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ABSTRACT Colostrum (d 2-4) and mature human
milk samples (d 23-30) collected from eight mothers
giving birth at 31 Â±7 wk of gestation were analyzed for
total sulfur, free inorganic sulfate and acid labile sul-
foesters. The data presented are representative of com
plete 24-h expressions. Total sulfur was measured using
a wet digestion procedure in which all forms of sulfur
were converted to inorganic sulfate. The sulfate was
quantified by a radiometrie barium precipitation assay.
Total sulfur showed no marked diurnal variation, but the
mean concentration in 19 colostrum samples (10.2 Â±
4.2 mmol/L) was significantly higher than in 14 mature
milk samples (4.3 Â±0.8 mmol/L) (P < 0.001). The
range of predicted 24-h intakes of sulfur by infants fed
colostrum (0.78-3.22 mmol/kg body weight) was
slightly higher than those fed mature milk (0.54-1.06
mmol/kg), but it was not significantly different. The
combined fractions of free inorganic sulfate and acid-
labile sulfoester fractions contribute <5% to the total
sulfur content of either colostrum or mature milk. How
ever, the physiological significance of these milk compo
nents remains to be determined. J. Nutr. 121:
1250-1254, 1991.
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Available summaries of milk composition (1-4)
suggest that sulfur is the sixth most abundant macro-
mineral in human milk. However, data concerning
intake of sulfur by infants are almost entirely re
stricted to a study of the sulfur amino acidsâ€”methio-
nine, cyst(e)ine and taurineâ€”ignoring the potential
contribution of inorganic forms, notably the sulfate
aniÃ³n. Both free sulfate and the sulfate bound to
parent molecules as sulfoesters are potential contrib
utors to the available sulfur, but their content in
human milk only recently has been established (5).
Moreover, there is only one early published estimate
for the sulfur content of human milk (6), and there are
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no published methods for assaying total sulfur in
human milk. Therefore, we have modified an estab
lished assay for total sulfur in biological fluids with
the aim of quantifying the contribution of free and
esterified sulfate fractions to the total sulfur available
to the premature breast-fed infant.

MATERIALS AND METHODS

Sample collection. Twenty-four hour collections of
fresh human milk were obtained cross-sectionally
from eight healthy women giving birth at Chedoke-
McMaster Hospitals, Hamilton, ON, Canada. The
collection of milk samples was approved by the Re
search Project Advisory Committee for Clinical
Studies at McMaster University and Chedoke-
McMaster Hospitals. The mean gestation period was
31 Â±7 wk. For every feeding throughout the
24-h period, both breasts were completely emptied
using an electric or manually operated breast pump.
Complete 24-h collections of milk were transported
to the hospital in sterile containers, and the volume
was recorded. For sample analysis, 2% by volume of
individual pumpings was used, and portions of the
aliquots were pooled to generate samples represen
tative of each entire 24-h period. The milk was
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grouped into two categories based on postpartum
dates: colostrum (d 2-4) and mature (d 23-30). An
analytical pool of human milk, obtained from several
donors at the Grace Maternity Hospital, Halifax, NS,
Canada, was used for method development and
quality control. All milk samples were stored at-20Â°C.
Total sulfur analysis. Sulfur digestion. All forms of

sulfur were digested and oxidized to inorganic sulfate
using a wet digestion procedure (7, 8) modified to
accommodate small milk volumes. Milk samples
were thawed in a water bath at 37Â°Cand shaken to
distribute the fat portion. An aliquot (0.4 mL) was
transferred to a tared 10-mL Reactivial and placed on
an aluminum block heater (Reactivial in Heating/
Stirring Module, Pierce Chemical, Rockford, IL).Samples were allowed to dry at 120Â°Cunder a stream
of ambient air. The vials were cooled prior to adding
0.5 mL of acid digestion mixture, which consisted of:
0.106 g ammonium metavanadate (Aldrich Chemical,
Milwaukee, WI) dissolved in 65 mL of concentrated
nitric acid (Fisher Scientific, Fairlawn, NJ), 75 mL of
concentrated perchloric acid (Mallinckrodt, Paris, KY)
and 0.47 g of potassium dichromate (J. T. Baker
Chemical, Phillipsburg, NJ) dissolved in 16.75 mL of
deionized water. The temperature of the aluminum
block heater was reduced to 80Â°C,and the first phase
of digestion was allowed to progress until the evo
lution of nitrogen dioxide (as a copious brown gas)
had ceased (-30 min). The temperature was then
raised to 190"C for an additional 90 min, the ap
pearance of orange precipitate (chromic oxide) indi
cating that oxidation was complete (9).The vials were
cooled to room temperature and diluted with 1.0 ml.
of acid diluent [15.75 mL of glacial acetic acid, 6.25
mL of concentrated hydrochloric acid (J. T. Baker
Chemical) and 6.25 ml, of concentrated phosphoric
acid (Mallinckrodt) combined and diluted to a volume
of 500 mL with deionized water]. Vials were weighed
to establish the mass of the digest. The mixture was
stirred using teflon stir bars (Pierce Chemical) until
all visible wet ash was completely dissolved. A
0.4-mL aliquot of digest was transferred into a tared
microcentrifuge tube and weighed. Total digest
volume was calculated on the basis of weight for the
fixed aliquot.
Sulfate quantification. To a 0.4-mL aliquot of di

