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Rapid HPLC Determination of Total Homocysteine and Other Thiols in Serum and
Plasma: Sex Differences and Correlation with Cobalamin and Folate Concentrations
in Healthy Subjects
Donald W. Jacobsen,”2’7 Vytenis J. Gatautis,’ Ralph Green,”2 Killian Robinson,3 Susan R.. Savon,2
Michelle Secic,4 Ji Ji,5 Joanne M. Otto,6 and Lloyd M. Taylor, Jr.6

High-performance liquid chromatography with fluores-
cence detection has been utilized for the rapid determi-
nation of total homocysteine, cysteine, and cysteinyigly-
cine in human serum and plasma. Our earlier procedure
(Anal Biochem 1989;1 78:208), which used monobromo-
bimane to specifically derivatize thiols, has been exten-
sively modified to allow for rapid processing of samples.
As a result, >80 samples a day can be assayed for total
homocysteine, cysteine, and cysteinylglycine. The
method is sensitive (lower limitof detection �4 pmol inthe
assay) and precise (intra- and interassay CV for homo-
cysteine, 3.31% and 4.85%, respectively). Mean total ho-
mocysteine concentrations in plasma and serum were
significantlydifferent, bothfrom healthy male donors (9.26
and 12.30 mol/L, respectively: P <0.001) and healthy
female donors (7.85 and 10.34 j.mol/L, respectively; P
<0.001). The differences in total homocysteine between
sexes were also significant (P = 0.002 for both plasma
and serum). Similar differences were found for cysteine
and cysteinylglycine. We found a significant inverse cor-
relation between serum cobalamin and total homocys-
teine in men (P = 0.0102) and women (P = 0.0174).
Serum folate also inversely correlated with total homocys-
teine in both sexes.

Indexing Terms: hypethomoysteinemla/cysteine/cy’stein}dgtydne/
fluorometry/chromatography, reve,sed-phase/monobromobimane/sex-
related differences

Hereditary cystathionine (3-synthase deficiency and
certain inborn errors of cobalamin (B12) and folic acid
transport and metabolism can result in severe hyper-
homocysteinemia and homocystinuria (1-3). An early
recognizable clinical manifestation of homocystinuria is
an unusually high incidence of premature cardiovascular
disease (4, 5), often the cause of patient mortality (1).
Recently, several clinical studies (reviewed in 6-10) re-
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ported an association between milder degrees of hyperh-
omocysteinemia and coronary artery disease (11, 12),
cerebrovascular disease (13,14), and peripheral arterial
occlusive disease (14, 15). In many of these studies, hy-
perhomocysteinemia was an independent risk factor for
the cardiovascular disease (11, 14, 15). The etiologr of
mild to moderate hyperhomocysteinemia-in the ab-
sence of frank deficiency of cobalamin, folic acid, pyridox-
me (B6)-in patients with cardiovascular disease has not
been established with certainty. Evidence suggests that
some of these individuals are heterozygous for cys-
tathionine $-synthase deficiency (11, 16). However, the
phenotypic determinants currently used to establish
heterozygosity show considerable overlap with normal
individuals (17). Thermolabile methylenetetrahydrofo-
late reductase, an inherited enzyme defect that also
results in hyperhomocysteinemia (18), has recently
been reported to be an independent risk factor for coro-
nary artery disease (19). The roles played by homocys-
teine in atherogenesis and thrombogenesis and the effect
of therapeutic lowering of plasma homocysteine on car-
diovascular disease are unknown. Accurate determina-
tion of serum and plasma concentrations of homocysteine
is essential for understanding the role of homocysteine
in the pathogenesis of vascular disease. Because plasma
homocysteine concentrations can bi lowered by adinin-
istration of folic acid (20-22) or obalamin (23, 24),
assessment of homocysteine status in subjects involved
in dietary modification or vitamin s ipplementation pro-
grams, as well as in cardiovascular disease patients at
large, will require rapid and reproducible assays.

Early studies of plasma from patients with homocys-
tinuria reported an assortment of at normal sulfur-bear-
ing amino acids, including homoc3stine and homocys-
teine-cysteine mixed disulfide, whi(h, at the time, were
undetectable in normal plasma (2.5). Only later were
these metabolites also found in not mal plasma at very
low concentrations (26-28). It is now known that 75-
90% of the homocysteine in normal lasma is covalently
bound to plasma proteins by disulfide bonds (29-31). To
determine total plasma homocysteine-the sum of all
protein-bound forms, oxidized low-molecular-mass
forms, and free reduced homocysteu Le-it is necessary to
reduce disulfide bonds.

