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Fig. 8. Ability of HDL to inhibit LDL oxidation across lipoprotein subspecies after apoB depletion of se-
rum. Data are mean and SD. Each fraction was measured in triplicate. Serum control propagation rate
(black bars) versus apoB depletion propagation rate with PEG (white bars) (A), dextran sulfate/MgCl, (dark
gray bars) (B), and heparin sodium/ MnCl, (light gray bars) (C). Equal volumes were used across fractions.

*P<0.01 compared with control serum.

markedly reduced apoF levels, consistent with the gel fil-
tration method. Each of the precipitation methods also
affected apoA-IV, apoC-, and apoC-II in the HDL size range.

We also attempted to use native gel electrophoresis to
determine whether HDL size is affected by the presence
of PEG. We found that PEG did not affect the apparent
diameter of total HDL (isolated by ultracentrifugation)
when separated by native PAGE (not shown). However,
we also noted that the PEG (as tracked by the fluorescent
analog) rapidly separated from the HDL during the gel
run, even during the stacking portion of the gel. This in-
dicates that the size-altering effects of PEG are apparent
only when present with the HDL particles during the sepa-
ration (as in the gel filtration and A4F techniques), but
once separated from the particles, PEG does not cause
these effects.

DISCUSSION

With the realization that HDL function may be more
important than HDL-C with regard to CAD risk, many
laboratories have initiated large scale efforts to quantify
cholesterol efflux in patient serum samples. To reduce
variability, the apoB-containing lipoproteins are commonly
removed by precipitation to focus primarily on HDL. With
recent advances in HDL separation techniques, we sought
to assess the impact of the most commonly used apoB
precipitation methodologies on the distribution of HDL
subspecies and their functions. Our results confirmed
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many of the initial characterizations of these methodolo-
gies done in the 1980s, including the ability to fully re-
move VLDL and LDL from human serum/plasma and
preserve apoA-I and apoA-Il. However, when we probed
deeper into the size distribution of the HDL subspecies,
we noted some troubling effects. Each apoB depletion
method was found to alter HDL in different ways, whether

Fig. 9. Fluorescein-PEG (MW 6,000) detection in serum frac-
tions separated by gel filtration chromatography compared with
fluorescein-PEG in water. The elution patterns of PEG within an
apoB-depleted serum sample (black circles) and in a control buffer
(open diamonds) on the triple Superdex Increase column setup
were determined by PEG apoB-depleting serum with 20% PEG
6000 containing 1% fluorescein-conjugated PEG (MW 6,000;
Nanocs, New York, NY). Fluorescence was measured in each frac-
tion using a BioTek Synergy HT plate reader at excitation and
emission wavelengths of 495 and 520 nm, respectively.
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Fig. 10. Phospholipid distribution across lipoprotein subspecies as separated by AF4 before and after PEG
apoB depletion of serum. Lipoproteins were separated by AF4. Serum control (black circles) versus apoB
depletion with PEG (open circles) (A), dextran sulfate/MgCl, (gray squares) (B), and heparin sodium/
MnCl, (open triangles) (C). D: AUC of phospholipid for HDL fractions in serum (black) versus apoB-
depleted serum for PEG (white), dextran sulfate/MgCl, (dark gray), heparin sodium/MnCl, (light gray).

Equal volumes were used.

it was by altering HDL protein content, or changing ap-
parent particle size, or a combination of both. Arguably
the most commonly used method, PEG, had profound ef-
fects on apparent HDL particle size, while leaving signifi-
cant amounts of the reagent behind in the sample. First,
we will discuss the impact of VLDL/LDL precipitation on
HDL subpopulations and then comment on the overall
implications on HDL functional analyses.

The profound rightward shift in the HDL elution profile
seen with gel filtration after PEG depletion initially sug-
gested that the reagent causes a rearrangement of HDL
particles to a smaller size. PEG is a polymer that promotes
protein precipitation by steric exclusion. Essentially, proteins
are excluded from regions of the solvent occupied by PEG,
such that the effective protein concentration increases. Once
concentration exceeds the lipoprotein solubility, precipi-
tation occurs. In such a case, it is not difficult to envision a
scenario where certain HDL particles might also affected.

PEG has been shown previously to affect the apparent
molecular weight of proteins analyzed by gel filtration.
Yan et al. (31) noted that PEG concentrations as low as 5%
can cause a shift of protein elution curves to higher elution
volume on Sephadex G-75 columns. The magnitude of the
effect increased with the size of the protein, with larger
proteins having a more pronounced effect than smaller
ones. Studies by Atha and Ingham (32) indicated that this
does not occur because PEG binds to proteins. Indeed, we

found that PEG separates from HDL when examined by
native gel electrophoresis. Furthermore, we were unable
to find evidence of strong binding of fluorescent PEG
to HDL, despite the fact that we found PEG difficult to re-
move by dialysis. Thus, PEG must either: I) affect the re-
solving power of the gel filtration column media; or 2)
modify the hydrodynamic properties of the HDL particles
themselves.

The fact that the AF4 technique, which does not rely on
a separation medium, showed a similar size reduction of
HDL by PEG, strongly supports the latter explanation.
The exact effects of PEG on the effective hydrodynamic
diameter of HDL particles cannot be determined from
these studies, but given the known effects of PEG as an
“inert solvent sponge,” we suggest that the residual PEG
remaining in solution reduces the hydration shell around
HDL particles. This, in turn, alters the size profile of HDL
proteins. The reduced hydrodynamic size results in faster
diffusion during AF4 and increased partition into the sta-
tionary phase of the gel filtration medium. Another way
in which PEG could alter HDL particles is by causing the
dissociation of certain apolipoproteins, perhaps due to
changes in particle hydration. For example, although
apoC-III underwent a minor shift to smaller size in Fig. 11,
it is clear that PEG treatment also resulted in decreased
levels of this protein in the HDL size range. This loss of
apolipoprotein content could also account for some of the
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size shift to smaller particles. Finally, PEG could cause pre-
cipitation of some large HDL particles that are close in size
and solubility to LDL.

