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Abstract To obtain quantitative information on human
metabolism of selenium, we have performed selenium
speciation analysis by HPLC/ICPMS on samples of
human urine from one volunteer over a 48-hour period
after ingestion of selenium (1.0 mg) as sodium selenite,
L-selenomethionine, or DL-selenomethionine. The three
separate experiments were performed in duplicate. Normal
background urine from the volunteer contained total se-
lenium concentrations of 8–30 μg Se/L (n=22) but, de-
pending on the chromatographic conditions, only about
30–70% could be quantified by HPLC/ICPMS. The major
species in background urine were two selenosugars,
namely methyl-2-acetamido-2-deoxy-1-seleno-β-D-galacto-
pyranoside (selenosugar 1) and its deacylated analog
methyl-2-amino-2-deoxy-1-seleno-β-D-galactopyranoside
(selenosugar 3). Selenium was rapidly excreted after in-
gestion of the selenium compounds: the peak concentra-
tions (∼250–400 μg Se/L, normalized concentrations)
were recorded within 5–9 hours, and concentrations had
returned to close to background levels within 48 hours, by
which time 25–40% of the ingested selenium, depending
on the species ingested, had been accounted for in the
urine. In all experiments, the major metabolite was seleno-
sugar 1, constituting either ∼80% of the total selenium
excreted over the first 24 hours after ingestion of selenite
or L-selenomethionine or ∼65% after ingestion of DL-

selenomethionine. Selenite was not present at significant
levels (<1 μg Se/L) in any of the samples; selenomethi-
onine was present in only trace amounts (∼1 μg/L, equiv-
alent to less than 0.5% of the total Se) following ingestion
of L-selenomethionine, but it constituted about 20% of
the excreted selenium (first 24 hours) after ingestion of
DL-selenomethionine, presumably because the D form
was not efficiently metabolized. Trimethylselenonium ion,
a commonly reported urine metabolite, could not be de-
tected (<1 μg/L) in the urine samples after ingestion of
selenite or selenomethionine. Cytotoxicity studies on
selenosugar 1 and its glucosamine isomer (selenosugar 2,
methyl-2-acetamido-2-deoxy-1-seleno-β-D-glucosopyrano-
side) were performed with HepG2 cells derived from
human hepatocarcinoma, and these showed that both com-
pounds had low toxicity (about 1000-fold less toxic than
sodium selenite). The results support earlier studies show-
ing that selenosugar 1 is the major urinary metabolite after
increased selenium intake, and they suggest that previously
accepted pathways for human metabolism of selenium
involving trimethylselenonium ion as the excretionary end
product may need to be re-evaluated.
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Introduction

The study of selenium metabolism has considerable rele-
vance to human health because of selenium’s dual role as a
toxicant and an essential trace element. The physiological
requirements for selenium, an integral part of several im-
portant enzyme systems [1], have been estimated to be
about 70 μg/day for an adult man [2], and there are several
studies linking specific diseases such as Keshan’s disease
to diets low in selenium [3]. Selenium is also a purported
anticancer agent, and a large 12-year study is currently
investigating the effects of long-term selenium supple-
mentation as a protective measure against prostate cancer
[4]. Collectively, these perceived health benefits attributed
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to selenium have lead to a growing market for selenium
supplements.

But selenium can also have toxic effects at relatively
modest intakes [2]. Because urine is a major excretory
route, investigations into the selenium species present in
urine can provide information on the metabolic processes,
perhaps delineating those pathways leading to beneficial
and toxic effects. The first identified selenium urinary
metabolite was trimethylselenonium ion, isolated in 1969
from the urine of rats after high exposure to selenite [5].
This species was subsequently claimed to be in human
urine [6] and was generally thought to be produced as a
way of excreting excess, potentially toxic selenium. More
recent studies, however, with greatly improved analytical
methods such as HPLC/ICPMS (high performance liquid
chromatography/inductively coupled plasma mass spec-
trometry) have failed to demonstrate that trimethylseleno-
nium ion is a significant constituent of human urine [7].

An important advance in the field came with the iden-
tification of a selenium-containing carbohydrate (seleno-
sugar 1, Fig. 1) as a significant metabolite in urine from rats
administered selenite [8]. This work was quickly followed
by the report by Gammelgaard and coworkers [9] that
human volunteers given selenized yeast (containing largely
L-selenomethionine bound in proteins) also produced
selenosugar 1 as a significant urinary metabolite. Further
work by this research group demonstrated the presence of a
second selenosugar, selenosugar 2, [7, 10] and then a third,
selenosugar 3, [10] as trace urinary metabolites. In contrast
to these results, Cao et al. [11] claimed that selenocysta-
mine was the major selenium metabolite in human urine
after ingesting DL-selenomethionine, although some con-
cerns regarding the rigour of this assignment have been
expressed [12].

