ASBMB

JOURNAL OF LIPID RESEARCH

I

methods

A comparison of anion-exchange and steric-exclusion
HPLC assays of mouse plasma lipoproteins

Jonathan Neyer, Christian Espinoza, Luppe Luppen, Terence M. Dohety, Subhash C. Tripathi,
Hiroyasu Uzui, Pinky V. Tripathi, Gerald Lee, Prediman K. Shah, and Tripathi B. Rajavashisth1

Atherosclerosis Research Center, Division of Cardiology, Department of Medicine, and the Burns and Allen
Research Institute, Cedars-Sinai Medical Center and David Geffen School of Medicine at University of
California Los Angeles, Los Angeles, CA 90048

Abstract We compared two HPLC methods (anion ex-
change [AE] and steric exclusion [SE]) for analysis of
mouse lipoprotein profiles by determining coefficients of
variability (CVs) under varying conditions. CVs for AE and
SE were comparable on fresh samples. There was an in-
verse relationship between subfraction curve area and CV
[r = —0.65 (AE) and —0.50 (SE)], consistent with the inter-
pretation that as curve area decreased, error variance in-
creased and signal-to-noise ratio decreased. Sample storage
did not affect SE. In contrast, with AE, alterations in mea-
sured lipoproteins were apparent after storage, including
a decrease in the HDL subfraction [66.8% (baseline) vs.
15.9% (1 week); P < 0.01] and an increase in areas under
LDL and VLDL peaks. Concomitant with decreasing HDL
area, reproducibility deteriorated with the duration of stor-
age. Analysis of the effects of decreasing sample injectate
volume to <25 pl on SE lipoprotein subfractions revealed
that areas under LDL and VLDL peaks decreased and per-
sisted as volume was decreased further. Areas under all lipo-
protein subfractions measured with either AE or SE were
linearly correlated with the amount of cholesterol [ = 0.69
(AE) and 0.87 (SE)].Hl Both AE and SE yield reproducible,
accurate, and rapid measurements of lipoproteins from
small amounts of serum. AE yields more sensitive, high-
amplitude, well-defined peaks that can be easily distin-
guished and necessitates the use of smaller sample volumes
compared with SE, but sample storage causes alterations
in the chromatogram. SE appears better suited to serial analy-
ses involving stored samples.—Neyer, ]., C. Espinoza, L.
Luppen, T. M. Dohety, S. C. Tripathi, H. Uzui, P. V. Tripathi,
G. Lee, P. K. Shah, and T. B. Rajavashisth. A comparison of
anion-exchange and steric-exclusion HPLC assays of mouse
plasma lipoproteins. J. Lipid Res. 2005. 46: 1786-1795.

Supplementary key words lipoproteins e high-performance liquid
chromatography ¢ low density lipoprotein ¢ high density lipoprotein
very low density lipoprotein ¢ cholesterol measurement

Cardiovascular disease continues to cause the majority

Manuscript recetved 14 July 2004 and in revised form 13 January 2005 and in
re-revised form 23 February 2005.

Published, JLR Papers in Press, March 16, 2005.
DOI 10.1194/jirD500002-JLR200

1786  Journal of Lipid Research Volume 46, 2005

of morbidity and mortality in developed countries and will
soon overtake infection as the leading cause of global
death and disability (1-4). Epidemiological studies have
clearly defined cardiac risk factors such as hypercholester-
olemia and deleterious relative proportions of lipoprotein
subfractions, such as increased LDL and/or decreased
HDL cholesterol levels, as pivotal determinants of cardio-
vascular disease (5, 6). Although the overall relationships
between serum lipoproteins and cardiovascular disease
risk is well established (1, 7-12), there is wide variability in
clinical outcomes associated with specific levels of LDL or
HDL cholesterol, and there are no “cut point” levels that
distinguish those who will suffer a cardiovascular disease
event from those who will not. Thus, the precise nature of
the relationship of lipoproteins with atherosclerotic dis-
ease remains incompletely understood. Furthermore, a
detailed elucidation of homeostatic cholesterol metabolic
pathways and trafficking has not yet been achieved.
Analysis of lipoprotein subfractions and their relation-
ship to both normal and pathologic conditions is essential
to a diverse set of ongoing investigations, but current ana-
lytic methods suffer from a number of disadvantages (13—
15). Traditional assays are especially tedious, slow, and
require high sample volumes. HPLC shows promise in ad-
dressing some of these difficulties (16-19), but no study
has fully evaluated the reproducibility of the assay or the
effects of technical considerations, such as the duration of
storage, freeze-thaw cycles, or sample size, on HPLC per-
formance. Sample volume in particular is an important
practical consideration, because many studies involving
lipoprotein measurement use small rodent models such as
mice, which have a limited (0.5-2 ml) serum volume.
Lipoprotein analysis methods suitable for such animal
models require sample blood volumes small enough to al-
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low serial measurements in the same animal. Therefore, we
compared the reproducibility and sample storage duration
of two HPLC analytic methods: anion-exchange (AE) (17—
19) and steric-exclusion (SE) (20) chromatography.

