
of urinary Sia concentrations and dietary Sia intake. All analyses
were carried out using SPSS for Windows 19.0 (SPSS, Inc.).

Results

Urinary sialic acid (N-acetylneuraminic acid,
N-glycolylneuraminic acid and ketodeoxynonulosonic
acid) levels in pre-school children

Except in the urine sample of one 4-year-old girl, no Neu5Gc
was detected in the 855 urine samples collected from 386

healthy children aged 3—5 years. The concentrations of free
and conjugated Neu5Ac and KDN in the urine samples of
pre-school children at the three different collection time
periods are given in Table 3. The concentrations of total urin-
ary Sia were highest in the morning and decreased during the
day in 4- and 5-year-olds, but not in 3-year-olds (Table 3). The
slight decline in urinary Sia levels, including total, free and
conjugated NeuS5Ac and free KDN levels, between the age
groups (i.e. interaction) was statistically significant (P=0-008,
0-002, 0029 and 0-004, respectively, using a two-way
repeated-measures ANOVA with the Greenhouse—Geisser
adjustment for asphericity), when all data were analysed or
in the 183 children who had complete datasets for all the
time points (Fig. 1(@)—(e)). The levels of conjugated KDN in
the urine samples of 3- and 4-year-old children increased
during the day (P<0-05; Fig. 1(e)). Interestingly, the differ-
ence in the levels of all the different forms of urinary Sia
including free and conjugated Neu5Ac and total and conju-
gated KDN in the morning urine samples between the
different age groups was statistically significant (P<<0-000,
using the general linear model (ANOVA) with Bonferroni’s
adjustment for multiple comparisons; Table 3). In the morning
urine samples of 5-year-old children, the levels of total Sia,
Neu5Ac and KDN were 34-81, 25-87 and 48%, approxi-
mately 76% greater than those in the samples of 3- and

Table 3. Concentration and distribution of spot urinary sialic acids (Sia) (N-acetylneuraminic acid (Neu5Ac)
and ketodeoxynonulosonic acid (KDN))* in children aged 3—5 years at three different time periods

(Mean values with their standard errors)

Sia (mmol/mol Cr)

3 years (n 76)

4 years (n 108)

5 years (n 103)

Sia forms Mean SE Mean SE Mean SE P
Morning
Free Neu5Ac 99 0-6 12.2 0-8 16-4 21 0-006
Conjugated Neu5Ac 322 14 372 1.7 58-2 6-2 0-000
Free KDN 15 0-1 2.2 0-1 2.7 0-4 0-004
Conjugated KDN 1.7 0-1 2.0 0-1 3-0 0-3 0-000
Total 45.2 1.9 53-4 24 79-4 8.7 0-000

3 years (n 76)

4 years (n 107)

5 years (n 85)

Mean SE Mean SE Mean SE
Noon
Free Neu5Ac 74 0.7 11.7 1.0 10-4 07 0-002
Conjugated Neu5Ac 29-2 2:2 36-3 31 339 1.9 0-159
Free KDN 1-4 0-1 21 0-2 1.7 0-1 0-002
Conjugated KDN 1.7 0-1 2:2 0-2 1.9 0-2 0-139
Total 399 31 52.2 4.2 48-0 26 0-050
3 years (n79) 4 years (n 112) 5 years (n 110)
Mean SE Mean SE Mean SE
Afternoon
Free Neu5Ac 87 1.7 11-6 0-8 93 0-5 0.088
Conjugated Neu5Ac 339 5.0 351 2.2 274 1.5 0-106
Free KDN 1.7 0-3 21 01 1.5 0-1 0-041
Conjugated KDN 31 0-6 2.8 0-4 1.6 0-1 0-010
Total 47.0 7-4 51.5 3-3 397 1.9 0-106

Cr, creatinine.

*No Neu5Gc was detected in the urine samples of 3- to 5-year-old children any time point throughout the course of the
study, except in the noon urine sample of one 4-year-old child.
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Fig. 1. Time trend of concentrations of total and each form of sialic acids (Sia) in the three age groups (-, 3 years (n 49); ===, 4 years (n 73); -, 5 years (n 61))
during the day. Only those children whose data were complete for all the three time periods were included in the analyses. The difference between the three
groups (i.e. interaction) was significant (P=0-008, 0-002, 0-029, 0-004 and 0-325, using a two-way repeated-measures ANOVA with the Greenhouse—Geisser
adjustment for asphericity) in relation to the levels of (a) total Sia, (b) free N-acetylneuraminic acid, (c) conjugated N-acetylneuraminic acid, (d) free ketodeoxyno-
nulosonic acid (KDN) and (e) conjugated KDN, respectively. Values are means, with their standard errors represented by vertical bars. Mean values were signifi-
cantly different between the three groups: * P<0-05, ** P<0-01 (one-way ANOVA). Cr, creatinine.