The studies describing selenosugars have opened up a
new phase in research into selenium metabolism. In ad-
dition to providing the unambiguous assignment of a
significant selenium metabolite, they have flagged the

existence of an alternative metabolic pathway that does not
end with trimethylselenonium ion. Although a recent study
[13] measured concentrations of selenosugars in urine after
selenium supplementation, the work reported so far has
been essentially of a qualitative nature, and has provided no
data on excretion rates of selenium and the absolute quan-
tities of the various selenium metabolites. We report results
from a quantitative case study of selenium excretion and
metabolites in human urine from one individual after the
administration of selenium as sodium selenite, DL-seleno-
methionine, or L-selenomethionine. In addition, results
from cytotoxicity testing of the major selenium urinary
metabolite, selenosugar 1, and its isomer selenosugar 2, are
reported.

Experimental

Chemicals and reagents

The selenium compounds used in the ingestion experi-
ments were: sodium selenite (Na2SeO3·5H2O, >99%)
obtained from Merck (Darmstadt, Germany), DL-seleno-
methionine (CH3SeCH2CH2CH(NH2)COOH, >99%) from
Fluka (Buchs, Switzerland), and L-selenomethionine (>98%)
from Sigma-Aldrich (Vienna, Austria). Selenium species
standards used for HPLC/ICPMS, in addition to selenite
and selenomethionine, were: selenate (as sodium selenate,
>99% from Fluka); trimethylselenonium iodide (synthe-
sized in-house); selenosugars 1 and 2 synthesized as pre-
viously reported [14]; and selenosugar 3, prepared from
selenosugar 1 by a modification of the analytical scale
synthesis reported by Bendahl and Gammelgaard [10].
Thus, selenosugar 1 (20 mg, 67 μmol) was dissolved in a
mixture of 98% hydrazine/water (0.5 mL, 9+1 v/v) and
heated in a sealed tube at 110°C for 24 h. The solvent was
evaporated, and the residue taken up in water and ap-
plied to a small column containing cation exchange resin
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(DOWEX 50). The column was washed with water (100
mL), and the desired selenogalactosamine, selenosugar 3,
was stripped from the column with 1 M NH3, and ob-
tained as a white solid (10 mg, 58% yield). m/z (ESMS,
100 V): 162 ([M-CH3Se]

+ 100%), [M+H]+ 255 (13%), 256
(35%), 258 (71%), 260 (13%). 1H-NMR (500 MHz, D2O)
δ 4.44 (1H, d, H-1, J 10 Hz), 3.78 (1H, d, H-4, J 3 Hz),
3.65-3.56 (3H, m, H-5, H-6), 3.39 (1H, dd, H-3, J 10,
3 Hz), 2.89 (1H, t, H-2, J 10 Hz), 1.99 (3H, s, SeMe).
13C-NMR (100 MHz, D2O) δ 81.7, 80.2, 73.7, 68.2, 61.2,
51.9, 1.8.

For total selenium analyses by ICPMS, stock standard
solutions of 1000 mg Se/L were purchased from CPI (Santa
Rosa, USA). Nitric acid (p.a.), aqueous ammonia solution
(25%, suprapur) and pyridine (p.a.) were obtained from
Merck; formic acid (p.a.), ammonium formate (p.a.) and
citric acid (p.a.) were purchased from Fluka; and methanol
(p.a.) was obtained from Carl Roth GmbH (Karlsruhe,
Germany). Dilutions of standard solutions and digest
solutions were performed with Milli-Q water (18.2 MΩ
cm). Three certified reference materials were used: NIES
CRM No. 18 (Human Urine, National Institute for Envi-
ronmental Studies, Ibaraki, Japan); Lyophilized Sero-
norm Trace Elements in Urine Lot FE1113 (Sero A/S,
Billingstad, Norway); and NIST SRM 1640 Trace Ele-
ments in Natural Water (National Institute of Standards
and Technology, Gaithersburg, MD, USA).

Background samples

A minimum of three background samples were collected
before each experiment, including a morning urine sample
(about t=−12 h), and a sample (t=0) collected immediately
before ingestion of the selenium dose.

Ingestion of selenium and collection and storage
of urine

A total of six ingestion experiments were performed in
two sets, each comprising three forms of selenium. In
each duplicate set of experiments, a known quantity of
selenium (1.0 mg Se) as pure sodium selenite, DL-seleno-
methionine, or L-selenomethionine was ingested by one
male volunteer (51 years of age) in about 100 cm3 of water
on a designated day at 18:00 (t0). The volunteer gave
informed consent and was aware of the experimental de-
tails and possible effects of ingesting the selenium; the
quantity of selenium ingested was about fivefold that taken
daily by people on selenium supplements.