METHODS

Sample collection

Fasting (overnight) blood samples were collected from the or-
bital sinus of mice. Plasma was separated by centrifugation
(1,500 g for 10 min) and stored in individual aliquots, with half
stored at 4°C for both immediate use and degradation studies
and the other half at —80°C for analysis of the effects of long-
term storage.

AE

Figure 1A shows the AE application. Each sample is intro-
duced into the mobile phase via a six-port injection valve with a
20 pl sample loop (7725i; Rheodyne, Rohnert Park, CA). The
mobile phase solutions are mixed and delivered by two LC-10AT
pumps (Shimadzu, Kyoto, Japan). Downstream from the two
pumps and the injection valve, a PCX-5100 module (Pickering
Laboratories, Mountain View, CA) contains a pressure trans-
ducer, a ProtEx-DEAE column packed with MCI gel (Supelco, St.
Louis, MO), and pumps for the two postcolumn reagents. These
two reagents are delivered under positive pressure from a helium

A

tank. The first reagent, an enzyme mixture described below, is
delivered before the primary reaction coil. The primary reaction
coil (15 m) is housed in a Shimadzu CTO-10A column oven at
45°C. The second reagent (0.1 M NaOH) is delivered via a low
dead-volume mixing T immediately after the samples exit the
column oven. After the introduction of NaOH, the samples en-
ter the secondary reaction coil and pass through a Shimadzu RF-
10AXL fluorescence detector at an excitation wavelength of 325
nm and an emission wavelength of 420 nm, the obtained data
are processed using proprietary software and a desktop personal
computer (Shimadzu; see below for a more detailed descrip-
tion), and the samples are then collected in a waste container. A
schematic diagram of the signal-producing reactions for AE is
shown in Fig. 1A.

All mobile phases and reagents were made with OmniSolv
HPLC-grade water (EM Science, Gibbstown, NJ). Mobile phase A
consisted of 20 mM sodium phosphate buffer; mobile phase B
consisted of 500 mM NaCl with 1 mM EDTA. The enzyme-signal-
ing reagent consisted of cholesterol oxidase (20 wg/ml), peroxi-
dase (50 pg/ml), cholesterol esterase (5 wg/ml), homovanillic
acid (500 pg/ml), and 0.2% Triton X-100 in 0.1 M sodium
phosphate buffer. The second reagent, 0.1 M NaOH, alkalized
the reaction. All mobile phases and reagents were filtered and
degassed with 0.22 pm, 1 liter filter systems (Corning, Inc., Corn-
ing, NY). The pumps (both A and B) maintained a constant total
eluent flow rate of 1.0 ml/min. The concentrations of the mo-
bile phases followed a stepwise elution program. Mobile phase B
initiates the step gradient. The gradient for mouse serum starts

& Sample Injector

Column

, Oven
S B ector B
Waste . — -
sC [====]

Fig. 1 A: Schematic diagram of anion-exchange (AE) HPLC instrumentation. Eluents [20 mM sodium phosphate (1) and 500 mM NaCl
(2)] from the two pumps (A and B) join at a mixer (C), then pass by a stepwise gradient through a pressure transducer (D) and the injector
(E). The sample then enters the column [housed in the Pickering machine (F)] and joins up with the oxidase reagent (3) in a mixing T
[also housed in the Pickering machine (F)]. After the mixing T, the sample enters the primary reaction coil housed in the column oven (G).
When the sample leaves the column oven, NaOH (4) entering from a second mixing T alkalizes the sample. After the mixing T, the sample
enters the secondary reaction coil (H), the fluorescence detector (I), and finally a waste container (J). The entire AE system is controlled
through a desktop computer (K) using proprietary software (EZSTART version 7.1.1; Shimadzu) that directs the system controller (L),
which in turn coordinates the rest of the system. 1, 20 mM sodium phosphate; 2, 500 mM NaCl; 3, oxidase; 4, 100 mM NaOH; A, Shimadzu
LC-10ATvp pump; B, Shimadzu LC-10ATvp pump; C, mixer; D, Pickering pressure transducer; E, Rheodyne 77251 manual sample injector;
F, Pickering PCX-5100 postcolumn reaction module; G, Shimadzu CTO-10A column oven; H, 0.5 m secondary reaction coil; I, Shimadzu RF-
10Axl fluorescence detector; J, Shimadzu FRC-10A fraction collector; K, desktop computer; L, Shimadzu SCL-10AVP system controller. B:
Schematic diagram of steric exclusion (SE) HPLC instrumentation. After the sample is introduced into the sample injector (model 7725i;
Rheodyne), pump 1 (Shimadzu LC-10ATvp) pushes the sample out of the sample injector with a mobile phase composed of 9% NaCl,
0.01% NaNj, and 1 M EDTA (pH 7.4) through the Superose 6 10/300 GL column (Amersham Biosciences). Pump 2 (Shimadzu LC-
10ATvp) introduces the signaling reagent [composed of 95% Teco signaling reagent (Teco Diagnostics) and 5% Brij solution (Sigma-
Aldrich)] via a low dead-volume mixing T, shortly before the 15 m reaction coil housed inside the column oven. Upon exiting the reaction
coil at a temperature of 55°C, the sample enters the ultraviolet (UV) detector and finally exits to a waste collector. The signal produced by
the UV detector (absorption at 505 nm) is relayed to the desktop computer, which produces the chromatographic peaks and integrates the
areas under the peaks using proprietary software (EZSTART version 7.1.1; Shimadzu). The entire system is coordinated by the system con-
troller (SC; Shimadzu SCL-10AVP), which is directed by the software on the desktop computer.
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with 0% mobile phase B for the first 2 min of a run, 45% mobile
phase B for min 2-7, 55% mobile phase B for min 7-12, and
100% mobile phase B for the remainder of the separation. Both
reagents were delivered to the reaction mixture at a flow rate of
0.5 ml/min. The enzyme-signaling reagent was stored and deliv-
ered into the reaction mixture at 4°C. The column oven main-
tained a temperature of 45°C to allow the enzyme-signaling reac-
tion to take place near physiological temperature. The secondary
reaction coil was kept at room temperature.