An early radioenzymatic method for total plasma ho-
mocysteine included dithioerythriol as the reducing
agent to break disulfide bonds (30). More recent meth-
ods for determining total plasma homocysteine have
utilized 2-mercaptoethanol as the reducing agent and
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gas chromatography-mass spectrometry (32); sodium
borohydride as the reducing agent and monobromobi-
mane as the thiol-specific fluorochromophore, followed
by HPLC with fluorescence detection (FD) (31, 33, 34);
tri-n-butylphosphine as the reducing agent and ammo-
mum 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate as the
fiuorochromophore, followed by HPLC-FD (35-37); so-
dium borohydride as the reducing agent and HPLC with
electrocheinical detection (ED) (15); or dithiothreitol as
the reducing agent, followed by automated ion-ex-
change chromatography (38) or HPLC and thiol-specific

postcolumn derivatization with ultraviolet absorbance
detection (UVD) (39)8 Most of these methods have been
reviewed in greater detail by Ueland et al. (40) and
Jacobsen (41).

Here we describe a new method for the rapid deter-
mination of total plasma (or serum) homocysteine by
using simultaneous sodium borohydride reduction of di-
sulfide bonds and derivatization of sulfliydryl groups
with monobromobimane followed by HPLC-FD. Based
on methodology developed earlier (31), the new method
eliminates some of the steps required in the previous
method, namely, removal of excess fluorochromophore
and solid-phase extraction of samples before HPLC-FD.
There being no lengthy incubations and only minimal
sample processing, -85 samples plus appropriate cali-
brators and quality-control serum samples can be ana-
lyzed within 24 h. The method also provides quantita-
tive information on total plasma cysteine and
cysteinylglycine (CysGly). Besides describing the
method, we also report its use to determine significant

differences in the concentration of total homocysteine
between plasma and serum and significant differences

between healthy men and women in the concentrations
of total homocysteine, cysteine, and CysGly.

Materialsand Methods
Reagents. Monobromobimane (Thiolyte#{174})and L-ho-

mocysteine thiolactone were obtained from Calbiochem-
Behring Diagnostics (La Jolla, CA). Monobromobimane
was also obtained from Molecular Probes (Eugene, OR).
Glutathione, L-cysteine, L-cysteinylglycine (CysGly),
L-homocystine, sodium borohydride, 5,5’-dithiobis(2-ni-
trobenzoic acid) (Ellman’s reagent), Trizma base (Tris),

cyanogen bromide, ethylenediamine, Sepharose 4B-CL,
and N-acetylhomocysteine thiolactone were from Sigma
Chemical Co. (St. Louis, MO). Cystine-bis-diglycine was
from Serva Fine Chemicals (Westbury, NY). Perchloric
acid, HPLC-grade acetomtrile, and HPLC-grade meth-
anol were from Fisher Scientific (Fair Lawn, NJ).
HPLC-grade water was produced by a Mffli-Q water
purification system from Millipore (Bedford, MA). Amyl
alcohol was from Curtin Matheson Scientific (Houston,
TX). Other chemicals were of HPLC, analytical, or re-
agent grade and obtained from Fisher Scientific. Seph-
arose-SH [Sepharose(4BCL)-ethylamido(N-acetyl)-ho-

mocysteinel beads were prepared as described
previously (31) by slight modifications of the methods o
March et al. (42) and Cuatrecasas (43). Briefly, this

solid-phase thiol is prepared by reacting Sepharose-eth-
ylamine with N-acetylhomocysteine thiolactone. The
immobilized primary amine opens the thiolactone to
form the amide of N-acetylhomocysteine and a free -SH
group. Sepharose-SH is used to scavenge excess mono-
bromobimane during the preparation of the thiol-bi-
mane standards as described below.

Blood collection and subjects. Blood was obtained by
venipuncture from fasting apparently healthy labora-
tory personnel. The mean (± SD) age for male donors (n
= 36) was 34.4 ± 9.4 years; for female donors (n = 35),
it was 33.8 ± 6.5 years (ranges 22-66 and 25-48, re-
spectively).9 For serum, blood was collected in evacu-
ated tubes, allowed to clot for 1 h at room temperature,
and centrifuged; the serum supernate was stored at
-20#{176}C.For plasma, blood was collected in chified evac-
uated tubes containing EDTA, gently mixed, placed on
ice, and centrifuged within 30 mm of collection; the
plasma supernate was stored at -20#{176}C.The procedures
used on human subjects in this study were in accordance
with ethical standards and were approved by the Insti-
tutional Review Boards of the Cleveland Clinic Founda-
tion and the Oregon Health Sciences University.

Determination of total serum homocysteine, cysteine,

and CysGly. Serum or plasma samples (100 L) were
pipetted into 1.5-mL conical snap-cap polypropylene
tubes (no. 214-3418-030; Evergreen Scientific, Los An-

geles, CA) along with 10 pL of water (to compensate for

volume dilution during calibration curve determination
as described below) and 5 iL of n-amyl alcohol. The
samples were then gently vortex-mixed. Sodium bore-
hydride (35 L of 1.43 mol/L reagent in 0.10 mol/L
sodium hydroxide) was added to each tube, followed by
mixing. After adding hydrochloric acid (35 iL of 1.0
mol/L) and mixing, we added 50 L of 10.0 mmol/L