The urine samples were individually collected in 500 mL
polyethylene bottles over the following 48 hours (24 h in
the case of the second DL-selenomethionine experiment).
The masses of the urine samples were recorded and specific
gravity was measured with a Leica TS 400 total solids
refractometer (Leica Microsystems, Buffalo, NY, United

States); urine volumes were then calculated from the
masses of the samples. The samples were stored at 4°C
until analysis for total selenium and for selenium species
(completed within ten days). The total selenium concentra-
tions were normalized to the mean specific gravity using
the equation:

Cnorm ¼ spec:grav:mean � 1ð Þ � Csample

spec:grav:sample � 1
� �

Determination of total selenium

Digestion A portion (1.00 mL) of urine or solution of
reconstituted certified reference material was added to a
quartz digestion vessel (12-mL capacity) of an ultra-
CLAVE 2 microwave autoclave (EMLS, Leutkirch, Ger-
many). HNO3 (4.00 mL) was added to the quartz vessels.
The system was closed, loaded with argon to 4×106 Pa,
and the mixture was heated at 250°C for 30 min. The
digested urine samples were then diluted with Milli-Q
water (to 10–50 mL depending on the Se content) before
analysis for selenium by ICPMS. Matrix effects, inves-
tigated by the method of standard additions, were shown
to cause about a 10% increase in the selenium signal
when urine digests were diluted to 10 mL, but these ef-
fects were acceptably small (<5%) when samples were
diluted to 20 mL or more. Although occasional checks for
matrix effects were carried out, our standard method was
performed with external calibration on digest solutions
diluted to 20 mL.

Inductively coupled plasma mass spectrometry for sele-
nium-selective detection An Agilent 7500c or 7500ce in-
ductively coupled plasma mass spectrometer (Agilent,
Waldbronn, Germany) equipped with a PFA microcon-
centric nebulizer, a Scott double pass spray chamber and
an octopole reaction cell served as the selenium-selective
detector. The instrumental and acquisition parameters
were: rf power (1500 W); carrier gas (1 L/min); reaction
cell gas (H2 at 3.0 mL/min); monitored masses (m/z
77, 78).

Standard solutions of selenium (0.1–50 μg Se/L) were used
for calibration; quantification was performed with seleni-
um isotope m/z 78. As a source of carbon to enhance Se
ionisation, a solution of isopropanol/water (1+1) at a flow
rate of 0.02 mL/min was mixed with the sample/standard
solution just prior to nebulization. The accuracy of the
method was checked by analysis of the three standard
reference materials: NIES No. 18 Human urine (certified
[Se]=59±5 μg/L) returned 61±2 μg/L, n=3; Seronorm
Trace Elements in Urine (certified [Se] range 14–26 μg/L)
returned 22±1 μg/L, n=3; and NIST SRM 1640 Trace
Elements in Natural Water (certified [Se]=21.96±0.51 μg/L)
returned 22.2±0.2 μg/L, n=3.
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Determination of selenium species by HPLC/ICPMS
and HPLC/ESMS

Urine samples were filtered through 0.22 μm polyamide
filters (Macherey-Nagel, Dueren, Germany) prior to injec-
tion into the HPLC/ICPMS system. Separation of selenium
species was performed using ion-exchange chromatogra-
phy (duplicate set 1) and ion-exchange and reversed-phase
chromatography (duplicate set 2). Anion-exchange chro-
matography was performed on a PRP-X100 anion-exchange
column (100 mm×4.1 mm) from Hamilton Company (Reno,
NV, USA), and a mobile phase of an aqueous solution of
citric acid (10 mM) at pH 4.8, adjusted with aqueous
ammonia, at 40°C and a flow rate of 1.5 mL/min. Cation-
exchange chromatography was performed on a Zorbax
300-SCX cation-exchange column (150 mm×4.6 mm) from
Agilent, or on a Hamilton PRP-X200 column (250×4.1
mm). Conditions applied to the Zorbax 300-SCX column
were: aqueous solutions of pyridine (7 or 20 mM) at pH
2.1, adjusted with formic acid, as mobile phase, at 30°C
and a flow rate of 1.5 mL/min. Conditions applied to the
Hamilton PRP-X200 column were: aqueous solution of
pyridine (10 mM) at pH 1.6, adjusted with formic acid, as
mobile phase, at 30°C and a flow rate of 1.0 mL/min.
Reversed-phase chromatography was performed at 30°C
on aWalters Atlantis C18 column (150 mm×4.6 mm;Waters
Corporation, Milford, MA, USA) and a mobile phase of 20
mM ammonium formate at pH 3.0, adjusted with formic
acid, containing 3% methanol at a flow rate of 1.0 mL/min.
Injection volume was always 20 μL. ICPMS selenium-
selective detection was performed with an Agilent 7500c or
7500ce equipped with a Babington nebulizer under the
conditions described above. Selenomethionine and seleno-
sugars 1, 2, and 3 were quantified in the urine samples by
external calibration with standard solutions of the respec-
tive pure compounds; unknown selenium compounds were
quantified by external calibration with standard solutions

of selenosugar 1 or selenosugar 3. Under our measurement
conditions, the signal response for selenium was not greatly
influenced by the type of selenium compound (slopes of
calibration curves were all within 10% of the mean slope
for the various species).