SE

Figure 1B shows the instrument setup for SE. A single pump
(Shimadzu LC-10AT) delivered the mobile phase. Samples were
introduced into the mobile phase by an injector (Rheodyne
77251) with a 50 pl sample loop. Downstream from the injector
was a Superose 6 10/300 GL column (Amersham Biosciences,
Piscataway, NJ). A second pump (Shimadzu LC-10AT) delivered
the postcolumn reagent immediately after the column, and down-
stream, a column oven (Shimadzu CTO-10A) housed a 15 m re-
action coil. From there, samples entered an ultraviolet (UV)
detector (Shimadzu SPD-10AVP). All electronic devices were
controlled as described above. No fractions were collected.

All mobile phases and reagents were made with OmniSolv
HPLC-grade water (EM Science). The mobile phase was 0.9%
NaCl with 2 mM EDTA and 0.01% sodium azide at pH 7.4. The
colorimetric signaling reagent was 95% Cholesterol-10 (Teco Di-
agnostics, Anaheim, CA) and 5% Brij 35 solution (Sigma-Aldrich,
St. Louis, MO). Because this reagent has not been used in HPLC,
we determined the optimal concentration of the reagent for our
system and found that a concentration of 52.8 g/1 produced a good
signal strength at low cost. The mobile phase maintained a con-
stant flow rate of 0.4 ml/min, the signaling reagent entered the
flow line at a flow rate of 0.2 ml/min, the reaction coil was kept
at a constant temperature (55°C), and a UV detector collected
data at 505 nm.

Derivation of subfractions

Subfraction relative proportions were derived for both AE and
SE using proprietary software (EZSTART version 7.1.1; Shi-
madzu). Briefly, two integration events are required for each
run: width and threshold. These events are used to detect peak
start, stop, and apex and to distinguish true peaks from noise.
The system uses default values of width = 0.2 min and thresh-
old = 50. Sampling rate can be varied and must be adjusted to
optimize how much information the integration algorithm col-
lects for drawing and integrating the chromatogram. The soft-
ware has features to detect and avoid undersampling or oversam-
pling. Manual adjustment of width and threshold values can be
performed as well to optimize the sampling and frequency of
data acquisition. Adjustments to integration can be input manu-
ally as well. The software reports chromatographic areas in abso-
lute (but undefined) units, and output data include calculation
of relative proportions of peaks obtained by comparison with the
summed values under all peaks detected.

Ultracentrifugation analysis

Plasma was collected from 25 mice for lipoprotein separation
through ultracentrifugation. For this purpose, mice heterozy-
gous for apolipoprotein E deficiency (apoE*/~) were used be-
cause wild-type mice have very low LDL and VLDL subfractions
but apoE*/~ mice have moderate hypercholesterolemia and cor-
respondingly increased VLDL and LDL levels. Ultracentrifuga-
tion was performed essentially as reported previously (20-23).
Plasma was separated by centrifugation (1,500 g for 10 min) and
stored in individual aliquots at —80°C, and the serum was later
pooled and used for repeated ultracentrifugations with progres-
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sively increasing solvent density. The separated fractions were an-
alyzed by HPLC using the SE method. The density of the serum
was increased or decreased by the addition of concentrated (3.5 M
KBr; d = 1.346 g/ml) and diluted (0.15 M NaCl; d = 1.003 g/ml)
salt solutions (22). Preservatives, proteases, and antibiotics were
used to prevent serum degradation and microbe growth [1 mM
EDTA, 1% (v/v) aprotinin, 100 wg/ml kanamycin, 1 mM benz-
amidine, 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich), and
8 mg/ml chloramphenicol; all obtained from Sigma-Aldrich]. The
densities of plasma and preservatives were adjusted according to
the following formula:

10 (LD) + A (HD)/10 + A = 1.022 g/ml

where LD is the low-density solution, HD is the high-density solu-
tion, and A is the amount in milliliters of high- and low-density
solution that needs to be added to 10 ml of water. The first spin
was performed using a Beckman NVT90 rotor for 4 h at 15°C at
80,000 rpm. The resulting serum was collected and adjusted to a
density of 1.065 g/ml. The next spin was performed with a Beck-
man SW50 rotor at 50,000 rpm at 10°C for 24 h to isolate the lipo-
proteins, and sequential 1 ml samples were obtained from the
top down and densities were measured. Lipoprotein identifica-
tion was according to sequential densities: the first two 1 ml sam-
ples were LDL, the next two were VLDL, and the last two were
HDL. These identities were confirmed by comparison of mea-
sured densities with previously reported lipoprotein densities
in the mouse [HDL, 1.09-1.10 g/ml; LDL, 1.023-1.060 g/ml;
VLDL, 1.017-1.023 g/ml (23)].