monobromobimane in 4.0 mmol/L sodium EDTA (pH
7.0). (The latter reagent was prepared by diluting 0.50
mL of 50 mmol/L monobromobimane in acetonitrile
with 2.0 mL of 5.0 mmol/L sodium EDTA, pH 7.0.) The
tubes were capped, mixed, and incubated at 42#{176}Cfor 12
mm. After the samples cooled to room temperature, we
added 50 L of 1.50 mol/L perchloric acid, vortex-mixed
the samples, and kept them at room temperature for 10
mm. Protein was removed by centrifugation (Microfuge
12; Beckman Instruments, Fullerton, CA) at 12 200g for
10 mm. The acidic clear supernate was adjusted to pH 4
in the centrifuge tube by adding 25 .tL of 2.00 mol/L
Tris, gently mixing, and centrifuging again for 1 mm.
An aliquot (100 L from a final volume of 310 giL) of the
supernate was transferred to a glass conical insert (no.
200-238; Sun Brokers, Wilmington, NC) contained in a
12 x 32 mm glass sample vial and then sealed with a

‘Nonsjjmd abbreviations: FD, fluorescence detection; ED,

electrochemical detection; and UVD, ultraviolet absorbance detec-
tion.

9Primary data showing donors’ age; plasma and serum homo-
cysteine, cysteine, and cysteinylglycine; and serum cobalamin,
folate, and methylmalonate can be provided upon request.
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lO-mil (0.01-in., -0.25-mm) Teflon disc (no. 95280; All-
tech, Deerfield, IL) for HPLC analysis.

HPLC-FD. A fixed-volume autosampler (SP8875;
Spectra Physics, San Jose, CA) with an 80-sample ca-
pacity was used for sample injection. Samples were kept
at room temperature on the autosampler for as long as
24 h without deterioration. While on the autosampler,
they were shielded from room lighting with an opaque
cover. The autosampler injected 20-L aliquots onto a
4.6 x 250 mm RP8 Ultrasphere column (no. 235332;
5-pm column packing; Beckman Instruments) equipped
with Brownlee RP18 New Guard column (no. 0711-
0092; 7-pm column packing; Applied Biosystems, Foster

City, CA). Two Kratos Spectroflow 400 HPLC pumps
(Applied Biosystems) were used to develop a methanol
gradient. The buffer for pump A consisted of water:
methanol:acetic acid (94.75:5.00:0.25 by vol) titrated to
pH 3.40 with 5.0 mol/L NaOH. Pump B contained 100%
methanol.

For routine determination of cysteine-S-bimane,
Cys(-S-bimane)Gly, and homocysteine-S-bimane, the
column was developed at a flow rate of 2.0 mL/min as
follows: 0-1 mm, 0% B; 1-3 mm, 0-10% B; 3-9 mm,
10-15% B; 9-10 mm, 15-100% B; 10-11 mm, 100% B;
11-12 mm, 100-0% B; and 12-15 min, 0% B. If glu-
tathione-S-bimane was also to be determined, an extra
isocratic segment was inserted from 10 to 11 min (15%
B), thus extending the overall program to 16 mm. Thiol-
bimane adducts were detected fluorometrically with a
Kratos Spectroflow 980 HPLC detector (Applied Biosys-
tems) with the excitation wavelength set at 390 nm and
the emission wavelength >418 mm with a cutoff filter.
The sensitivity range and rise time of the detector were
set at 0.1 and 2s, respectively. The fluorescence detector

output was recorded on an integrating recorder (Chrom-
Jet; Spectra Physics).

Calibration curves for homocysteine and other thiols.
The calibration curve for total serum homocysteine was
established as follows: 100-tL aliquots of quality-control
sera were fortified with 10 L of solutions containing
L-homocystine of 10.0 to 1000 mol/L. The blank con-
sisted of sera with 10 L of water only. The fortified and
blank sera were analyzed for total serum homocysteine
as described above. The integrated peak areas for home-
cysteine-S-bimane in the fortified samples (minus endog-
enous homocysteine in the blank) were plotted against
the final concentration of added homocysteine. The re-
gression analysis equation obtained from the calibration
curve was used to calculate the concentration of home-
cysteine in normal and patients’ sera. Calibration curves
for cysteine and CysGly were established similarly.

Preparation of homocysteine-S-bimane and other
thiol-bi mane standards. L-Homocysteine-S-bimane was
prepared from L-homocystine as follows: 0.20 mL of 0.25
mmol/L L-homocystine in 1.00 mmol/L sodium EDTA
(pH 7.0) was incubated with 0.10 mL of 2.00 mmolfL
monobromobimane in 1.00 mmol/L sodium EDTA (pH
7.0), 0.70 mL of 14.3 mmol/L ammonium bicarbonate
containing 1.43 mmol/L sodium EDTA (pH 8.0), and
0.05 mL of 0.26 mol/L sodium borohydride in 0.05 mol/L

Tris-HC1 (pH 8.5) for 10 min at room temperature. Seph-
arose-SH beads (0.20 mL of an equivolume suspension of
beads in 5.0 mmolIL sodium EDTA, pH 6.0) were added
to remove excess monobromobimane. After mixing for
20 mm at room temperature, we removed the beads by
centrifugation, acidifed the supernate containing L-ho-
mocysteine-bimane using 0.10 mL of 1.74 mol/L acetic
acid, and stored the supernate at -20#{176}C.L-Cysteine-
bimane, L-Cys(-S-bimane)Gly, and glutathione-S-bi-
mane were prepared from L-cysteine, L-Cys(-SH)Gly,
and reduced glutathione, respectively, as described
above, except that 0.20 mL of 0.50 mmol/L thiol was
used without sodium borohydride reduction. The thiol
concentration of freshly prepared stock solutions was
determined by the method of Eliman (44). The four
acidified thiol-bimane standards were stable for as long
as 3 months when stored at 4#{176}Cin the dark.