HPLC/Electrospray mass spectrometry was performed
on one of the crude urine samples (second L-selenomethi-
onine experiment, sample t=4.9 h) with an Agilent 1100
LCMSD system (SL type) under reversed-phase conditions
with a Walters Atlantis C18 column, 150 mm×4.6 mm at
30°C, and a mobile phase of 20 mM ammonium formate at
pH 3.0, adjusted with formic acid, containing 3% methanol
at a flow rate of 1.0 mL/min. MSD conditions were: nebu-
lizer pressure: 55 psig, drying gas flow: 12 L/min, drying
gas temp. 350°C, capillary voltage 4,000 V, single ion
monitoring positive polarity.

Cytotoxicity of selenosugars and selenite

Details of the general procedure employed for our cy-
totoxicity tests have been previously reported [15]. In brief,
HepG2 cells derived from human hepatocarcinoma were
grown in a monolayer in Dulbecco’s modified Eagle’s me-
dium and supplemented with 10% fetal bovine serum. The
cells were cultured in an incubator in an atmosphere of 5%
CO2 in humidified air. HepG2 cells, seeded at a density of
1×104 cells/well in 96-well plates (IWAKI, Japan) and
incubated for 24 h, were placed in fresh medium that
contained test chemicals and incubated for 48 h. Cytotox-
icity was assayed by the method of WST-8 (Cell Counting
Kit-8, Wako, Japan), in which WST-8 was converted to
soluble formazan by the action of mitochondrial dehydro-
genase in viable cells. The cultures in 96-well plates were
placed in 100 mm3 of medium that contained WST-8 and
incubated for 1 h at 37°C. The absorbance at 450 nm was
determined by a multiplate reader.

Table 1 Time course of total Se (μg/L) and major Se species (μg/L) in urine after ingestion of selenite (≡1.0 mg Se)

Time
(h)

Volume
(L)

Total [Se]
(measured)

Cumulative excretion
(mg Se)

Total [Se]
(normalised)

Selenosugar 1 Selenosugar 2 Selenosugar 3

0 – 20 – 17 1.7 <0.5 1.8
2.2 0.27 24 <0.01 43 18 <0.5 2.3
5.2 0.43 106 0.05 221 171 <0.5 7.1
9.0 0.70 106 0.12 266 218 3.8 11
13.3 0.74 112 0.19 187 147 trace 9.2
18.5 0.23 195 0.23 163 116 trace 14
25.2 0.44 103 0.27 89 61 trace 8.6
30.5 0.60 44 0.30 65 40 <0.5 6.9
37.5 0.29 69 0.31 41 20 <0.5 6.0
42.5 0.30 25 0.31 25 10 <0.5 2.9
48.3 0.17 55 0.32 31 10 <0.5 4.5

Data for concentrations of total Se and Se species have been normalised against the average specific gravity for these samples
Cumulative Se excretion data have been corrected for the estimated average background Se concentration
“trace” designates species present at concentrations between Limit of Detection and Limit of Quantification (∼0.5 μg/L and 1.5 μg/L)
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Results and discussion

The experiments aimed to compare the selenium metabo-
lism in a single volunteer after ingestion of the same
quantity of selenium in different chemical forms. The first
two experiments investigated selenite and an equal mixture
of D- and L-selenomethionine, and a third experiment was
performed with pure L-selenomethionine. The three ex-
periments showed clear differences which required con-
firmation. For this reason, a second set of experiments
duplicating the first set was performed with the same vol-
unteer. The results from the duplicates agreed well, both
in terms of the total and rate of selenium excretion, and
the selenium metabolites produced. In the second set of
experiments (data set 2), however, an extra chromatograph-
ic system (reversed-phase on Atlantis C18) was employed in
addition to the ion-exchange systems used in the first set of
experiments (data set 1). Reversed-phase separations were

generally superior to those obtained from ion exchange,
giving sharper peaks and better detection limits, and hence
a clearer data set. Consequently, the following discussion
will focus on the second set of experiments.

Background levels and time courses
of selenium elimination

Background levels were determined for 12 hours before the
ingestion of selenium, and found to range from 11–18 μg
Se/L (normalized data). This is within the range for urine
from a healthy person consuming natural selenium at
adequate nutritional levels [2]. The total selenium excretion
data, displayed in Tables 1–3, show interesting differences.
After ingestion of either L-selenomethionine (Table 2)
or DL-selenomethionine (Table 3), selenium was rapid-
ly excreted: the first urine sample collected (∼t=2.2 h)

Table 2 Time course of total Se (μg/L) and major Se species (μg/L) in urine after ingestion of L-selenomethionine (≡1.0 mg Se)

Time
(h)

Volume
(L)

Total [Se]
(measured)

Cumulative
excretion (mg Se)

Total [Se]
(normalised)