Reproducibility

We compared the precision of AE and SE methods by deter-
mining retest reproducibility. For both methods, we performed
sequential analyses at least three times under varying sample
conditions as described below. To determine the intermethod re-
producibility, we performed sequential AE and SE analyses on
the same sample in variable order. For AE, coefficients of vari-
ability (CVs) were obtained by performing chromatography on
eight serum samples obtained from eight different mice (one
sample per mouse), and all samples were replicated in triplicate.
For SE, CVs were derived from chromatographic analyses of se-
rum obtained from six mice, each run at least in triplicate. For
comparison of the reproducibility of specific lipoprotein frac-
tions, the individual percentage areas under each lipoprotein
peak were obtained from the same set of chromatograms, and
CVs of the lipoprotein peaks were calculated and compared. Se-
rum samples for the evaluation of both AE and SE reproducibil-
ity were obtained from mice exhibiting a wide range of total
serum cholesterol levels ranging from normal (<100 mg/dl) to
greatly increased (>2,000 mg/dl) and included mice deficient
in urokinase plasminogen activator, LDL receptor, macrophage
colony-stimulating factor, paraoxonase-1, leptin receptor, and
apokE.

Sample storage

Samples were analyzed immediately after being drawn using
both AE and SE methods, and results and reproducibility were
compared. Because storage time may potentially affect SE and AE
in distinct ways, we analyzed serum samples, then stored aliquots
of the same samples at 4°C for up to 2 weeks before reanalysis.

Injection volume

Garber, Kulkarni, and Anantharamaiah (20) have reported that
injection volumes of 10 pl produce acceptable SE results; how-
ever, recommendations from the Superose 6 column manufac-
turer suggest injectate volumes between 25 and 250 ul. On the
other hand, Haginaka, Yamaguchi, and Kunitomo (18) reported
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that only 2-10 pl of serum yield reproducible lipoprotein sub-
fraction peaks using AE. This smaller sample volume reported
with AE (18) might represent an advantage of the AE method,
but it is not known whether smaller sample volumes than those
recommended (20) deleteriously affect SE lipoprotein measure-
ments. Therefore, we evaluated the influence of decreasing in-
jectate volume on the areas under the LDL, VLDL, and HDL
lipoprotein peaks using the SE method. Identical serum samples
were evaluated using SE and sample injection volumes of 10, 20,
and 25 pl

Total cholesterol assay

To determine the relationship of the SE and AE methods to
an independent method of cholesterol measurement, we com-
pared SE and AE HPLC total subfraction areas (VLDL + LDL +
HDL) to total cholesterol measured with a manual colorimetric
assay (Teco Diagnostics). Samples were run at least in duplicate
and compared with a 200 mg/dl chemical standard (Teco Diag-
nostics). Absorbance was measured at 520 nm.

Statistical analysis

Values are expressed as means = SD. Mean values were com-
pared using Student’s #test (unpaired or paired, as appropriate).
Comparisons of continuous variables were performed by calcu-
lating Pearson correlation coefficients. CVs were calculated,
and P < 0.05 was considered significant.

RESULTS

Qualitative comparison

Figure 1 depicts the instrument setups for AE and SE
HPLC applications, and the relevant reactions are shown
in Fig. 2. Representative chromatograms from the AE and
SE methods run with serum from nonfasted mice are
shown in Fig. 3. Sample injection volumes for AE were 8
pl, whereas SE chromatograms used 25 ul injections. Se-
rum from a normocholesterolemic mouse with a genetic
deficiency in the gene encoding urokinase plasminogen
activator (uPA™/7) that has no effect on lipid metabolism
yielded the blue chromatogram using AE in Fig. 3A. Se-
rum from a hypercholesterolemic mouse with a genetic
deficiency in both uPA and apoE (uPA™/~; apoE~/7)

A
ANION EXCHANGE

cholesterol esterase
cholesteryl ester » free cholesterol

cholesterol oxidase
cholesterol + RCOOH » cholestenone + H,0,

peroxidase OH-
homovaniliic acid + H,0, ———» ——— FLUORESCENCE
pH7 pH 11

yielded the red chromatogram (Fig. 3A). Figure 3B (blue
chromatogram) shows a chromatogram using SE that used
a serum sample obtained from normocholesterolemic
mice that were deficient in the gene encoding carbonic
anhydrase II (CA-II"/7), a genetic mutation that has no
effect on lipid metabolism. For an example of a hypercho-
lesterolemic mouse, we examined serum from apoE null
mice using SE (Fig. 3B; red chromatogram). On the AE
chromatograms (Fig. 3A), the most polar cholesterol
group, HDL, elutes first from the column, whereas VLDL
elutes first from the SE column (Fig. 3B). Lipoprotein
subfractions were derived and integrated as described in
Methods.