gest, 2.0 (.irnol of 133Ba-containing barium chloride
(specific activity 3.7 GBq/L; Amersham Nuclear,
Montreal, PQ, Canada) was added; the aliquot remained at 4"C overnight to allow for complete precip
itation as barium sulfate. Samples then were centri-
fuged at 900 x g for 20 min at 4"C, and an aliquot of
supernatant was counted using the LKB 1282 Com-
puGamma Universal Camma Counter (Wallac Oy,
Turku, Finland). Percent precipitation was calculated
by subtraction.
Assay validation. To test the efficacy of the di

gestion procedure, a variety of sulfur-containing stan

dards were added to water and to human milk;
potassium sulfate (J. T. Baker Chemical), DL-methi-
onine (Fisher Scientific), taurine (Sigma Chemical, St.
Louis, MO), and human serum albumin, 250 g/L (wt/
v) solution (Cutter Biological, Berkeley, CA). Recov
eries from aqueous solution and from human milk
were, respectively: potassium sulfate 95 and 91%, DL-
methionine 97 and 81%, taurine 103 and 85% and
human serum albumin 90 and 91%. When [35]S-sul-
furic acid (specific activity >185 GBq/L; New England
Nuclear Products, E. I. Du Pont, Boston, MA) was
used as an internal standard, the samples were treated
as described but without 133Baadded. The supernatant
was suspended in Aquasol-2 (New England Nuclear
Products, E. L Du Pont) and counted by liquid scintil
lation (Beckman Instruments, Palo Alto, CA). The
percentage of unprecipitated sulfate was calculated,
and appropriate corrections were made.
Other analytical methods. Free inorganic sulfate

and sulfoester was determined by ion chromatography
(5). To confirm that the milk sample had normal
mineral composition, sodium and potassium were
measured as markers of lactational stage using ion
selective electrodes (NaKI, Radiometer, Copenhagen,
Denmark) following dilution with urine-diluting fluid
and the ion analyzer in the urine mode as previously
described (10). The total sulfur and sulfate content of
human milk was estimated from pumped volumes
and measured concentrations, and the predicted
intake for each subject was calculated on the basis of
daily fluid intakes of 150-200 mL/kg body weight
(11).
Statistical analysis. Data are expressed as means Â±

SD unless otherwise indicated. Differences between
means were determined using ANOVA for the total
sulfur data and the Student t test for the remainder of
the statistical testing; P < 0.05 was considered signifi
cant. These values were determined using SYSTAT
computer package (SYSTAT, Evanston, IL) or a main-
frame version of MINITAB (version 5.5, Pennsylvania
State University).

RESULTS

Milk samples and cation composition. Twenty-
four hour volumes expressed were 158 Â±143 mL for
colostrum from five mothers and 390 Â±64 mL for
mature milk from three mothers. Volumes for indi
vidual pumpings ranged from 5 to 233 mL (44 Â±53
mL) for colostrum samples and from 28 to 199 mL (86
Â±41ml,) for mature milk The number of pumpings
(Fig. 1, 2) in a 24-h period ranged from three to five for
colostrum and from four to six for mature milk
Individual pumpings from four mothers (14

samples of colostrum and 5 samples of mature milk)
showed that sodium concentration was lower in
mature milk (26.2 Â±7.5 vs. 11.5 Â±1.3 mmol/L, P <
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FIGURE l Total sulfur concentration of human
colostrum (prior to lactation d 5) for individual feedings
over a 24-h period in five subjects. Each bar represents a
single sample. 'Indicates matched samples obtained for
each breast during a single pumping.