Characterization of homocysteine-S-bimane and other
thiol-bimane standards. To determine the ultraviolet-
visible absorbance spectra, relative fluorescence quan-

tum yields, and fluorescence excitation and emission
maxima, we purified the thiol-bimane standards by re-
versed-phase HPLC-UVD as follows: 0.50 mL of the
standard preparations just described was injected onto a
4.6 x 250 mm RP8 Ultrasphere column with a Brownlee
RP18 New Guard column, as described above for HPLC-
FD. The column was developed isocratically at 2.0 mId

mm by using a Beckman HPLC system consisting of two
114M pumps, a Model 421A controller, and a Model 160
absorbance detector operating at 254 nm. The solutions
for pump A and pump B were also as described above.
Pump volume ratios (A/B) were 91/9 for the purification
of homocysteine-S-bimane and glutathione-S-bimane
and 95/5 for cysteine-S-bimane and Cys(-S-bimane)Gly.
Baseline-resolved peaks, detected by their absorbance
and corresponding to the individual thiol-bimane stan-
dards, were collected manually. The samples were evap-
orated to dryness in a Savant Speed-Vac, reconstituted

in 1.0 mL ofbufferA(see HPLC-FD):methanol (88:12 by
vol), and stored in the dark at 4#{176}C.The thiol-bimane
standards were >98% pure as judged by reanalysis with
HPLC-UVD and HPLC-FD.

Comparison of methods. Random specimens from 118
individuals undergoing total plasma homocysteine de-
termination were analyzed by the current method and
by an independent method based on HPLC-ED (15) at
the Oregon Health Sciences University.

Statistical analysis. The Wilkes-Shapiro test and ex-
animation of quintile-quintile plots were used to eval-
uate distribution of data. Within-subject serum vs
plasma comparisons were examined by Student’s paired
t-test. Overall group comparison (e.g., male vs female
plasma homocysteine) involving continuous variables
that were not in a gaussian distribution were analyzed
by the nonparametric Wilcoxon rank sum test. Gaus-
sian-distributed group data were compared by using
Student’s unpaired t-test. Pearson correlation coeffi-
cients and probabilities were calculated for the relation-
ships between serum and plasma total homocysteine
and serum cobalamin and folate levels. Comparison of
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results obtained by this method and an independent
method for the determination of total plasma homocys-
teine was done by linear regression analysis as well as
by the Bland-Altman procedure (45).

Other methods. Donors’ sera were analyzed for folic
acid and cobalamin with a kit assay (no. 262226; Becton
Dickinson, Orangeburg, NY). In the Cleveland Clinic

laboratory the reference range for serum folic acid is
>2.3 ttgfL (>5.2 mmolJL) and for serum cobalamin is 170
to 700 ngfL (125 to 517 pmolIL). All of the healthy
subjects in this study were within reference range val-
ues for serum folate and cobalamin. Methylmalonic acid
was also determined in donors’ sera by stable-isotope
dilution and gas-chromatography-mass spectrometry
by the method of Rasmussen (46) except that we used

5.0 nmol of [C2H3]methylmalonic acid instead of 1.0
nmol. The reference range (mean ± 3 SD) for serum
methylmalonic acid in healthy males and females in
this laboratory is 79-376 nmol/L. Fluorescence excita-
tion and emission spectra were obtained with an
Aminco-Bowman spectrofluorometer (Model J4-8960A;
SLM Instruments, Urbana, IL). Absorbance spectra

were obtained with an ultraviolet-visible recording
spectrophotometer equipped with a printer/plotter
(Uvikon 860; Kontron, Everett, MA). We confirmed the
concentration of L-homocysteine (primary standard) by
amino acid analysis with a Beckman automated amino
acid analyzer (Model 6300).

Results
Assay Performance

Determination of total serum homocysteine, cysteine,
and CysGly. As shown in Fig. l#{192},the four thiol-bimane
standards are separated with near-baseline resolution;

retention times are: cysteine-S-bimane, 6.21 mm; Cys
(-S-bimane)Gly, 6.63 mm; homocysteine-S-bimane, 8.69
min; and glutathione-S-bimane, 10.73 mm. A typical
HPLC-FD chromatogram of normal human serum (Fig.
1B) shows retention times for cysteine-S-bimane, Cys

(-S-bimane)Gly, and homocysteine-S-bimane of 6.20,
6.65, and 8.70 mm, respectively. The homocysteine peak
at 8.70 mm in Fig. lB corresponds to a serum con-
centration of 10.7 mo1/L. Sera from individuals with
hyperhomocysteinemia, primarily from pernicious ane-
mia, were pooled and used as high-concentration quali-
ty-control samples. The HPLC chromatogram for serum
containing above-normal homocysteine is shown in Fig.
1C. The homocysteine-S-bimane peak (retention time
8.70 miii) corresponded to a serum concentration of 52.4
.mol/L.