Ultracentrifugation

VLDL, LDL, and HDL were extracted and purified by
ultracentrifugation. Briefly, the single peaks that eluted
validated the time integrations for VLDL, LDL, HDL, and
bottom fraction protein (BFP) that were reported previously
using SE (20). The densities of these were 0.925, 1.040,
and 1.086, respectively. CVs for duplicate determinations
were 0.96% (LDL), 1.07% (HDL), and 3.46% (VLDL).

Reproducibility

Tables 1-3 summarize the precision of the AE and SE
methods. The CVs for AE and SE methods on freshly
drawn samples averaged 7.7 * 6.2% (range, 0.8-20.9) and
58 * 2.7% (range, 1.2-11.0), respectively. The differ-
ences in overall CVs are summarized in Table 1. There was
a trend for lower CVs with SE, but this trend did not reach
statistical significance (P = 0.2). As shown in Tables 2, 3,
for the lipoprotein subfractions, average CVs for LDL
(4.4 = 3.2% and 3.8 £ 2.3% for AE and SE, respectively)
were somewhat better than those for HDL (6.2 = 5.7%
and 7.4 + 2.3%) and VLDL (12.3 £ 6.7% and 6.2 = 2.3%).
The variability in lipoprotein subfraction CVs was likely a
result of the fact that area percentage values for VLDL
were comparatively low. Consistent with this interpreta-
tion, there was an inverse linear correlation between CVs
and percentage area of peaks representing the lipopro-

B
STERIC EXCLUSION

cholesterol esterase

cholesterol esters » cholesterol + fatty acids

cholesterol oxidase

cholesterol + O, » cholest-4-en-3-one + H,0,

peroxidase
H,0, + HBS + AAP ———————— quinoneimine dye + H,0

Fig. 2. A: Postcolumn reactions that produce signals for AE. A fluorescent signal is produced by the reaction of homovanillic acid with hy-
drogen peroxide in the presence of peroxidase, with an excitation wavelength of 325 nm and an emission wavelength of 420 nm. Sources of
reagents are as follows: homovanillic acid (H0339; Tokyo Kasei Kogyo Ltd., Tokyo, Japan); cholesterol esterase (COE-311; Toyobo Co. Ltd.,
Osaka, Japan); cholesterol oxidase (COO-321; Toyobo Co. Ltd.); and peroxidase (PEO-302; Toyobo Co. Ltd.). B: Postcolumn reactions that
produce signals for SE. Cholesterol esterase, cholesterol oxidase, and peroxidase are obtained premixed but undiluted in a kit (Cholesterol
10 Reagent Set; Teco Diagnostics) that contains 4-aminoantipyrine (AAP; 0.6 mM), sodium cholate (8.0 mM), cholesterol esterase (>150
U/1), cholesterol oxidase (>200 U/1), horseradish peroxidase (>1,500 U/1), p-hydroxy benzene sulfonate (HBS; 20 mM), buffer (125 mM,
pH 6.8), nonreactive stabilizers, and fillers. The dilution procedure is detailed in Methods.
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Fig. 3. Representative AE and SE chromatograms showing the ability of each method to resolve variable lipoprotein subfraction quanti-
ties. Using the AE method (A), the blue chromatogram was obtained from a mouse with homozygous genetic deficiency of urokinase plas-
minogen activator (uPA~/"). This defect does not alter lipid metabolism; therefore, uPA™/~ mice are normocholesterolemic. The red chro-
matogram was obtained from a double-knockout mouse that was genetically deficient in both urokinase plasminogen activator and
apolipoprotein E (uPA~/~; apoE /7). This genotype manifests severe hypercholesterolemia secondary to the apoE mutation. Using the SE
method (B), the blue chromatogram was obtained from a mouse with a homozygous genetic deficiency of carbonic anhydrase II (CAIL™/ "),
which has no effect on lipid metabolism, and yields mice that are normocholesterolemic. The red chromatogram was obtained from an
apoE-deficient mouse. The bottom fraction protein (BFP) peak does not represent cholesterol or any lipoprotein subfraction but instead re-
flects a mixture of low molecular weight proteins that react with the signaling reagent.

tein subfractions (Fig. 4). For AE, the correlation between
CV and percentage area was —0.65 (y = —0.2x + 13.8; 7% =
0.42), and for SE, the correlation was —0.50 (y = —0.1x +
8.0; 2 = 0.25). Generally, the reproducibility of AE ap-
peared inferior to that of SE. As seen in Fig. 4, AE preci-
sion appeared to be more affected by subfraction curve
area than was SE precision: as the area under the subfrac-
tion decreased, AE CVs increased (Fig. 4A), but little in-
crease in CV was observed in SE as subfraction area de-
creased (Fig. 4B).