In contrast, dextran sulfate/MgCl, and heparin sodium/
MnCl, did not affect HDL particle size and both had mini-
mal effects on levels of HDL phospholipid, cholesterol,
and apoA-I. Yet, these apoB depletion methods still im-
pacted HDL composition. Both promoted profound re-
ductions in HDL apoE levels (Figs. 6, 11) with less extensive
reductions in apoA-IV, apoC-I, and apoC-III. Dextran sul-
fate/MgCl, is known to remove apoE on HDL particles
and, in fact, has been previously used to isolate apoE-rich
HDL particles (33). The effect of heparin on reduced levels
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Fig. 11. Quantification of apolipoproteins across
lipoprotein subspecies as separated by AF4 before
and after apoB depletion. Lipoproteins separated by
AF4. Serum control (red circles) versus apoB deple-
tion with PEG (green circles) (A), dextran sulfate/
MgCl, (dark red inverted triangles) (B), and heparin
sodium/MnCl, (orange triangles) (C).

of apoE and apoC-III is likely explained by their well-
known affinity for heparin sulfate proteoglycans (34-36).
Heparin is a polyanion that combines with the protein
moiety of lipoproteins to form a soluble complex. When
the divalent cation, MgCly, is introduced, this complex be-
comes insoluble. Generally, this reaction works best on li-
poproteins with a low protein/lipid ratio, like VLDL and
LDL. However, given the affinity of apoE and apoC-III
to heparin, it is possible that any lipoprotein containing
these apolipoproteins is precipitated to some extent. While
apoA-IV and the other apoCs are not known to be strong
heparin binders, these proteins may associate with either
apok or apoC-III.
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Given that each of the above precipitation methods re-
lies on global solubility, it seems that it is nearly impossible
to cleanly eliminate one lipoprotein group without affect-
ing the others to some extent. Because the presence of
apoB appears to be the best distinguisher between particles
with lipid delivery functions (like chylomicrons, VLDL,
and LDL) versus those with more diverse functionalities
(all the HDL subspecies), an ideal approach would be to
immunoprecipitate apoB-containing lipoproteins. We
tested one such method, LipoSep IP. While this method,
indeed, depleted VLDL and LDL as advertised (37), the
reagent contained residual goat proteins in high abun-
dance that complicated further analyses. Additionally, we
did note a small but consistent shift in the HDL peak by
one fraction which could result from any number of rea-
sons, including adsorption of lipid-free goat apolipopro-
teins or activity of goat lipid transfer proteins or lipases.
Ideally, such a reagent could be purified with immobilized
apoB on an easily removable chemical support, though
the costs of such a system would likely be high.

Despite the profound effects that PEG had on the size
and compositional properties of HDL, the impact of this
method on the HDL function was minimal in our hands.
Although the cholesterol efflux profile for PEG-depleted
serum was shifted to smaller size, the total sum of the HDL
fractions to promote cholesterol efflux (i.e., the AUC) did
not differ between precipitated and unprecipitated serum.
This was surprising given the large residual amount of
PEG that remains in the HDL portion of the supernatant.
In order to promote cholesterol efflux, HDL particles and
lipid-free apolipoproteins must approach the cell surface
through an unstirred water layer maintained by the cellu-
lar glycocalyx. The presence of PEG in the samples, in ad-
dition to decreasing the hydration shell around the HDL
particles, might also be expected to impact the unstirred
water layer and any number of other cellular processes
that could impact cholesterol efflux. Fortunately, these
factors do not appear to be critical under the conditions of
the cholesterol efflux assays performed here and in other
laboratories using similar assays. Indeed, the fact that ef-
flux studies performed with PEG have still managed to re-
veal important functional differences between normal and
CAD individuals attests to this (15, 16, 38). However, the
large amount of residual PEG left in solution should give
pause when contemplating functional assays in the future,
particularly those that rely on interactions that could be
perturbed by changes in lipoprotein solubility.

As with cholesterol efflux, none of the precipitation
methods exhibited significant deleterious effects on the
ability of the HDL fractions to protect LDL from oxidation.
This suggests that the compositional or physical property
requirements for this function are not perturbed by the
methodologies. However, the possibility remains that the
residual PEG in solution might pose a problem as novel
HDL bioassays are developed. For example, if one were
interested in the ability of serum HDL to prevent LDL
from binding to heparin sulfate proteoglycans, all of these
methods could be envisioned to provide misleading re-
sults due to their depletion of apoE in the HDL range.

In conclusion, we noted changes in HDL size profile or
composition using each of the tested apoB precipitation
methods. Given the fact that the dextran sulfate/MgCl,
and heparin sodium/MnCl, methods did not have the ef-
fects on HDL apparent size and also did not impact the
AUC of the cholesterol efflux, we propose that these meth-
ods may be a better choice for standardized cholesterol
efflux assays performed in the future. However, the impact
of any chosen apoB precipitation method on HDL compo-
sition and size should be carefully examined when bringing
new functional study assays online related to endothelial
function, inflammation, innate immune function, and
others B
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