Calibration curves and linearity. Calibration curves
were obtained by assaying normal human serum with
added known amounts of L-cysteine, L-CysGly, or L-ho-
mocystine and correcting for the endogenous thiol con-
tent in the serum. The calibration curve for homocys-
teine (Fig. 2) was linear over the concentration range of
0-200 mol/L for added homocysteine (y = -3.33 +

3.38x; r = 0.9995). The calibration curves for cysteine,
0-492 mol/L, and CysGly, 0-123 mol/L, were also
linear:y = -0.06 + 3.61x (r = 0.988) andy = -2.75 +

3.18x (r = 0.990), respectively (data not shown). The
calibration curves were used for calculating concentra-
tions of total homocysteine, cysteine, and CysGly in
unknown serum and plasma samples from healthy do-

nors and patients.
Detection limits. The assay easily detects serum and

plasma total homocysteine concentrations <1 pmoIIL.
In our experience, total plasma homocysteine <3
j.tmol/L is exceedingly rare in either patients or healthy
donors. The minimal amount of homocysteine-S-bimane

detected in the assay was 2-4 pmol (signal-to-noise ratio
of 3). Because the relative quantum yields of cysteine-
S-bimane and Cys(-S-bimane)Gly are similar to that of
homocysteine-S-bimane, we estimate the detection sen-
sitivity for these analytes to be at least 10 pmol.

Precision. The intraassay CV for total serum homo-
cysteine, cysteine, and CysGly was determined by in-
cluding normal-concentration quality-control serum (n

Fig. 1. HPLC-FD of thiol-bimane standards (A), normal hu-
man serum (B), and hyperhomocysteinemic serum (C).
(A) A mixture of standards, including purified cysteine-S-bimane
(Cys), Cys(-S-bimane)Gly (CysGIy), homocysteine-S-bimane (Hcy),
and glutathione-S-bimane (GSH) was eluted from the column with a
methanolgradient(-) as described in Materialsand Methods. Total
cysteine, CysGIy, and homocysteine were determinedin normal hu-
man serum (B) orin hyperhomocysteinemic serum (C) and analyzed
byHPLC-FDas described inthetext.The gradientusedwas identical
tothat in A except that the isocratic segmentfrom9 to 10 mm was
omitted.
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FIg. 2. Calibration curve for total serum homocysteine.

=7) and hyperhomocysteinemic serum (n = 7) at evenly
spaced intervals in a single assay of patients’ samples.
The interassay CV was determined by averaging the
values from two normal quality-control sera and two
hyperhomocysteinemic quality-control sera for seven
different assays done during 1 month; the mean ± SD of
the average values (n = 7) were then used to calculate
the interassay CV for total serum homocysteine, cys-
teine, and CysGly. For total homocysteine, the intra-
and interassay CVs for sera from healthy donors (means
= 10.63 and 10.97 moI/L) were 3.31% and 4.85%, re-
spectively; for hyperhomocysteinemic sera (means =

52.8 and 56.0 mol/L), intra- and interassay CVs were
3.78% and 3.49%, respectively. For total cysteine, the
intra- and interassay CVs for normal sera (means =

208.4 and 214.5 j.unol/L) were 2.35 and 3.00%, respec-
tively; for total CysGly (means = 24.84 and 25.97 jimolj
L), these were 3.96% and 7.46%, respectively.

Comparison of methods. Patients’ plasma samples
(n = 118) were assayed by the current method and by a
previously published method based onHPLC-ED (15).
Results from the two assays are plotted in Fig. 3k Lin-
earregressionanalysisofthedata(y = 1.19 + 0.91x;r =

0.974; S = 0.02 tmol/L) showed good agreement be-
tween the two assays. Because duplicate values were
available for 117 patients’ samples analyzed by HPLC-FD
and HPLC-ED, we analyzed the data by the Bland-Alt-

man procedure for assessing agreement between two
methods of clinical measurement. When the difference

between the HPLC-ED and HPLC-FD means was plotted
against the mean of the HPLC-ED and HPLC-FD means,

there was good agreement and no bias between the two
methods (Fig. 3B). That is, the two methods would dis-
agree by no more than 3 moI/L with 95% confidence.

Characterization of Thiol-BimaneStandards
The absorbance spectrum of HPLC-purifled homocys-

teine-S-bimane exhibited absorbance maxima at 234
nm (relative absorbance = 1.00), 256 nm (0.603), and

o.J

UJO

10 20 3d40
Mean of EC and FL means, imol/L

Fig. 3. (A) Comparison of total plasma homocystelne concentrations
in patients determined by two Independent methods, HPLC-FD (the
current method) and HPLC-ED; (B) comparison of the same meth-
ods by the Bland-Altman procedure (45).
EC, electrochemical; FL, fluorescence.