In wild-type mice and other common laboratory ani-
mals, HDL subfractions tend to be large, whereas LDL and

TABLE 1. Comparison of overall AE and SE CVs

Variable AE SE
Mean 7.7¢ 5.8¢
SD 6.2 2.7
Median 4.9 5.9
Maximum 20.9 11.0
Minimum 0.8 1.2
n 23 18

AE, anion exchange; CV, coefficient of variability; SE, steric exclu-
sion. For AE, CVs were obtained by performing chromatography on
eight serum samples obtained from eight different mice (one sample
per mouse), and all samples were replicated in duplicate or triplicate.
For SE, CVs were derived from chromatographic analyses on serum ob-
tained from six mice, each run at least in duplicate. Mice with variable
serum levels of cholesterol ranging from normal (<100 mg/dl) to
markedly increased (>2,000 mg/dl) were selected for these analyses
and included genotypes deficient in urokinase plasminogen activator,
LDL receptor, macrophage colony-stimulating factor, paraoxonase, lep-
tin receptor, and apolipoprotein E.

“P=0.2 (NS).
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VLDL fractions are relatively small. Therefore, SE would
be anticipated to be a more precise method to evaluate
LDL and VLDL subfractions in such animals. Further-
more, in serial studies, the ability to detect changes over
time will be increasingly limited as the retest reproducibil-
ity increases. This is a simple statistical consequence of the
error variance inherent in the measurement method.
Thus, in performing serial measurements of lipoproteins,
a retest reproducibility of 25% would require a subse-
quent measurement to be at least 50% different from the
baseline measurement to exceed the 95% confidence in-
terval limits and enable one to conclude that any change

TABLE 2. AE CVs

Sample n HDL LDL VLDL
1 3 ND« 3.8 4.7
2 3 6.4 4.1 20.9
3 6 6.1 3.5 3.1
4 5 18.4 6.3 13.9
5 5 4.7 11.4 11.1
6 3 0.9 0.8 7.9
7 3 2.5 2.7 17.2
8 3 4.6 2.4 19.3
Mean 6.2 4.4 12.3
SD 5.7 3.2 6.7
Median 4.7 3.7 12.5
Maximum 18.4 11.4 20.9
Minimum 0.9 0.8 3.1
n 7 8 8

From the same samples used to generate the CVs in Table 1, indi-
vidual CVs for the percentage areas under each of the three lipoprotein
fractions were obtained by repeating AE chromatography at least three
times.

¢ND, not determined.
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TABLE 3. SE CVs

Sample n HDL LDL VLDL
1 3 6.8 3.4 6.2
2 3 8.9 7.6 5.9
3 3 4.5 3.2 8.6
4 4 7.4 5.5 9.1
5 3 5.9 2.0 3.8
6 3 11.0 1.2 3.8
Mean 7.4 3.8 6.2
SD 2.3 2.3 2.3
Median 7.1 3.3 6.0
Maximum 11.0 7.6 9.1
Minimum 4.5 1.2 3.8
n 6 6 6

From the same samples used to generate the CVs in Table 1, indi-
vidual CVs for the percentage areas under each of the three lipopro-
tein fractions were obtained by repeating AE chromatography at least
three times.

at all had occurred. Taking these considerations in light of
our findings that SE retest reproducibility generally ap-
pears lower, SE would be the preferred HPLC method in
studies evaluating serial changes in lipoproteins.

Sample storage

The two HPLC methods do not produce comparable
results when samples are stored at 4°C. For samples run
on fresh blood using SE, the percentage areas under each
lipoprotein fraction averaged 33.3, 38.4, and 19.2% for
VLDL, LDL, and HDL subfractions, respectively. After 7
days of storage at 4°C, the percentage areas of all three li-
poprotein peaks measured with SE remained similar to
those measured on freshly drawn blood (33.8, 33.2, and
24.1% for VLDL, LDL, and HDL fractions, respectively;
P = NS for all compared with fresh samples) (data not
shown). The CVs after 1 week of storage also remained
similar in magnitude. In contrast, with AE, significant al-
terations in measured lipoproteins were apparent after 7
days of storage at 4°C compared with those measured at
baseline on freshly drawn blood. Lipoprotein subfraction
areas on freshly drawn samples using AE averaged 9.9,
23.4, and 66.8% for VLDL, LDL, and HDL, respectively.
However, after 7 days of storage at 4°C, these proportions
changed to 41.9, 42.1, and 15.9% (P < 0.03, 0.02, and
0.01 for VLDL, LDL, and HDL, respectively, compared
with fresh samples) (Fig. 5A-C). Particularly obvious was
the diminution of HDL (Fig. 5C). After 2 weeks of storage
at 4°C, the HDL peak had all but disappeared in samples
measured with AE. Although the HDL curve area de-
creased sharply, the areas under the LDL and especially
the VLDL peaks increased significantly (Fig. 5). Repro-
ducibility deteriorated as the percentage area under the
HDL fraction decreased. After 1 week of storage, CV had
increased to 22.7% compared with 5.6% at baseline, but
this trend did not reach statistical significance (P = 0.09)
(Fig. 5C). Reproducibility for VLDL and LDL was not al-
tered by storage duration. We conclude that storage of se-
rum samples for 1 week at 4°C does not significantly alter
the results obtained with SE, but, in contrast with AE,
there is significant attenuation of the area under the HDL
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Fig. 4. Precision of AE (A) and SE (B) measurement of lipopro-
tein subfractions relative to percentage area under the lipoprotein
subfraction peaks. Each data point represents the coefficient of
variability (CV) for duplicate determinations of the percentage
area under a lipoprotein subfraction peak (VLDL, LDL, or HDL).
Retest reproducibility was an inverse function of the size of the
peaks for both methods, as shown by the negative correlation coef-
ficients and inverse linear trend lines. However, reproducibility for
SE was generally superior to that of AE. Retest reproducibility was
consistently <10% for subfraction percentage areas of less than
~15% for SE (B); however, for AE (A), similarly precise retest re-
producibility required subfraction curve areas of greater than
~35%.

