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Abstract

The analysis of corticosterone in mouse blood serum (metabolic-stress experiment) and 17-hydroxycorticosterone in human urine (exercise-
stress experiment) samples by means of capillary electrophoresis/UV absorbance in conjunction with online sample concentration techniques is
described. The use of normal MEKC had an analyte detection limipaf/ihl (S/N = 3); whereas when online sample concentration methods,
including sweeping-micellar electrokinetic chromatography (Sweeping-MEKC) and cation-selective exhaustive injection-sweep-micellar
electrokinetic chromatography (CSEI-sweep-MEKC) were used, the detection limits could be improved to 3 and 5 ng/ml, respectively. In
the analysis of actual samples from animal metabolic-stress experiments (39 mouse), chronically stressed animals showed a higher level
(5524 152 ng/ml) and acute stressed animals showed an intermediate levet (@¥ng/ml). In comparison, normal animals show a lower
concentration level of corticosterone (153109 ng/ml). In addition, based on a human exercise-stress experiment (seven volunteers), the
acute stressed humans (after exercise, 800 m of running) show a higher concentration of 17-hydroxycorticostetditen@/m3l for males;
128+ 25 for females) and the non-stressed humans (before exercise) show a lower concentrat@nri§8nl for male; 6@ 20 for female),
respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction obtained. These techniques clearly have the capability of
overcoming the drawbacks associated with UV absorption
The most popular detection scheme used in capillary and to open new fields of investigation of molecules that
electrophoresis (CE) is UV absorption. Despite its pop- exist in low levels, even in the parts per billion (ppb) range.
ularity, the sensitivity of this is generally poor (19 to Typically, the concentration of steroids in blood or urine
10-%M). Efforts have been made to increase the sensitiv- is very low and this continues to make their determination
ity of UV detection in CE including the use of a bubble an analytical challenge. Hence, technology for quantifying
cell, a Z-bend capillary or multiple reflection in a capillary. the level of steroids in bio-fluids is an important issue. This
However, all of these techniques, when performing opti- is because in many physiological experiments, a change in
mally, are capable of a achieving at most, a one order of hormone or steroid concentration can serve as an indicator
magnitude improvement. Recently, a series of reports on of experimental treatment, such as the increased production
online sample concentration techniques appeared by Terabef glucocorticoid or epinephrine in plasma that occurs in
and co-workerg1-7], as well as other groug8-14], con- stressed animals. Corticosterone is a glucocorticoid that is
cerning the so called “stacking” and “sweeping” technique. produced by rodents; whereas 17-hydroxycorticosterone is
Using these techniques, an increase in sensitivity can beproduced by humans. Most previous studies have employed
radioimmunoassay[15,16] fluorimetry [17,18] liquid
mspon ding author. Tek: 886-2-8931-6955; chromatography-electrospray ionization mass spectrometry
fax: +886-2-2932-4249. [19-21] and gas chromatography/negative ion chemical
E-mail address: chenglin@cc.ntnu.edu.tw (C.-H. Lin). ionization mass spectrometfg22—25] for the measurement
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of corticosterone levels. Each of these methods has unique2.3. Blood and urine samples
advantages and disadvantages with respect to sensitivity,
precision and simplicity of use. Petersen et al. reported 2.3.1. Blood
on the analysis of steroids by the MEKC mode in which  The procedures used in the animal experiments have
the detection of limit of corticosterone was reported to be been described previous[R7]. Briefly, stressed-mice re-
500 ng/ml[26]. We previously demonstrated the applica- ceived an injection of 2-DG (500mg/kg body weight)
tion of sweeping-MEKC for the detection of corticosterone which functions as a stressor because it stimulates cen-
in mouse blood[27]. In this study, we report on an in- tral neuroglucopenia and peripheral hyperglycemia. Under
vestigation of the UV absorption method in conjunction ether anesthesia, whole blood (1 ml) was collected from the
with online sample concentration techniques, including heart of each animal. The blood was transferred to 1.5ml
sweeping-MEKC (sweeping-micellar electrokinetic chro- microcentrifuge tubes and plasma was collected after cen-
matography) and CSEIl-sweep-MEKC (cation-selective ex- trifugation at 12,000 rpm for 5min. Plasma samples were
haustive injection-sweep-micellar electrokinetic chromatog- stored at—18°C until used for assay.
raphy) for the detection of corticosterones in mouse blood
and human urine during different stress-experiments. Sev-2.3.2. Urine
eral electrophoretic parameters, including buffer pH, SDS  All urine samples were collected from seven adult vol-
concentration, and the injection length required for the sep- unteers. They were allowed to function in a normal manner
aration were optimized and these data are reported herein. before exercise, with free access to food and water for
collection of the control-urine samples. They were then
exercised, by running for 800 m in 5-10 min, after which,
2. Experimental experimental urine samples were immediately collected.
These samples represent the urine samples discussed below.
2.1. Reagents
2.3.3. Extraction
All chemicals used were of analytical grade. Corticos- A 25ul of blood serum (or urine) was added @Dof
terone (4-Pregene-p] 21-diol-3, 20-dione) was obtained ethyl acetate followed by shaking the mixture for 30 min.
from Fluka (Bauch, Switzerland). 17-Hydroxycorticosterone Following this, the mixture was centrifuged for 5min at
(11B, 17a, 21-trinydroxypregn-4-ene-3, 20-dione) and 5000rpm. The upper layers (4% were collected, trans-
2-deoxyp-glucose (2-DG) were purchased from Sigma (St. ferred to clean tubes and then placed in a vacuum chamber
Louis, MO, USA). Sodium dodecyl sulfate, methanol, ethyl to dry. The residues were acidified by the addition ofu5
acetate were purchased from Acros (Belgium). Phosphateof 20 mM HzPO, (pH: 2.1; conductivity: 3.5 mS/cm) for the
acid and sodium hydroxide were purchased from J. T. Baker. subsequent CE separation.