0.001). Similarly, potassium concentration was lower
in mature milk (13.2 Â±0.5 mmol/L) compared with
colostrum (17.1 Â±1.3 mmol/L, P < 0.001).
Sulfur and inorganic sulfate analysis. Total sulfur

concentration of colostrum and mature milk for indi
vidual feedings over a 24-h period are given in Figures
1 and 2, respectively. The mean sulfur concentration
of 19 colostrum samples (10.2 Â±4.2 mmol/L) was
significantly higher than in 14 samples of mature
milk (4.3 Â±0.8 mmol/L, P < 0.001). There was no
evidence of significant diurnal variation.
Pooled samples representing a complete 24-h milk

collection from the eight mothers were analyzed for
both total sulfur and sulfate fractions (Table 1). The
variability in total sulfur between mothers was
greater for colostrum (range, 5.2 to 16.1 mmol/L) than
for mature milk (range, 3.6 to 5.3 mmol/L). A signif
icant correlation between milk volume and sulfur
concentration of milk was not observed. The free
sulfate concentration in colostrum was more than
double that in mature milk (0.066 Â±0.021 vs. 0.029 Â±
0.006 mmol/L, respectively; P - 0.014). Acid labile
sulfoester concentrations also were significantly
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FIGURE 2 Total sulfur concentration of mature human
milk (postlactation d 22) for individual feedings over a24-h period in three subjects. 'Indicates matched samples
obtained for each breast during a single pumping. On one
occasion (+) the first and last feeding in the 24-h period
occurred at approximately the same time of day.

I

higher in colostrum than in mature milk (0.276 Â±
0.052 vs. 0.184 Â±0.028 mmol/L, respectively,- P -
0.02). Total sulfates (free sulfate plus ester sulfate)
being delivered in colostrum (0.342 Â±0.054 mmol/L)
exceeded that in mature milk (0.213 Â±0.033 mmol/L)
by -38% (P - 0.009) but represented a similar pro
portion of the total sulfur (3.73 Â±1.59% for colostrum
vs. 4.77 Â±0.23% for mature milk, P - 0.22). The
fraction represented by free sulfate for both colostrum
and mature milk was <1%, the remainder being ester-
sulfate.
Sulfur content and predicted daily intakes. Table

2 summarizes the content of total sulfur and sulfate
fractions of the total daily milk output. The means of
total sulfur, ester sulfate and free sulfate content were
greater in mature milk than in colostrum by 29%,
41% and 10%, respectively, but the differences were
not significant.
The range of predicted intakes of sulfur (Table 3)

was quite wide and seemed to be only slightly less in
infants fed mature milk vs. infants fed colostrum,
based on the body weight of the infants. The range of
intakes for sulfoesters and free sulfate were similarly
wide, but the maximum contribution of either sulfate
fraction would not amount to more than 10% of the
minimum total sulfur intake.

DISCUSSION

Our study showed that there is a substantial dif
ference between the sulfur concentration in
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TABLE 1

Sulfate fractions and total sulfur concentrations in human milk1

SubjectColostrumInmIVvMeanSDMature

MilkVIvnvmMeanSDP3Post-partumday32334303023Milk

Volumemild488236845170142.6135.7360346464390.064.50.018Totalsulfurmmol/L8.511.75.216.110.510.44.03.65.34.64.50.80.034Estertnmol/L0.2130.3520.2810.2840.2480.2760.0520.1580.2130.1810.1840.0280.022sulfate%22.513.015.401.762.363.011.414.394.023.944.120.240.16Freemmol/L0.0850.0840.0470.0410.0740.0660.0210.0230.0350.0300.0290.0060.014sulfate%z1.000.710.900.260.710.720.280.640.660.650.650.010.62Totalmmol/L0.2980.4360.3280.3250.3220.3420.0540.1810.2480.2110.2130.0330.009sulfates%*3.513.736.312.023.073.731.595.034.684.594.770.230.22

'Milk samples are pooled aliquots representative of complete 24-h collections. Overall means for total sulfur differ slightly from those for
individual pumped samples because of analytical variation.
2Percent total sulfur concentration.
'Probability of significant difference (Student's t test) between colostrum and mature milk.