4-year-old children (P<0-05; Table 3). In the noon urine
samples of 3-year-old children, the levels of free Neu5Ac
and KDN were 36 and 33% lower than those in the samples
of 4-year-old children (P<0-05), but not in those of 5-year-
old children (P> 0-05; Table 3). Furthermore, in the afternoon
urine samples of 5-year-old children, the levels of total urinary
KDN were 36 %, approximately 37 % lower than those in the
samples of 3- and 4-year-old children, irrespective of all the
data being included in the analysis (as shown in Table 3) or
the 183 children with complete datasets for all time periods
being analysed separately (P<0-05; Fig. D.

Variation and distribution of N-acetylneuraminic acid,
N-glycolylneuraminic acid and ketodeoxynonulosonic
acid in the urine samples of 3—5-year-old children

The present results also showed that there was a large vari-
ation in urinary Sia concentrations between children in the
same age group and at the same period during the day. For
example, the lowest and highest levels of total urinary Sia
in the morning, noon and late afternoon varied between

7-, 54- and 21-fold; 18-, 68- and 49-fold; and 32-, 22- and
12-fold, respectively, for 3-, 4- and 5-year-olds. The level of
free Neu5Ac showed the most significant variation among the
levels of Sia in all the age groups. In particular, 5-year-old chil-
dren showed the greatest variation in the levels of all the
detected forms of urinary Sia at the same time point or at
the three different time periods (P<0:05-0-01). However,
only 3- and 4-year-old children showed the greatest variation
in urinary Sia levels within the same time point, but not during
the different time periods of a day.

No Neu5Gc was detected in the urine samples of 3—5-year-old
children during the course of the present study. The single
exception was the noon urine sample of a 4-year-old girl who
appeared to have total Sia intake levels similar to those of the
other children. The proportional composition of urinary Sia in
the three age groups was conjugated Neu5Ac (70-0 (sp
10:6) %), free NeuSAc (21-2 (sp 8-5) %), conjugated KDN (4-5
(sD 4-0) %) and free KDN (3-7 (sp 1-6) %, Fig. 2). In 3-year-old
children, the proportions of free NeuSAc in the morning urine
samples, conjugated NeuSAc in the noon urine samples and
conjugated KDN in the late-afternoon urine samples were
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Fig. 2. Average proportion of free N-acetylneuraminic acid (Neu5Ac) (m), conjugated Neu5Ac (O), free ketodeoxynonulosonic acid (KDN) (m) and conjugated KDN
(O) in the spot urine samples of pre-school children throughout the day (07.00, 11.30 and 16.30 hours). The numbers of children from whom morning, noon and
afternoon urine samples were collected in the 3-year age group were (a) n 76, (d) n 76 and (g) n 79; in the 4-year age group (b) n 108, (e) n 107 and (h) n 112;

and in the 5-year age group (c) n 103, (f) n 85 and (i) n 110.

significantly higher than those at the other two time periods
(P<0-05; Fig. 2(a), (d) and (g)). In 4-year-old children, only
the proportion of conjugated KDN was higher in the afternoon
urine samples than in the morning and noon urine samples
(P<0:05; Fig. 2(b), (e) and (h)). In 5-year-old children, however,
the proportion of free urinary Neu5Ac was significantly high,
while that of conjugated Neu5Ac was lower than those at the
other two time periods (P<0-05; Fig. 2(c), () and (). Thus,
for children in the same age group, the proportions of urinary
Neu5Ac and KDN varied during the three daily urine sample col-
lection periods. Children of different ages also had slightly
different proportions of each urinary Sia at different time
points (Fig. 2).

Total sialic acid and its distribution in food products

The concentration of total Sia expressed as pg Sia/g wet tissue
in Chinese foods was highest in Crucian eggs, followed by hen
egg yolk, hen egg-white, milk products, red meat, poultry and
seafood (Table 2). In milk products, the concentration of total
Sia was highest in cheese. However, in red meat, lamb con-
tained the highest levels of total Sia, followed by beef and
pork. The concentrations of Sia in poultry were higher in
ducks than in chickens. Only trace levels of Sia were detected
in shrimp, clams and abalones. The difference in Sia levels
between the different food types was statistically significant
(P<0:05), as shown in Table 2.