2.2. Apparatus
3. Results and discussion

The CE set-up was fabricated in-house. Briefly, a
high-voltage power supply (Model RR30-2R, 0-30kV, 3.1. On-line sample concentration
0-2mA, reversible, Gamma, FL, USA) was used to drive
the electrophoresis and a pén i.d. fused silica capil- Fig. 1A shows typical CE electropherograms of corticos-
lary column (J&W Scientific, CA, USA) was used for terone and 17-hydroxycorticosterone, obtained by the nor-
the separation (total/effective length: 102/90cm in the mal MEKC method. Herein, in the case of blood serum
case of sweeping-MEKC and 80/70cm in the case of samples, 17-hydroxycorticosterone was used as an inter-
CSEl-sweeep-MEKC, respectively). The sample was hydro- nal standard; in the case of urine samples, corticosterone is
dynamiclly injected by raising the reservoir 60 cm relative treated as internal standard. A complete, optimal separation
to the exit reservoir (at this height, the flow rate for the of the two analytes (both 3Q0g/ml) was achieved by us-
sample injection was 2.16 cm/min) to provide the injection ing phosphate buffer (30 mM) containing SDS (100 mM) in
length (depending on the specific situations). A UV detector a methanol-water (1:3, v/v) solution (H= 2.4; conduc-
(CE-971 UV, Jasco, Japan) was used for the determinationtivity: 4.3 mS/cm); applied voltage;28 kV (currents,—10
of the analytes and the wavelength used for the detec-to —15uA). Electropherogram a shows the result obtained
tion was 247 nm. A laboratory-built operational amplifier using the Jasco-CE/UV detector, in which case, the signal
(OPA) was used for the signal amplification, which con- intensity was~18 mV. Under exactly the same experimental
tained a single integrated LM1458 circuit chip. The analog conditions, a home-built OPA was used and the signal was
signal was converted to a digital signal by an A/D con- significantly improved to 4.6V, as shown in electrophero-
verter (ADAM-4012 module, Advantech Co. Ltd, Taiwan). gram b (limit of detection= 7 ug/ml). For a comparison
Electropherograms were collected with a data acquisition of the efficiency of the laboratory-built OPA, a commer-
system connected to a personal computer. cial voltage amplifier (Model: DLPVA-100-F-S, FEMTO
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Fig. 1. (A) CE electropherogram of corticosterone and 17-hydroxycorticosteron@.§d®0beach) obtained by the normal MEKC mode. Electropherograms
a and b show the original data obtained from the UV detector and amplified by a OPA, respectively. (B) CE electropherogram of corticosterone and
17-hydroxycorticosterone (electropherograms c—f; 300, 30, 3 and 0ng/ml) obtained by the sweeping-MEKC mode.