Selenosugar 1 Selenosugar 2 Selenosugar 3 Se-Methionine

0 – 17 – 13 trace <0.5 trace <0.5
2.1 0.48 117 0.05 266 209 2.5 6.1 trace
4.9 0.39 289 0.16 388 310 4.6 16 trace
8.7 0.24 290 0.23 238 183 3.4 13 trace
13.8 0.47 88 0.27 93 59 trace 7.2 <0.5
16.7 0.45 25 0.28 46 26 <0.5 4.8 <0.5
22.3 0.45 36 0.29 46 22 <0.5 5.5 <0.5
28.9 0.30 52 0.30 39 17 <0.5 4.6 <0.5
37.0 0.44 41 0.31 30 11 <0.5 3.5 <0.5
42.1 0.40 23 0.31 26 9.0 <0.5 2.5 <0.5
48.2 0.46 28 0.32 32 14 <0.5 2.8 <0.5

Data for concentrations of total Se (normalised) and for all Se species have been normalised against the average specific gravity for these
samples
Cumulative Se excretion data have been corrected for the estimated average background Se concentration
“trace” designates species present at concentrations between Limit of Detection and Limit of Quantification (∼0.5 μg/L and 1.5 μg/L)

Table 3 Time course of total Se (μg/L) and major Se species (μg/L) in urine after ingestion of DL-selenomethionine (≡1.0 mg Se)

Time
(h)

Volume
(L)

Total [Se]
(measured)

Cumulative
excretion (mg Se)

Total [Se]
(normalised)

Selenosugar 1 Selenosugar 2 Selenosugar 3 Se-Methionine

0 – 18 – 11 trace <0.5 trace <0.5
2.3 0.24 207 0.05 226 124 trace 4.8 78
6.2 0.22 369 0.13 274 186 2.2 10 49
8.8 0.34 91 0.16 158 111 1.9 6.9 21
11.2 0.45 94 0.20 122 84 trace 6.0 14
17.2 0.57 63 0.23 60 36 trace 4.0 7.3
22.0 0.42 45 0.24 47 26 <0.5 4.1 4.5
24.0 0.43 18 0.25 38 20 <0.5 3.1 2.7

Data for concentrations of total Se (normalised) and for all Se species have been normalised against the average specific gravity for these
samples
Cumulative Se excretion data have been corrected for the estimated average background Se concentration
“trace” designates species present at concentrations between Limit of Detection and Limit of Quantification (∼0.5 μg/L and 1.5 μg/L)
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contained greatly elevated selenium concentrations (∼250
μg Se/L, normalized data), and the peak samples were
obtained within about six hours, after which time the
concentrations quickly decreased (<50 μg Se/L after 22
hours). The excretion for selenite (Table 1) was markedly
slower; the peak sample was obtained at nine hours and
the concentration was still ∼160 μg/L after 18 hours.

Excretion profiles of selenium, based on normalized
selenium concentrations in urine, for the selenite, L- and
DL-selenomethionine experiments are presented in Fig. 2.
Pseudo first-order elimination rate constants (Ke) for sele-
nium were obtained by fitting the data to a one-compart-
ment toxicological model: the pseudo Ke values were about
0.07 h−1 (t1/2 ∼10 h), 0.13 h−1 (t1/2 ∼5 h) and 0.18 h−1

(t1/2 ∼4 h) after selenite, DL-selenomethionine and L-
selenomethionine ingestion, respectively. For comparison,
data from the first set of experiments returned half-lives of
9 hours, 6 hours and 4.5 hours for selenite, DL-selenome-
thionine and L-selenomethionine, respectively. This dif-
ference in half-lives presumably reflects different rates of
formation of selenosugar 1, the major metabolite (see
below), from the precursors. The mixture of DL-seleno-
methionine showed a more complicated excretion pro-
file for both data sets, which was explainable when the
selenium species were determined later (see below). These
preliminary data suggest that selenosugar 1 may be bio-
synthesized more slowly when selenite is the source of
selenium, but clearly more experiments involving more
volunteers are needed to test this hypothesis. We note that
the study of Thomson et al. [16] also reported that peak
excretion of selenium occurred sooner after ingestion of
selenomethionine than with selenite ingestion.

The total amounts of selenium excreted over 24 and 48
hours respectively, were 27% and 32% (selenite), 29% and
32% (L-selenomethionine) and 25% (DL-selenomethio-
nine, 24 hours only). For comparison, the first set of
experiments showed total excretion after 48 hours of

40% (selenite), 30% (L-selenomethionine) and 25% (DL-
selenomethionine). Presumably the “missing” selenium
is explainable by its incorporation into essential proteins;
excretion in the feces and as the respiratory product di-
methylselenide [17] may also account for some of the
selenium. For comparison, the study of Thomson et al. [16]
reported that 22% (one volunteer) of the 1 mg of selenium
ingested as selenomethionine was excreted in the urine
in 24 hours, whereas 72% and 77% (two volunteers) was
excreted when 1 mg of selenium was ingested as selenite.