Neu5Ac is the predominant form of Sia in most convention-
al foods, except crab, in which KDN is the major form.
However, in ducks, chickens, hen eggs and fish, only
Neu5Ac, and not Neu5Gc or KDN, was detected. All milk pro-
ducts, however, were found to contain all the three forms of
Sia as follows: 71-83% Neu5Ac; 2-5% NeuS5Gc; 12-27%
KDN. The proportions of Neu5Gc in lamb, beef and pork
were 22-5, 39-5 and 89%, respectively, which were higher
than those in all the other categories of foods studied (Table 2).

Levels of daily sialic acid intake in pre-school children

The most common form of dietary Sia in humans is derived
from animal and dairy products®. The mean levels of
Sia intake from different food sources are given in Table 4.
These values were derived from the Sia levels in conventional
foods of China (Table 2). The absolute level of total Sia intake
during the day was higher in 5-year-old children than in 3- and
4-year-old children, although the differences were not statisti-
cally significant (P>0-05). However, total Sia intake levels in
3-year-old children were marginally higher than those in
4- and 5-year-old children (P=0:051) during the day, when
Sia intake levels were calculated based on mg Sia/kg body
weight per d (Table 4). Sia intake levels were also higher in
all the three age groups of children at breakfast than at
lunch, probably because they consumed larger amounts of
milk or milk products at breakfast.
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Table 4. Dietary sialic acid (Sia) intake levels during the day in 3- to 5-year-old kindergarten children

(Mean values with their standard errors)

Dietary Sia intake (ng/kg body weight)*

3 years (n 107)

4 years (n 145) 5 years (n 134)

Sia forms Mean SE Mean SE Mean SE
Breakfast (08.30 hours)
Neu5Ac 2076-8 25.3 2074-4 21-3 2001-9 276
Neu5Gc 114.3 1.4 114.2 1.2 1102 1.5
KDN 305-2 37 304-8 31 2941 41
Total 2496-3 30-4 2493-3 25-6 2406-2 33.2
Lunch (12.00 hours)
Neu5Ac 150-7 1.8 150-6 1.5 1453 2.0
Neu5Gc 8.5 0-1 85 0-1 8-2 0-1
KDN 0 0 0 0 0
Total 159-2 1.9 159-1 1.6 1535 21
Dessert (15.00 hours)
Neu5Ac 40-0 0-5 399 0-4 385 0-5
Neu5Gc 39 0-05 39 0-04 3-8 0-05
KDN 0 0 0 0 0 0
Total 43.9 0-5 43.8 0-5 42.3 0-6

Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid; KDN, ketodeoxynonulosonic acid.
*There was no significant difference in dietary Sia intake levels between children in the three age groups.

Relationship between sialic acid intake levels
and urinary sialic acid levels

There was only a marginal correlation between total Sia intake
levels at breakfast or lunch and urinary conjugated KDN
levels in the afternoon (P=0-064). The intake level of total
Sia or total Neu5Ac at breakfast was also only marginally cor-
related with the percentage of free urinary Neu5Ac (P=0-033).
A marginally positive correlation existed between the intake
level of total Sia or total KDN and the proportion of conju-
gated urinary KDN in the afternoon (P=0-024). In summary,
we did not find a statistically significant correlation between
the levels of dietary Sia intake and the levels of urinary Sia
in 3—5-year-old children (P>0-01; Fig. 3).

Discussion

The important finding of the present study is that the spot
urine of 3—5-year-old children contains significant levels of
Sia, predominantly as Neu5Ac and KDN, a finding that has
been reported for the first time. No Neu5Gc was detected
using a highly sensitive LC—MS/MS method*>¥
studies have reported that urinary Sia levels were highest
during the first month of life, decreased significantly during
the first 2 years and gradually declined over the next several
years?®* These earlier studies have reported a urinary
level of total Sia of 63-7mmol Sia/mol Cr in 3-5-year-old
children. In the present study, the values obtained for 3- and
4-year-old children (40—47 and 52-53mmol Sia/mol Cr,
respectively) were slightly lower than those reported pre-
viously for children in the Netherlands, but similar to those
reported for S-year-old children (40—79 mmol Sia/mol Cr).
Unfortunately, the Netherlands study did not report Sia
intake levels for its group of children®”. In the present
study, in 3—5-year-old children, approximately 70-8% of the