Messtechnik GmbH, Germany) was used and a similar re- tion length and the corresponding signal intensity (voltage)
sult was obtained. Thus, in spit of the electronic technique when the sweeping-MEKC technique was used under ex-
used, it was still difficult to improve the limit of detec- actly the same experimental conditions, various (10.8, 21.6,
tion. However, after applying a sweeping-MEKC method, 32.4, 43.2, 54.0, 64.8 and 75.6 cm) column lengths of the
the detection limits of the two analytes were dramatically sample solution were injected into the capillary and these
improved, as shown iRkig. 1B (electropherograms c—f: 300, results were plotted, as shownhigy. 2 Basically the signal

30, 3 and 0 ng/ml, respectively). Herein, the background so- intensity increased with increasing injection length. The in-
lution consisted of 100mM SDS and 30 mMsIPO, in a set shows the relationship between the length of the sample
mixed methanol-water solution (1:3, v/v). The pH of which injection and plate numbers; under either injection length,
was 2.4 (conductivity, 4.4 mS/cm). The two analytes were reasonable plate number&{12 x 10°) can be obtained.
first dissolved in a phosphate buffer (pH1.8) resulting in Furthermore, when the injection length was 75.6 erd/6

a non-micelle buffer. Hydrodynamic injection was achieved of the effective length), a1500-fold improvement was ob-
by raising the reservoir 60 cm relative to the exit reservoir tained. However, when the injection length was longer, the
for 1440s. Using this procedure, 52 cm column lengths of separation zone of the capillary became shorter. This might
solution were injected into the capillary. When the injec- pose a problem for the separation of actual samples because
tion was completed-28 kV was applied to power the CE  of the complicated matrix. For this reason, a 43.2 cm injec-
separation. This procedure permits the SDS-anionic surfac-tion length was used in all subsequent experiments.

tant micelles (in the inlet reservoir) to enter the sample Another important online sample concentration tech-
zone. Thus, along the capillary axis, the samples were beingnique, i.e. the CSEI-sweep-MEKC mode is also available.
swept and concentrated near the junction between the samin this case, the background buffer consisted of only 30 mM
ple solution and the background solution. As in the follow- H3POy in a mixed methanol-water solution (1:3, v/v);
ing step, the samples were separated by the MEKC mode.the sample was resolved in 20mM of3PO; aqueous

As a result, a~600-fold improvement (electropherogram buffer. The capillary was initially filled with the back-

b, 300wg/ml: 4.6 V; electropherogram ¢, 300 ng/ml: 2.8V) ground buffer, followed by a 10cm length of capillary
was achieved. In order to investigate the effects of injec- containing a 100 mM BP0, solution and, lastly, a plug
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Fig. 2. Relationship between sample injection length and related signal intensity (mV), and plate numbers (inset) in sweeping-MEKC.

of water (~1.6 mm) was injected. By providing-28 kV were tested and the optimal injection time was found to be
for a period of 25 min (electrokinetic injection for cation), 25 min. The intensity of the signal increased in a non-linear
the currents increased from10 to ~20pA. Meanwhile, manner, when the injection length was longer. This is be-

the samples are concentrated into the zone of the watercause electrokinetic injection involves a mechanism that is
Following this, by quickly shifting the voltage te-28 kV different from hydrodynamic injection; the plate numbers
(current,~—18p.A), the separation can be completed, as for the CSEl-sweep-MEKC experiments were found to be
shown inFig. 3. Herein, the sample concentrations of cor- (2—4) x 10°. Although CSEl-sweep-MEKC provides bet-

ticosterone and 17-hydroxycorticosterone were 300 ng/ml. ter sensitivity in detection for cations, corticosterone and
As a result, a detection sensitivity of 5ng/ml can be ob- 17-hydroxycorticosterone only weakly positively charged
tained. In order to examine the effects of electrokinetic and for this reason the LOD can not be further im-