Determination of selenium species: analytical aspects

The most common method currently used for the determi-
nation of urinary selenium species is HPLC with selenium-
selective detection by ICPMS [12]. Although a total of 16
selenium compounds have been reported in human urine,
only four—selenite and selenosugars 1 to 3—appear to
have been identified based on sound data; another three
species—selenomethionine, trimethylselenonium ion and
selenate—have also been reported in normal human urine
although the data appear less rigorous [12]. There is no
compelling evidence for the presence of the other nine
purported selenium urinary metabolites. Accordingly, we
applied chromatographic systems to determine the above-
named seven selenium species. These systems were
based on anion and cation exchange, and reversed-phase
separations.

The anionic selenium species and the selenosugars 1 and
2 were resolved with the PRP-X100 anion-exchange
column, whereas trimethylselenonium ion and selenosugar
3, which eluted at the solvent front on anion exchange,
chromatographed well under cation-exchange conditions.
The fact that the selenosugars 1 and 2, which are neutral
molecules at the pHs employed here, were retarded under
anion-exchange conditions suggested that they were
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experiencing hydrophobic interactions with the polymer
backbone of the column. Selenosugars 1 and 2 were
similarly retarded on PRP-X200 (a cation exchanger),
which also has a polymer backbone, but they eluted at the
void volume from the Zorbax 300-SCX cation exchanger,
which has a silica backbone. These presumed hydrophobic
interactions suggested that reversed-phase chromatography
might be suitable for the selenosugars, and subsequently
good retention and separation of the selenosugars 1 and 2
were achieved on an Atlantis C18 reversed-phase column;
selenomethionine was also adequately retained on this
column, whereas selenosugar 3 and trimethylselenonium
ion eluted close to the solvent front. The improved reso-
lution obtained with the Atlantis reversed-phase column,
in comparison to our ion-exchange separations, resulted

in considerably lower detection limits (two- to tenfold de-
pending on the species and sample composition).

When quantifying selenium species (selenium specia-
tion analysis) by HPLC/ICPMS, several factors must be
considered, such as possible chromatographic losses and
variable matrix interferences in the ICPMS. In this regard,
mass balance calculations on the total selenium applied to
the HPLC column and the sum of selenium species eluting
from the column can provide useful information. Follow-
ing HPLC analysis of the urine samples, the sum of se-
lenium species was generally 5–20 μg/L lower than the
total selenium concentration obtained following acid diges-
tion. This “recovery” was acceptable (≥90%) at the higher
selenium concentrations, but was poor (30–70%) for the
samples with low selenium concentrations. The apparent
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Fig. 3 Chromatograms (HPLC/
ICPMS) of a background urine
sample (solid line) and the same
background urine sample spiked
with 3 μg Se/L of selenosugars
1 and 3 (dashed line): a Re-
versed phase chromatography
(Atlantis C18, 150 mm×4.6 mm;
20 mM ammonium formate
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at a flow rate of 1.0 mL/min);
b cation exchange chromatog-
raphy (Hamilton PRP-X200,
250 mm×4.1 mm; 10 mM
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of 1.0 mL/min)
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poor column recovery for background samples is probably,
at least in part, a direct consequence of low total seleni-
um concentrations and the presence of several selenium
species; when this small quantity of selenium is distributed
among several species, some of them are present at lev-
els below the limit of quantification and hence do not
contribute to the recorded sum of species. In support of
this was the observation that HPLC recoveries for back-
ground samples were higher when using the Atlantis
column because the lower detection limits enabled more
(small) peaks to be quantified. It is also possible that some
selenium species do not elute from the columns.

Another factor impacting on the quantitative aspects
of this study is the lability of the selenium metabolites.
Gammelgaard and Bendahl [7] reported that selenosugars

1 and 2 and selenomethionine when stored in urine at
25°C degraded over a period of days. We carried out a
preliminary stability study which indicated that losses of
selenosugar 1 were small (∼5%) when urine samples were
stored for two weeks at 4°C. In our current experiments,
all samples were analyzed for selenium species within ten
days of collection (stored at 4°C), and thus significant
losses of selenosugar 1 were unlikely.

Selenium metabolites in urine

Speciation analysis of background urine samples revealed
the presence of two significant and several minor selenium
species. The two major species were identified as seleno-
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sugars 1 and 3 (each between ∼1–4 μg/L for the various
background samples) by co-chromatography with authen-
tic specimens under reversed phase and cation exchange
chromatographic conditions (Fig. 3). A recent study [13]
demonstrated that selenosugars 1 and 3 occurred as normal
constituents of human urine at about 1–8 μg Se/L (eight
subjects). We could not find evidence for the presence of
trimethylselenonium ion (<1 μg Se/L) in the background
urine samples. In recent papers Gammelgaard and Bendahl
[7, 13] reported that trimethylselenonium ion was not
detectable in their samples of human urine. Similarly, we
could not detect other selenium species sometimes reported
in urine such as selenite, selenate (both <1 μg Se/L) and
selenomethionine (<0.5 μg/L). We note here that our stated
detection limits are based on actual urine samples contain-
ing mixtures of selenium compounds.