. Previous

urinary Sia was conjugated Neu5Ac, while approximately
21-3% was free Neu5Ac. The conjugated and free forms of
KDN accounted for more than 5% of the total urinary Sia
(Fig. 2), reflecting that human urine is a relatively rich
source of sialylated (Neu5Ac) glycoconjugates. In the morning
urine samples, the average proportion of total free Sia
(Neu5Ac and KDN) was approximately 25-1%. This level
was lower than that reported previously, which was approxi-
mately 40—47 %%, This difference is probably related to the
use of the thiobarbituric acid method used in the earlier
study(Z(’) for the analysis of spot urine or 24h urine samples
for the same age group of children. The thiobarbituric acid
method is considerably less sensitive for the quantification
of urinary Sia levels than the LC-MS/MS method used in the
present study. Thus, our new findings show that the pro-
portion of free and conjugated Neu5Ac and KDN in the
urine remained relatively constant throughout the day for
3—5-year-old children and the absolute level of total Sia or
total NeuSAc declined slightly in 5-year-old children during
the day (Fig. 2).

Total urinary Sia levels varied greatly in children of the three
age groups. The most varied level was of free Neu5Ac. It is
known that in humans free Sia is rapidly excreted into the
urine and is poorly reabsorbed by the tubules of the
kidney®. Thus, free NeuSAc in the urine can be a marker
for Sia excretion from the kidney and may, in principle,
approximate the metabolic rate of Sia intake. Urinary Sia is
an important marker for the diagnosis of Sia metabolic dis-
eases. Of the 386 children in the present study, four had
total free urinary Sia levels that were 8- to 13-fold higher
than the mean levels of the other participants. These four
children had a normal proportion of urinary free/total Sia
and did not show any clinical symptoms consistent with a
Sia metabolic disease. They also had similar levels of Sia
intake compared with the other children. Follow-up studies
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Fig. 3. Lack of statistically significant correlation between total sialic acid (Sia)
intake levels and excretion levels of Sia in the urine. (a) Marginal correlation
between total Sia intake levels and conjugated ketodeoxynonulosonic acid
(KDN) levels in the afternoon urine samples (n 386, P=0-064, Pearson’s cor-
relation) (y = 0-02x—0-56; RZ 0-011). (b) Modest correlation between total Sia
intake levels at breakfast and urinary percentage of free N-acetylneuraminic
acid (Neu5Ac) at noon (n 386, P=0-033, Pearson’s correlation)
(y = 0-00x + 0-14; R? 0-016). (c) Slight correlation between total KDN intake
levels in the morning or total Sia intake levels at lunch and urinary percentage
of conjugated KDN in the afternoon urine samples (n 386, P=0-024, Pearson’s
correlation) (y = 0-00x—0-02; R2 0-016). Cr, creatinine; BW, body weight.

should be carried out for these children to better understand
the mechanism underlying the elevated levels of urinary Sia
in pre-school children. While the precise molecular basis for
this variation remains unknown, it may be related to genetic
and age differences in the metabolic and catabolic rates of
dietary Sia and excretory function of the kidney.

There are no published reports on the level of urinary KDN
excretion in children. While the biosynthetic pathways of
Neu5Ac and KDN are well established, and distinctly differ-
ent® 83 there is less detailed information on how
exogenous KDN may be taken up by mammalian cells. The

present study has shown that the morning urine of healthy
3—5-year-old children contains significant levels of KDN,
ranging from 3:14 to 570 mmol KDN/mol Cr. Interestingly,
the concentrations of free and bound KDN remained similar
throughout the day in each age group, but 5-year-old children
showed slightly higher levels than 3- or 4-year-old children
(P<005). To our knowledge, this is the first report on
the concentration and distribution of urinary KDN in pre-
school children.

Neu5Gc is widely expressed in all mammalian species except

in humans"' ~%82%

. However, mice and humans are able to
ingest and absorb dietary Neu5Gc and excrete it into the
urine®*. Low levels of dietary Neu5Gc can be incorporated
into newly synthesised glycoproteins in human tissues®?. We
detected an elevated level of Neu5Gc in only one of the 856
spot urine samples. It is possible that the children in the present
study had lower Neu5Gc intake levels (<5mg) than the pre-
viously reported intake level of 150mg®®. We do not know
whether dietary Neu5Gc may more readily be incorporated
into rapidly growing cells and tissues in developing children
compared with adults. Exogenous Sia exhibits a different
metabolic and catabolic rate depending on the age, method of
administration and form in which Sia is present, i.e. whether
free or conjugated®. Free Sia that is orally administered is
rapidly absorbed from the intestine and 60—90 % is excreted in
the urine without chemical modification within 30 min in
mice® 4P In contrast, the absorption of oligosaccharide-
bound Sia or Sia glycoproteins is delayed by several hours
compared with that of free Sia“?.