injection, different injection times of 10, 15, 20 and 25min proved. For this reason, the sweeping-MEKC method was
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Fig. 3. CE electropherogram of corticosterone and 17-hydroxycorticosterone (300 ng/ml each) by the CSEl-sweep-MEKC mode. The inset shows the
relationship between electrokinetic injection times and related signal intensity (mV).
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Table 1
Limit of detection (LOD) values and plate numbers for corticosterone and Mouse blood
17-hydrocorticosterone using the sweeping-MEKC/CSEI-sweep-MEKC
Corticosterone 17-Hydrocorticosterone IOJ v
A. Normal MEKC
LOD (S/IN=3) 6pg/ml 7pg/ml (0.9 x 1075 M)
(1.7 x 1075 M)
Plate number Bx10° 19 x 1P l I3

B. Sweeping-MEKC

Equation of the line  y = —0.0024+  y = 0.0012+ 0.0 a  non-stressed

0.009x«
Coefficient of variation ~ 0.99995 0.9963
LOD (SIN=13) 3ng/ml 3ng/ml (83 x 1078 M) l IS
(8.6 x 1078 M) 1
Plate number 6 x 10° 49 x 10° N u\_'JLU
C. CSEI-Sweep-MEKC | b acutestressed
LOD (S/IN=3) 5ng/ml 4ng/ml (11 x 1077 M)
(1.4 x 1077 M)
Plate number 3x10° 2.2 x 10° l

IS
UV absorption at 247 nm. U

¢ chronic-stressed j

used exclusively in all subsequent experiments. Using the

T T
conditions described iffigs. 1 and 3the equation for the 10 20 ) 30
calibration curves, limit of detection values for signal inten- Time (min)
sity and plate numbers are summarizedable 1 Fig. 4. CE electropherogram of blood serum extracts (electropherograms
a—c, non-stressed, acute stressed and chronically stressed mouse), spiked
3.2 Analysi s of corticosterone in mouse blood with 300 ng/ml of 17-hydroxycorticosterone as an internal standard.

Fig. 4 shows a typical CE electropherogram of an ex-
tract of a blood serum sample from non-stressed, acutethe internal standard. We assigned these peaks (indicated
stressed and chronic stressed animals (electropherogramby arrows in electropherograms a—c) to corticosterone and
a—c), respectively, by applying the sweeping-MEKC tech- their concentrations were determined to be 14, 219 and
nigue. These extracts were spiked with 300ng/ml of 386 ng/ml for the non-stressed, acute stressed and chronic
17-hydroxycorticosterone as an internal standard prior to stressed mouse, respectively. Using the same procedure, 39
extraction. Corticosterones (arrows) appear to the left of animals were examined and the results are showfign5.

800
Total: 39 mouse

700

non-stressed acute-stressed®  chronic-stressed®

2: 2-DG exposure: one injection (500 mg/kg body wt)
b: 2-DG exposure: five injections, 2 days intervals (500 mg/kg body wt)

Fig. 5. Different concentration ranges of corticosterone from non-stressed, chronic stressed and acute stressed rats.
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Fig. 6. CE electropherograms of urine sample extracts (frame A, before exercise; frame B, after exercise), spiked with 300 ng/ml of 17-hydstenaroetic

as an internal standard.

The chronically stressed animals show a higher concen-acute stressed (after exercise for 800 m running) adult male
tration (552+ 152ng/ml) and acute stressed animals an humans (electropherograms A and B), respectively, by ap-
intermediate concentration (345105 ng/ml). The control
(normal) animals show a very low level (183109 ng/ml).

3.3. Analysis of 17-hydroxycorticosterone in human urine

plying the sweeping-MEKC technique. These extracts were
spiked with 300 ng/ml corticosterone as an internal standard
prior to extraction. 17-Hydroxyorticosterone (arrows) ap-
pears to the right of the internal standard. We assigned these
peaks (indicated by arrows in electropherograms A and B)

Fig. 6 shows a typical CE electropherogram of urine to 17-hydroxyorticosterone and their concentrations were
sample extracts from non-stressed (before exercise) anddetermined to be 80 and 104 ng/ml for the non-stressed and

300
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150

1004

50

A: male (n=5)

B: female (n=2)

NS: non-stressed

ES: exercise-stressed (800 m running within 5 ~ 10 min)

Fig. 7. Different concentration ranges of 17-hydroxycorticosterone from human urine samples.