Analysis of the urine samples after ingestion of selenite
showed a large increase in the peak assigned to selenosugar
1, which accounted for about 80% of the total selenium
(Table 1). A smaller but clear increase was also observed
for selenosugar 3, and traces of selenosugar 2 were also
detected in the more concentrated samples. Assignments
were made on the basis of spiking (addition) experiments
performed under three sets of chromatographic conditions
with ICPMS detection (Fig. 4).

In addition to the main selenium metabolites, several
minor selenium species (collectively <10% of sum of
species) were also present in the urine samples; although
these species were not identified, spiking experiments
clearly showed that they were not trimethylselenonium ion,
selenomethionine, selenite, or selenate.

After ingestion of L-selenomethionine, the pattern of
selenium species in urine was very similar to that obtained
for the selenite experiment (Fig. 5a, Table 2). The major
species (∼80% of total selenium) was again selenosugar 1,
and selenosugars 2 and 3 were also formed. These assign-

ments were supported by spiking experiments (Fig. 5a).
Further support for the structural assignment of seleno-
sugar 1 was provided by HPLC/electrospray MS with de-
tection at m/z 302, 300, 298, 297 (representing the [M+H]+

pseudo-molecular ion for four Se isotopes) and m/z 204
([M-CH3Se]

+) (Fig. 6). In addition, there was a trace of
selenomethionine (<0.5%) in the most concentrated of
the urine samples, presumably representing unmetabolized
ingested compound. These results showing the presence
of selenosugars 1, 2, and 3 after ingestion of pure
L-selenomethionine agree well with the qualitative data
obtained by Gammelgaard and coworkers [7, 10] from
similar experiments with selenized yeast which contains
largely L-selenomethionine bound in proteins. They do,
however, differ in regard to the formation of selenosugar
3. Gammelgaard and coworkers [10] report the presence
of selenosugar 3 in normal (unsupplemented) urine, but
thought that its concentration did not increase after sele-
nium supplementation despite the formation of large quan-
tities of selenosugar 1. We can confirm that selenosugar 3
is present in normal urine, but quantitative results from
six separate experiments clearly show that its concentra-
tion increases (∼tenfold) after selenium supplementation.
These increases, however, were much less than those
shown by selenosugar 1 (∼100–200-fold), and, hence,
might have been overlooked in the earlier qualitative study
[10].

The anomaly of the earlier reported results of
Gammelgaard and coworkers [10] has been discussed
previously [12], and this may have been the stimulus for
these researchers, in a subsequent study [13], to measure
the concentrations of the selenium metabolites before and
after selenium supplementation. Their results more or less
matched their earlier report in that, except for one of eight
subjects, no clear increase in concentration of selenosugar
3 was observed after selenium supplementation, whereas
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selenosugar 1 concentrations measurably increased in
most cases. These data were interpreted [13] as resulting
from individual variability in the way humans metabolize
selenium to the various selenosugars, with the suggestion
that most humans do not produce any selenosugar 3 after
selenium supplementation. We consider this unlikely and
suggest that the quantities of selenium in the urine samples
after supplementation were still too small to detect signifi-
cant increases in selenosugar 3.

We believe, however, that the relative quantities of
selenosugars 1 and 3 could be dose-dependent, and thus
might be relevant to a possible detoxification pathway for
selenium. The pathway may involve transformation of
excess, potentially toxic, selenium to selenosugar 1, which

is then deacylated to selenosugar 3. At normal exposure,
both selenosugars are present at low levels (∼1–4 μg/L),
but at high exposure the deacylation step is overloaded
leading to a large excess of selenosugar 1.

The first experiment (data set 1) with the mixture of DL-
selenomethionine gave clearly different results from those
obtained with L-selenomethionine; selenosugar 1 repre-
sented less of the total selenium excreted (∼65%) and
unchanged selenomethionine was a significant species
(∼20%). The repeat experiment duplicated this result
exactly (Fig. 5b, Table 3). Probably, this unchanged
selenomethionine corresponds to D-selenomethionine in
the ingested mixture, reflecting the selectivity of en-
zymes for the natural L-selenomethionine. Unfortunately,
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D-selenomethionine is not a commercially available prod-
uct, which deterred us from performing a separate ex-
periment with this compound. Although chiral separations
of D and L-selenomethionine are possible [18], the meth-
ods we employed in this study were unable to distinguish
these two compounds.

It is interesting to compare our results from ingestion of
DL-selenomethionine with a previous similar study re-
ported by Cao et al. [11]. In that study, one volunteer
ingested 400 μg of DL-selenomethionine, and the two
major “metabolites” in urine were identified as selenocys-
tamine and selenomethionine at a ratio of about 4:1 (total
quantities excreted were not reported). Presumably, the
selenium “metabolite” identified as selenomethionine in
that study was unmetabolized D-selenomethionine, and
thus our data are in agreement with that result. The as-
signment of the major metabolite to selenocystamine,
however, could not be confirmed in our two experiments
with DL-selenomethionine; in both cases the major metab-
olite was selenosugar 1. The discrepancy between these
two data sets remains to be explained; we consider it
unlikely, however, that it is due to individual variability
between the two human subjects. We also note that
Gammelgaard et al. [9] have stated that they have never
detected selenocystamine in any urine sample.