peak and increases in the areas under the LDL and VLDL
peaks compared with values measured at baseline. The al-
terations in AE measurement appear to be accompanied
by a deterioration of reproducibility for HDL subfraction
measurements, as reflected in the CVs.

Sample integrity with AE also appears to be affected by
storage conditions. Figure 6 shows three runs of the same
serum sample stored under different conditions. The red
chromatogram was obtained from serum run the day after
sacrifice; the black chromatogram was obtained from se-
rum stored at —20°C for 7 days; the blue chromatogram
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Fig. 5. Effects of storage duration on AE chromatography lipo-
protein subfraction percentage areas and reproducibility. The per-
centage areas (line with squares) under both the VLDL (A) and
LDL (B) subfractions appear to increase with storage duration, and
this is accompanied by a marked decrease in HDL peak amplitude
(C). Concomitantly, the reproducibility (line with circles) of HDL
subfraction measurements deteriorates markedly (C); however, the
reproducibility of the VLDL (A) and LDL (B) subfractions appears
unaffected by storage duration.

1792  Journal of Lipid Research Volume 46, 2005

ANION EXCHANGE
1000+ !

800 =

600 =

400 =

mVolts

200+

Time (min)

Fig. 6. AE sample degradation. Three runs of the same serum
sample obtained from a macrophage colony-stimulating factor-defi-
cient heterozygous mouse stored under different conditions. The red
chromatogram was obtained from serum run the day after sacrifice;
the black chromatogram was obtained from serum stored at —20°C
for 7 days; the blue chromatogram was obtained from serum stored
at 4°C for 7 days. This example suggests that AE chromatography
results can be markedly altered by storage temperature and time.

was obtained from serum stored at 4°C for 7 days. It again
appears that as storage time increases and/or with storage
at higher (4°C) temperatures, there is marked diminution
of the HDL peak, with a concomitant increase in the LDL
and particularly the VLDL peaks (Fig. 6). Collectively, these
results suggest that AE is sensitive to storage temperature
and duration, and if samples are not run fresh, significant
deterioration in both the precision and reproducibility of
the obtained results may occur.

Injection volume

Decreasing the injection volume to <25 wl had a signif-
icant effect on lipoprotein analysis using SE, as shown in
Fig. 7. With an injection volume of 25 pl, the mean per-
centage area under the lipoprotein peaks was 37.7, 35.9,
and 1.9% for VLDL, LDL, and HDL, respectively. When
injectate volume was decreased to 20 wl, significant de-
creases were seen in the percentage area under both the
LDL and VLDL peaks (to 26.8% and 25.5% for VLDL and
LDL, respectively; P < 0.001 for both). The effect of de-
creased injection volume on the relative sizes of the VLDL
and LDL lipoprotein subfractions appeared to persist
when injectate volume was decreased further. Using an in-
jection of 10 pl, the percentage areas under the LDL and
VLDL peaks were less than those measured using 25 wl,
but in the case of VLDL, this difference did not quite
reach statistical significance [27.6% (P = 0.08) and 22.5%
(P < 0.001) for VLDL and LDL, respectively, compared
with 25 pl injection volume]. The relative area under the
HDL peak increased with a 20 pl injection (from 1.9% to
4.5%; P < 0.05), but with a 10 pl injection it was not sig-
nificantly different from the percentage area obtained
with a 25 pl sample volume. Thus, our results are consis-
tent with the interpretation that the use of sample injec-
tion volumes less than that recommended (25 pl) will al-
ter the results of lipoprotein analysis using SE.
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Fig. 7. Effects of injectate volume on SE measurement of lipopro-
tein subfractions. As injectate volume was decreased to <25 pl,
there was a significant decrease in the relative percentage area un-
der both the VLDL and LDL peaks. The area under the HDL peak
increased significantly with a 20 pl injectate volume, but using an
injection volume of 10 pl, it was not significantly different from that
obtained with a 25 ul sample injection. * P < 0.001; # P < 0.05
(both comparisons relative to 25 pl injections).