389 nm (0.287) as shown in Fig. 4k Similar absorbance
spectra were obtained for HPLC-purifled cysteine-S-bi-

mane [maxima at 234 nm (1.00), 256 nm (0.593), and
389 nm (0.279)], Cys(-S-bimane)Gly [234 nm (1.00), 256
nm (0.582), and 389 nm (0.273)], and glutathione-S-
bimane [234 nm (1.00), 256 nm (0.592), and 389 nm
(0.279)]. The uncorrected excitation and emission spec-
tra of homocysteine-S-bimane (Fig. 4B) exhibited max-
ima at 390 and 478 nm, respectively. Excitation and
emission maxima for cysteine-S-bimane, Cys(-S-bi-



Veilable Greup n Mean SD Mm Median Max (mean ± 2 SD) P

Plasma homocystelne M 36 9.26 1.88 5.94 8.71 14.98 6.18-13.37
F 35 7.85 2.29 4.30 7.52 14.00 3.27-12.43 O.002a

Serum homocysteine M 36 12.30 2.30 8.79 11.76 20.35 8.56-17.12
F 35 10.34 3.23 5.89 9.97 18.89 3.92-16.84 O.002a

Plasma cysteine M 36 209.60 28.42 144.00 208.30 291.40 152.80-266.50
F 35 190.70 27.47 117.60 191.30 258.30 135.80-245.70 0.006

Serum cysteine M 36 266.90 34.23 163.60 267.10 353.60 198.40-335.30
F 35 230.50 32.70 160.90 238.40 305.10 165.10-295.90 <0.001

Plasma CysGIy M 36 30.79 4.48 22.89 30.35 43.29 21.83-39.74
F 35 26.53 3.65 17.24 26.08 35.19 19.24-33.82 <0.001

Serum CysGIy M 36 40.71 4.99 30.22 40.07 54.79 30.73-50.69
F 35 34.10 4.32 23.11 34.28 43.47 25.47-42.74 <0.001

Male vs female; values (plasma and serum) assessed by Wilcoxon’srank sum test; t-test was used for the others.
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mane)Gly, and glutathione-S-bimane were 392/480 nm,
392/480 nm, and 392/479 nm, respectively (data not
shown). The relative fluorescence intensities of homocys-
teine-S-bimane, cysteine-S-bimane, Cys(-S-bimane)Gly,
and glutathione-S-biznane at their emission maxima
and at equivalent concentrations, based on absorbance
at 389 nm, were 94.8, 97.0, 76.9, and 84.6, respectively.

Plasma and Serum Reference Values in Healthy Donors

Hornoeysteine. Total plasma and serum homocysteine

were determined in 36 healthy men and 35 healthy
women. Serum cobalamin and folate values were also
determined for each donor (see footnote 9) The plasma
and serum values for total homocysteine in the men
were not normally distributed, but the natural loga-

rithm transformation of these values was. For ln-trans-
formed values, the range (± SD) was first determined on
the In scale and then retransformed back to the original
units by exponentiation. The mean (± SD) total home-
cysteine in plasma and serum from men (see Table 1)
was 9.26 (±1.88) and 12.30 (±2.30) pinol/L, respec-

tively, a highly significant difference (P <0.001). The
ranges (mean ± 2 SD) in plasma and serum were 6.18-
13.37 and 8.56-17.12 unol/L, respectively.

In women, the plasma and serum values for total
homocysteine were normally distributed, with means
(±SD) of 7.85 (±2.29) and 10.34 (±3.23) .tmolJL, respec-
tively (significantly different: P <0.001). The ranges
(mean ±2 SD) for total plasma and serum homocysteine
were 3.27 to 12.43 and 3.92 to 16.84 tmolJL, respec-
tively (Table 1).

For every donor in this study, the total plasma homo-
cysteine concentration was less than the total serum
homocysteine concentration. The differences between
men’s and women’s mean plasma and serum total ho-
mocysteine concentrations were significant: P = 0.002
for both plasma and serum (Table 1).

Men showed a significant negative correlation (Pear-

son) between serum cobalaniin and total plasma home-
cysteine (r = -0.499, P = 0.0019) and between serum
cobilamin and total serum homocysteine (r = -0.423, P

= 0.0102). In women the negative correlation betwee
serum cobalamin and total serum homocysteine w
significant (r = -0.400, P = 0.0174), but not betwee
total plasma homocysteine and serum cobalainin (r =

-0.254, P = 0.1411). There were also significant nega-
tive correlations between serum total homocysteine an
serum folate in men and women (r = -0.356, P =

0.0330; and r = -0.360, P = 0.0337, respectively) and
between plasma total homocysteine and serum folate
= -0.3059, P = 0.070; and r = -0.409, P = 0.0147,
respectively). Results of linear regression analyses be-
tween serum homocysteine and serum cobalamin and
folate by sex are shown in Fig. 5.