colostrum (10.4 mmol/L) and mature human milk
(4.5 mmol/L), a result consistent with but somewhat
greater than that found by Macy (colostrum, 7.2
mmol/L, and mature milk, 4.4 mmol/L) (6). This dif
ference has been well characterized for protein intake
(12), the major source of sulfur in human milk, and
for other ions in milk such as sodium and potassium.
The concentration and pattern of change for sodium
and potassium observed in our milk samples are
similar to those in previous reports of term and
preterm mille (13). Thus, the observations concerning
sulfur content in the small number of milk samples
analyzed in this study probably can be generalized for
all normal milk samples.

TABLE 2

Estimated content of total sulfur and sulfate fractions in
pooled 24-h samples of expressed human mitt?

Milk No. Total sulfur Ester sulfate Free sulfate

mmol
1.16 Â±0.66 0.043 Â±0.039 0.010 Â±0.008Colostrum

Mature milk 1.76 Â±0.46 0.074 Â±0.011 0.011 Â±0.002
'Values are means Â±so. Samples obtained over a 24-h period

were pooled for each subject.

With respect to milk obtained from mothers giving
birth prematurely, there is lower protein concen
tration amounting to almost 50% during early lac
tation (14). Thus, one would expect a relatively lower
daily sulfur intake relative to other milk nutrients
because of reduced protein-derived sources of sulfur,
cysteine and methionine. Because free sulfur amino
acids also are lower in mature milk, these sulfur
sources also would constitute a smaller fraction of
nutrient intake in the later stages of lactation (15, 16).
In the current study, sulfate sulfur also was greater

(by 38%) in colostrum as compared with mature
milk. Larger numbers of subjects studied using a lon
gitudinal experimental design would be required to

TABLE3
Range of predicted intakes of total sulfur and sulfate fractions

by infants fed colostrum or mature milk1

Milk No. Total sulfur Sulfoester Sulfate

Colostrum 5
Mature milk 2

mmol/kg
0.78-3.22 0.032-0.070 0.006-0.017
0.54-1.06 0.024-0.043 0.003-0.007

'Range is based on minimum content at 150 ml. milk/kg fluid
intake and maximum content at 200 mL milk/kg intake.
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show whether the pattern and timing of the differ
ences in concentration are significant. The free inor
ganic sulfate and sulfoester concentrations in mature
human milk reported here are similar to values previ
ously reported by us for a different sample group (5).
Sturman et al. (17) were the first to identify signif

icant concentrations of a single sulfoester (N-acetyl-
neuramin lactose sulfate) in both human and rat milk.
Following the administration of [35S]-taurine to lac-
tating rats, this acid-labile sulfoester was isolated
from the milk and was found to be hydrolyzed in the
stomach of the offspring, where it liberated free inor
ganic sulfate. This provides a potential source of sub
strate for essential sulfo-conjugation reactions in the
growing neonate (17).
With gastric hydrolysis of sulfoesters, the essential

sulfur amino acids [which would otherwise be catabo-
lized to liberate sulfate as their end product (18)]
might be spared for utilization in protein synthesis
during this period of very rapid growth and develop
ment. In adult humans, there seems to be a stoichio-
metric relationship between the intake of sulfur
amino acids and the excretion of inorganic sulfate
(19). However, in premature infants there is a small
urinary output of inorganic sulfate relative to sulfur
amino acid intake (20, 21). Thus, sulfur amino acids
may be more extensively utilized for protein syn
thesis in the developing neonate, and a larger pro
portion of the sulfate derived from more limited
sulfur amino acid oxidation may contribute directly
to the increased sulfoester synthesis accompanying
growth (22).
Our calculation of the sulfur content in the total

daily milk output (Table 2) indicates that the sul
foester sulfur from colostrum and mature human
milk may provide only 3.5% and 4.2% (mol/mol),
respectively, of the available sulfur,- and free sulfate
makes an almost negligible contribution (<1.0%) to
the total sulfur available from either type of milk.
However, the physiological significance of these
sulfur fractions in human milk remains to be deter
mined.
In conclusion, the wet digestion method is satis

factory for measuring total sulfur in human milk.
Results of our study also verify the presence of only
small amounts of free sulfate and sulfoesters in either
colostrum or mature human milk relative to total
sulfur intake.
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