Total cholesterol assay

Before comparing the colorimetric cholesterol assay with
AE and SE HPLC, we first evaluated the linearity of the
colorimetric assay by preparing and analyzing serial dilu-
tions of the standard. The colorimetric total cholesterol
assay was linear over the entire range of cholesterol values
assessed (data not shown). Both AE and SE HPLC meth-
ods produced accurate total cholesterol values. Figure 8
shows the relationship between total cholesterol values ob-
tained with the manual colorimetric assay and the AE and
SE chromatographic total areas. There was a strong linear
relationship between the amount of cholesterol measured
by the colorimetric assay and the total area of the chro-
matograms using either AE or SE (r = 0.69 and 0.87 for
AE and SE, respectively; linear functions were y = 0.4x +
33 andy = 0.1x + 13 for AE and SE, respectively).

DISCUSSION

HPLC has begun to be used to measure small amounts
of serum lipoproteins (18-20), paving the way for more
widespread use in laboratory investigations involving
small animals. However, it is not yet clear what the advan-
tages and disadvantages of AE and SE HPLC methodolo-
gies are and which might be optimal for specific experi-
mental situations. Furthermore, it is not known how AE
and SE results compare with one another, nor have the
precision, accuracy, and effects of storage duration on the
results obtained been adequately investigated.
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Fig. 8. Comparison of AE (A) and SE (B) measurement of cho-
lesterol (y axis) with manual colorimetric assay results (x axis).
HPLC results represent the integrated areas under the peaks (units
are in nanometer-millivolts).

Our results show that both AE and SE HPLC applica-
tions provide reproducible, accurate, and comparatively
quick assays of individual mouse lipoproteins. Both meth-
ods correlate well with a manual colorimetric assay (Fig.
8), and retest reproducibility is within acceptable limits
for both methods as well, averaging 7.7% and 5.8% for AE
and SE, respectively (Tables 1-3). Although AE and SE
each has unique limitations, the ease and elegance of
these techniques make them attractive alternatives to tra-
ditional, direct lipoprotein assays of pooled serum. In ad-
dition, determination of HDL and LDL contents of indi-
vidual mouse serum samples can only be achieved using
AE or SE. This capability, a product of HPLC’s high sensi-
tivity, allows researchers to efficiently and cost-effectively
explore cholesterol subfraction variation between geneti-
cally altered mice and after subjecting mice to treatment
conditions of interest. SE in particular enables serial
HPLC analysis of mouse lipoprotein subfractions because
it requires small amounts of serum yet retains adequate
precision in measurement.

The AE method, the more sensitive of the two applica-
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tions, appears to yield superior results, producing high-
amplitude, well-defined peaks that can be easily distin-
guished. This application’s ProtEx-DEAE column and fluo-
rescent signaling mixture of this procedure achieve better
separation and produce a higher signal-to-noise ratio than
the SE method. The AE method produces a signal approx-
imately seven times stronger than that obtained with the
SE method, and the software can more easily integrate the
chromatogram when there is strong signal and a clear sep-
aration between peaks. Moreover, the AE application pro-
duces these superior results with smaller injection vol-
umes and shorter separation times than the SE method.
The AE setup requires only 2-10 pl of serum and 30 min
to produce sharp peaks, whereas the SE method requires
injection volumes between 10 and 25 pl and ~55 min run
times. Thus, AE produces more sensitive results with lesser
serum volumes in a shorter time than the SE method. For
these reasons, AE might be the HPLC method of choice
for some applications, particularly those in which fresh
samples will be analyzed and when it is important to mini-
mize serum injection volume.

Although the AE method possesses these advantages,
our results demonstrate that AE may not be the optimal
HPLC analysis method for some types of mouse studies.
We found that the AE column appears to be more suscep-
tible to sample degradation than the more durable SE
procedure. Charge, a rather transient physical property
used to achieve separation of lipoprotein subfraction moi-
eties in the AE column, can dissociate or otherwise vary,
and this will tend to distort the AE chromatogram over
time, as our results with frozen serum samples demon-
strate (Figs. 6, 7). By contrast, the size of lipoprotein parti-
cles does not change appreciably over time, and this likely
explains why SE yields more dependable results from stored
samples. As shown in Fig. 4B, SE appears to produce very
reproducible results even when peak areas are small. In
some mouse genotypes, the lipoprotein fractions of inter-
est might be small, and in these instances SE would be
preferable, particularly when there are insufficient sample
volumes available to allow repetitive analysis of the same
sample. An additional disadvantage of AE is the more
complicated instrument setup and the greater attendant
level of technical expertise required. Although the SE
method needs only two pumps, the AE method requires
four HPLC pumps (two to provide the mobile phase con-
centration gradient, one for the signaling reagent, and
one to alkalize the signaling mixture). Thus, AE requires a
greater initial investment and more maintenance during
operation, has more possible sources of breakdown and/
or error variance, requires greater technical expertise, is
less suitable for stored samples, and appears to yield less
reproducible results when peak areas are small.

Both AE and SE applications produce accurate resolu-
tion of lipoprotein subfractions, and both have specific
advantages and disadvantages. The small sample injection
volume required with the AE column makes it well suited
to research involving small animals such as mice and rats,
particularly in applications in which it is desirable to ana-
lyze serial serum samples and when minimal injectate
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volumes are required. By contrast, the dependability and
simplicity of the SE method make it an attractive option
for use with larger animals or in cases in which stored sam-
ples of serum are used.fill
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