M.-C. Chen et al. / Journal of Chromatography B, 801 (2004) 347-353 353

acutely stressed male human, respectively. Using the sameRreferences

procedures, five adult male and two female volunteers were

tested and the results are shownFig. 7. The results for [1] J.P. Quirino, S. Terabe, Anal. Chem. 70 (1998) 1893.
the acutely stressed human (after exercise, 800 m running) [2] J.P. Quirino, S. Terabe, Anal. Chem. 71 (1999) 1638.
show a higher concentration of 17-hydroxyorticosterone [3] J:P- Quirino, S. Terabe, Anal. Chem. 72 (2000) 1023.

. [4] J.P. Quirino, S. Terabe, K. Otsuka, J.B. Vincent, G. Vigh, J. Chro-
(137 4+ 55 ng/ml for male; 128t 25 for female), whereas matogr. A 838 (1999) 3.

urine samples form non-stressed volunteers (before exer- (s 3.p. Quirino, S. Terabe, P. Bocek, Anal. Chem. 72 (2000) 1934
cise) show lower concentrations (6337 ng/ml for male; [6] J.P. Quirino, S. Terabe, J. Chromatogr. A 781 (1997) 119.
60 £ 20 for female), respectively. Thus, we conclude that [7] J.P. Quirino, S. Terabe, Science 282 (1998) 465.

the sweeping-MEKC is a simple, highly sensitive and spe- [8] L- Zhu, C. Tu, H.K. Lee, Anal. Chem. 74 (2002) 5820.

- . s . [9] J. Palmer, D.S. Burgi, N.J. Munro, J.P. Landers, Anal. Chem. 73
cific method for the qualitative and quantitative analysis of (2001) 725.

cor_ticosterone_ in pla_sma and urine sa_lmples and_ it ShOUk_j be10] J. Paimer, N.J. Munro, J.P. Landers, Anal. Chem. 71 (1999) 1679.
of interest to investigators who are interested in studying [11] A. Marwah, P. Marwah, H. Lardy, J. Chromatogr. B 757 (2001)

stress in experimental animals or humans as this relates to  333.
therapeutic strategies for releasing stress. [12] A. Gh_ulam, M. Kouach, A. Racadot, A. Boersma, M.C. Vantyghem,
G. Briand, J. Chromatogr. B 727 (1999) 227.
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4. Conclusions [14] C. Fang, J.-T. Liu, C.-H. Lin, J. Chromatogr. B 775 (2002) 37.
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We demonstrate here that capillary electrophoresis/UVv _ _Acta 413 (2000) 63. .
[16] D. Pechinot, A. Cohen, J. Steroid Biochem. 18 (1983) 601.

absorbance after applying the sweeping-MEKC technique [17) s’z “wason, L.C. Ward, PE. Reilly, J. Chromatogr. 581 (1992)
can be successfully used for the online sample concentration g7,

and separation of corticosterones in mouse blood serum and18] D. Mattingly, H. Martin, C. Tyler, J. Chin. Pathol. 42 (1989) 661.
human urine samples. For the analysis of 39 mouse serum(19] A. Marwah, P. Marwah, H. Lardy, J. Chromatogr. B 757 (2001)

and 7 human urine samples, the concentration of corticos- __ 333

t ithin th t d ch ic st d d téZO] A. Ghulam, M. Kouach, A. Racadot, A. Boersma, M.C. Vantyghem,
erones within the non-stressed, chronic stressed and acu G. Briand, J. Chromatogr. B 727 (1999) 227.

stressed animals shows a reasonable tendency. Furthermorgyyj |. miksik, M. Vylitova, J. Pacha, Z. Deyl, J. Chromatogr. B 726

this method requires only small amounts (@) of plasma (1999) 59.

and could be used as a routine tool in pharmacological stud-[22] Z. Igbal, J.M. Midgley, D.G. Watson, J. Pharmaceut. Biomed. Anal.

ies dealing with different types of drugs, whether derived __ 24 (2001) 535. _
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