We analysed Sia concentrations in conventional foods of
China. The results showed that the highest concentration of
Sia in the foods examined was in Crucian eggs, followed by
eggs, milk products, red meat, poultry and seafood (Table 2).
Most of the dietary Sia in the present study was conjugated.
The concentration and distribution of Sia in conventional Chi-
nese foods were slightly different from those in Australian®*®
and American® foods, as shown in Table 5. Total Sia concen-
tration in Chinese pork was similar to that in Australian pork,
but lower than that in American pork; however, the absolute
amounts of Neu5Gc were 9-6 and 65-1% lower than those in
both Australian and American pork, respectively. Also, Chinese
ducks contained a 3-fold higher level of total Sia than American
ducks. Moreover, red meat is the primary source of dietary
Neu5Gec in adults in America®®. In China, however, particu-
larly for children, milk and dairy products are the major sources
of Neu5Gc (Table 3). However, we only analysed three
samples of skeletal muscle per animal species. Thus, the
number of animals and specific areas of red meat in each
species should be increased in future studies. The present
results suggest that Sia concentrations in red meat and dairy
products are different in different countries, as the nutrition
intake levels from animal foods and environment are different.
The knowledge of Sia content in conventional foods may help
us to better understand possible medical disorders involving
the uptake of the ‘non-human’ Neu5Gc from diets.

We also found that the mean intake levels of total Sia from
08.00 to 17.00 hours in 3-, 4- and 5-year-old kindergarten
children were 2700, 2696 and 2602 pg/kg body weight,
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Table 5. Comparison of sialic acid (Sia) concentrations (.g/g wet tissue) and percentage of N-glycolylneuraminic acid (Neu5Gc) in red meat in three

different countries

China Australia®*2) USAGH
Total Sia  Total Neu5Gc  Neu5Gc (%)  Total Sia  Total Neu5Gec  Neu5Gc (%)  Total Sia  Total Neu5Ge  Neu5Gc (%)
Cows’ milk 237-4 10-9 4.6 258 774 3
Pork 62-6 5.6 89 60 9.85 16-4 134 25.5 19
Lamb 90-6 20-3 22.5 68 177 26 101 182 18
Beef 76-7 30-3 39-5 118 216 22.2 70 30-1 43
Chicken 57-0 0 0 53 0 0 76 0-076 0-1
Duck 67-7 0 0 20 0-02 01

respectively (Table 4). Although 3-year-old children had
relatively higher Sia intake levels at breakfast and lunch and
on consuming afternoon dessert than 4- or 5-year-old children
(Table 4), the differences between the age groups were not
statistically significant (P> 0-05). Importantly, there was no sig-
nificant correlation between the levels of dietary Sia intake
and the levels of urinary Sia in any age group at any time
point. Thus, the rate of Sia excretion/metabolism depends
on both the form of dietary Sia and its retention time in the
gastrointestinal tract. Also, Sia utilisation between the three
age groups may be different. For example, in 3-year-old chil-
dren, the high intake levels of Sia did not correlate with the
relatively high excretion of Sia in the urine compared with
those in 5-year-old children (Table 3). We infer from these
results that the more rapid brain and body development in
younger children may require a higher level of dietary Sia
for the synthesis of the key neural gangliosides and Sia glyco-
conjugates when compared with that in older children.
However, the long-term impact of the uptake of Sia-rich
(Neu5Go) red meat in infants and pre-school children, and on
later health and disease, remains to be determined. Neu5Gc
can be metabolically incorporated into human cells and tissues
after ingestion of a diet rich in red meat and/or milk pro-
ducts®®. All humans have variable levels of circulating
anti-Neu5Gc antibodies, thus raising potential concern about
the effect of consuming a Neu5Gc-rich diet on inflammatory dis-
eases®3P Thus, our findings are of potential importance for
future studies on the metabolism and utilisation of dietary Sia
for neural development, disease prevention and diagnosis in
pre-school children. The lack of correlation between dietary
Sia intake levels and urinary Sia excretion levels in pre-school
children has not been reported previously.

A potential limitation of the present study could be that we
did not collect 24 h urine samples because of the difficulty of
doing so for girls and 3-year-old children. However, it has
been reported that morning spot urine samples correlate
well with 24h urine samples®®. Thus, our findings provide
clinical evidence to better understand urinary Sia profiles in
3—5-year-old children and the lack of correlation between
these profiles and dietary Sia intake levels. This lack of corre-
lation may have clinical relevance because it may provide a
means to identify pre-school-aged children with potential Sia
metabolic disorders having elevated levels of urinary Sia, as
four did in the present study. Accordingly, these new findings
provide a strong rationale for monitoring urinary Sia levels in
pre-school children.
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