Cysteine. The plasma and serum values for total cys-
teine in healthy men and women were normally distrib-
uted, with means (±SD) of 209.6 (±28.42) and 266.9
(±34.23) jmol/L (P = 0.032), respectively, in men and
190.7 (±27.47) and 230.5 (±32.7) j.mol/L, respectively,
in women (Table 1). The plasma/serum difference was
highly significant in women (P <0.001). The ranges
(mean ± 2 SD) for total plasma and serum cysteine in
men were 152.8 to 266.5 and 198.4 to 335.3 jmol/L,
respectively, and 135.8 to 245.7 and 165.1 to 295.9
.imol/L, respectively, in women. The differences be-

tween mean plasma and serum cysteine concentrations
by sex were also significant (Table 1): P = 0.006 for
plasma and P <0.001 for serum.

Cysteinyiglycine. The plasma and serum values for
total CysGly were normally distributed in both sexes. In
men the means (±SD) in plasma and serum were 30.79
(±4.48) and 40.71 (±4.99) molJL, respectively, signifi-
cantly different (P <0.001); the mean ± 2 SD ranges
were 21.83-39.74 and 30.73-50.69 jmolIL, respectively
(Table 1). The means (±SD) for total plasma and serum
cysteine in women were 26.53 (±3.65) and 34.10 (±4.32)
anol/L, respectively, marginally significant (P =

0.022), and the mean ± 2 SD ranges were 19.24-33.82
and 25.47-42.74 mol/L, respectively. The sex-related
differences between mean total plasma and serum Cys-
Gly were highly significant (Table 1): P <0.001 for both
plasma and serum.

Table 1. ComparIsonof plasmaand serumnormalvaluesIn menand women.
Thiol conc, MmoI/L

Range
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Fig. 5. Unear regression analysis of serum homocysteine vs
serum cobalamin in women (A), serum homocystelne vs se-
rum cobalamin in men (B), serum homocysteine vs serum
folate in women (C), and serum homocystelne vs serum
folate in men (0).
Ay=13.94-0.012x(r=0.37;S1.,,,0.oo5);&.y 15.21 -0.009x
(r= 0.425; S,,, = 0.003); C y= 12.56- 0.111x(r= 0.344; S3.,,,=
0.05); and D y = 14.41 - 0.099x (r = 0.363; S,,,, = 0.043).

DIscussion

The aims of this study were to establish a rapid and
‘accurate assay for total homocysteine and other low-
molecular-mass serum thiols in serum or plasma, to
characterize the homocysteine-S-bimane and other
thiol-bimane adducts spectrophotometrically and flue-
rometrically, and to establish a normal range for total
homocysteine and other thiols in plasma and serum
from healthy adults.

Total plasma or serum homocysteine, cysteine, and
CysGly were rapidly determined by using (a) borohy-
dride reduction of disulfide bonds and derivatization of
thiols with monobromobimane; (b) perchioric acid pre-
cipitation of protein; and (c) HPLC-FD analysis of thiol-
bimanes in the supernate. The present method, a refine-
ment of our earlier method (31), has been simplified by
combining the reduction/derivatization step and elimi-
nating the reversed-phase solid-phase extraction and
drying steps. Interference peaks are avoided in the new
method without extensive clean-up by: (a) combining
the disulfide reduction and thiol derivatization steps,
thereby decreasing hydrolysis product formation from
monobromobimane by shortening reaction and process-
ing time; (b) using an excitation wavelength of 390
instead of 300 nm, thereby increasing the signal-to-
noise ratio; and (c) using a 4.6 x 250 mm C8 reversed-
phase column instead of a 4.6 x 150 mm C18 reversed-
phase column and a flow rate of 2.0 instead of 1.0 mId
miii. Under these conditions the bimane conjugates are
resolved within 8 to 9 mm with little or no interference.
Potentially interfering substances are retained longer
than the analytes of interest but are completely eluted
during column regeneration (10-13 miii after sample
injection; see Fig. LA for gradient proffle). All steps,
including final pH adjustment of the perchloric acid
supennate, are carried out in a single 1.5-mL conical
snap-cap polypropylene tube. As many as 85 samples
and quality-control sera can be processed in <4 h, then
analyzed overnight by automated HPLC-FD. The
method is sensitive, precise, and capable of detecting

total plasma homocysteine over a wide concentration
range.

We analyzed 118 patents’ plasma samples for total
homocysteine by this method and an independent
method. Comparison of the two methods by linear re-
gression analysis and the Bland-Altman procedure

demonstrated very good agreement. Furthermore, the
concentrations of total plasma homocysteine, cysteune,
and CysGly obtained in this study are in good agree-
ment with previously reported values obtained by oth-
ers. Andersson et at. (39) reported total plasma home-
cysteine, cysteine, and CysGly in healthy men (n = 10)
at 9.7 ± 2.0, 268 ± 25, and 35.8 ± 9.4 mol/L, respec-
tively, using postcolumn derivatization HPLC-UVD.
Mansoor et at. (47) reported total plasma homocysteine,

cysteine, and CysGly in healthy men (n = 8) at 11.85 ±

1.51, 264.3 ± 33.31, and 31.77 ± 5.36 .unol/L, respec-
tively, using HPLC-FD.