Cytotoxicity of selenosugars 1 and 2 compared
with selenite

When the HepG2 cells were incubated for 48 h with so-
dium selenite, toxicity was observed at concentrations over
0.001 mM (Fig. 7). By contrast, both selenosugars 1 and 2
were about 1000-fold less toxic than selenite, and cyto-
toxicity was not observed until concentrations were over 1
mM (∼80,000 μg Se/L). These data indicating low toxicity
for selenosugars are consistent with the likely role of these
compounds as end products in a process, invoked when
selenium intake is in excess of physiologic requirements, to
biotransform (detoxify) potentially toxic selenium species.
It is of interest, and perhaps reassuring for people on
selenium supplements, that excess ingested selenium is
excreted as nontoxic metabolites.

General discussion

Previous qualitative experiments with rats and selenite
[8], and humans and selenized yeast [7, 10], which con-
tains largely L-selenomethionine in proteins, have de-
monstrated that one significant metabolite in both cases
was the novel selenium-containing carbohydrate, seleno-
sugar 1. These data suggested that the form of selenium
ingested may have little effect on the final metabolic prod-
uct excreted in the urine. Our results from the experiments
with selenite and L-selenomethionine support that view,
because the different selenium species were metabolized
primarily to the same metabolite, which accounted for
about 80% of the excreted selenium in both cases.
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On the other hand, the results from the experiments with
DL-selenomethionine suggest that the form of selenium
ingested can be important at times; it appears as though
D-selenomethionine was poorly metabolized and that
large quantities were excreted unchanged. It is interest-
ing that two similar compounds such as D- and L-seleno-
methionine should be handled so differently, and yet
selenite and L-selenomethionine appear to converge to
the same metabolic pathway with comparable efficiency.
Collectively, these data are consistent with the accepted
metabolic pathway for selenium, which has various se-
lenium sources first converting to selenide which is then
transformed into selenocysteine and incorporated into
selenoproteins [19].

There may be implications for the metabolism of various
selenium compounds in regard to the way that selenium is
administered for health promoting purposes (selenium
supplementation). The difference between the metabolism
of D- and L-selenomethionine may be seen as providing
support for the contention that “natural L-selenomethio-
nine”, for example from selenised yeast, is a preferred
source of this essential trace element. Our contrary results
showing similarities in excretion products after ingestion of
either L-selenomethionine or selenite should not, however,
be seen as mitigating this claim, because the biosynthesis
of selenosugar 1 may only be a mechanism to remove
excess, possibly toxic, selenium, and this could be inci-
dental to the manner in which essential selenoproteins are
formed from the two selenium sources. Further studies with
various selenium sources involving analysis of blood in
addition to urine may help clarify this distinction.

It has been noted recently [12] that despite apparently
solid early data showing that trimethylselenonium ion
was a major urinary selenium metabolite in rats, its pres-
ence in human urine has never been conclusively proven.
We have specifically looked for trimethylselenonium ion
in normal (unsupplemented) human urine and in human
urine collected after supplementation with selenite or
selenomethionine. In no case could we identify this species
in the samples; we estimate that if it were present it was
at a level of <1 μg/L, equivalent to <0.5% of the total
selenium in those urine samples containing the highest
selenium concentrations. Recent studies [7, 13] indicate
that trimethylselenonium ion is not a significant metabolite
in normal human urine, and our results certainly support
that view; whether it is produced at all by humans, even at
elevated selenium intake, is now also open to question.

There are several interesting unresolved aspects con-
cerning the formation of selenosugars. Presumably H2Se is
the common intermediate in the conversion of either
selenite or selenomethionine into selenosugars; this species
is considered central to human metabolism of selenium
[19] and serves as the precursor to selenoproteins in
addition to the excretion products dimethylselenide and
trimethylselenonium ion. The existence of these other
methylated excretion products (dimethylselenide at least)

suggests that methylation of H2Se precedes the addition of
the sugar moiety in the biosynthesis of selenosugars. The
preferred use of a galactose sugar over a glucose sugar as
the “selenium scavenger” is also of interest, and a clear
biochemical basis for this selectivity is not readily ap-
parent. A study of selenium metabolites from other animal
species may provide helpful data in this regard.

In summary, our work on the biotransformation of
selenium has confirmed the earlier studies of Kobayashi et
al. [8] and Gammelgaard and co-workers [7, 9, 10, 13], and
provided quantitative data for the formation and excretion
of three selenosugars (one major, one minor, and one in
trace amounts) after ingestion of selenite, L-selenomethi-
onine, or DL-selenomethionine. Cytotoxicity studies have
shown low toxicities for the two selenosugars tested so far
(1000-fold lower than selenite). Our future work will look
at the effect of dose and type of ingested selenium on the
formation of selenosugars and other, currently unknown,
selenium species, and investigate individual variability in
the way humans handle exposure to selenium.
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