Highly purified thiol-bimane standards were conve-
niently prepared from homocysteine, cysteine, CysGly,
and glutathione by reacting these compounds with an
excess of monobromobimane under slightly alkaline
conditions, removing excess monobromobimane with
Sepharose-SH, and then purifying the standards by re-
versed-phase HPLC-IJVD. The thiol-bimane standards
are useful for assessing the performance of the chroma-
tography system and are routinely incorporated at the
beginning and end of each patient run. The availability
of highly purified thiol-bimane standards has made it
possible to characterize the spectrophotometric proper-
ties of these compounds. The four standards had very
similar absorbance spectra, with peaks at 234, 256, and
389 nm. The fluorescence excitation and emission spec-

tra of the four compounds were also very similar, with
excitation and emission maxima occurring at 390-392
and 478-480 nm, respectively. There were only minor
differences in the relative quantum yields of the four
thiol-bimane standards.

Total homocysteine, cysteine, and CysGly were deter-
mined in serum and plasma obtained from healthy fast-
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ing donors. To standardize conditions for this study, we
obtained the serum and plasma specimens from each
donor at the same time, and the EDTA plasma specimen
was collected in a chilled tube, placed on ice, and pro-
cessed within 15 miii at 4#{176}C.The serum specimen was
obtained from blood that had been allowed to clot for
precisely 1 h at room temperature (22-23#{176}Chere). Sig-
nificant differences were found in total homocysteine,
cysteine, and CysGly concentrations between serum and
plasma samples from both sexes of donors. Although the
lower concentrations of the three analytes in plasma
may be partially explained by fluid redistribution in
plasma, this is probably not the only explanation.
Erythrocytes appear to export homocysteune as a
byproduct of S-adenosylmethionine metabolism (48,
49), which may account for the higher homocysteine
values found in serum from both men and women. Cel-
lular metabolism and transport may also be responsible
for the higher concentrations of total cysteune and Cys-
Gly found in serum. The significantly higher concentra-
tions of total homocysteine in serum than in plasma and
the possibility of time-dependent erythrocyte export or
leukocyte release of homocysteine (and for that matter
cysteine and CysGly) suggest that investigative proto-
cols used to study the role of homocysteine in athero-
genesis and thrombogenesis must be rigorously stan-
dardized.

Significantly higher concentrations of total homocys-
teine were found in serum or plasma from men (Table
1). In this study the female donors were all premeno-
pausal, so these findings are therefore consistent with
most other studies, as reviewed by Ueland et at. (10). In
contrast, Andersson et at. (50) reported no significant

difference in total plasma homocysteine between pre-
menopausal women and age-matched men but found
that postmenopausal women had lower values than age-
matched men. Additional studies with larger numbers
of individuals in every age decade should be carried out
to resolve the issues of normal range and gender differ-
ences. In this study we found significantly higher con-
centrations of cysteune and CysGly in men, irrespective

of whether the sample was plasma or serum.
There was a significant inverse correlation between

serum cobalamin and total serum homocysteine and be-
tween serum folate and total serum homocysteine in both
men and women. Although the donors participating in
this study were apparently healthy individuals whose
combined mean age was 34 years, several individuals
had serum cobalamin concentrations <300 ngfL (221
pmol/L) and four donors had <200 ngfL (148 pmol/L).
Because serum methylmalonic acid is a highly sensitive
and specific indicator of functional cobalamin deficiency
(51, 52), we also determined serum methyhnalonic acid
in all of the donors enrolled in this study. All of the
donors, including those with low normal concentrations
of serum cobalamin, had serum methylmalonic acid val-
ues within the normal range. In contrast to homocys-
teine, serum methylmalonic acid concentrations did not
negatively correlate with concentrations of serum cobal-
amun. Andersson et at. (50) also found negative correla-

tions between concentrations of plasma homocysteine
and of serum cobalamin and serum folic acid in appar-
ently healthy individuals. Total homocysteine is clearly
increased in states of frank cobalamin and folate defi-
ciency, as reported by Stabler et at. (53), and in an un-
usually high percentage of elderly individuals with nor-
mal concentrations of serum cobalamin (54). Thus, total
plasma homocysteine may be a highly sensitive indicator
of both cobalamin and folic acid status, not only in pa-
tients with frank deficiencies of these vitamins, but in
“normal” individuals as well. We are currently studying

the effect of both cobalamin and folate supplementation
in these donors to see whether total plasma homocysteine
concentrations can be significantly lowered.

In conclusion, this rapid assay for total homocysteine,
cysteine, and CysGly in plasma and serum is highly
sensitive and precise and has the capability of high
sample throughput. Using this assay, we have been able
to accurately establish significant differences between
plasma and serum samples and significant difference
between the sexes.
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