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S U M M A R Y  
Dialysis of three major lipoprotein fractions from human serum, Sr20-1W, SP20, and -SI.SOO- 

16, against low concentrations of cupric ion is associated with accelerated chemical alteration of 
polyunsaturated fatty acids and cholesterol. Leas extensive changes in these acids were observed 
during dialysis against ion-free water. Reaction products of these chemical alterations were ir- 
reversibly retained on succinic aciddiethylene glycol polyester gas chromatographic columns. 
Present evidence suggests that these reaction products are relatively polar compounds, probably 
in the chemical class of lipoperoxides. 

D u r i n g  dialysis of serum lipoproteins against 
cupric ion, Ray et al. (1) observed marked changes in 
analytic ultracentrifugal patterns. Their studies estab- 
lished cupric ion as a catalyst for reactions leading to 
lipoprotein degradation. They suggested that this 
reaction was oxidative in nature and that unsaturated 
compounds, such as unsaturated fatty acids, were in- 
volved. Degradative effects have also been observed 
during isolation and storage of lipoprotein fractions 
(2). Gurd (3) has associated such degradative or aging 
effects in lipoprotein solutions with shifts in ultra- 
violet absorption spectra which are indicative of 
lipoperoxide formation. 

Gas-liquid chromatographic techniques have pro- 
vided a sensitive method for the determination of fatty 
acids. In this report we have applied these techniques 
to the measurement of fatty acids from lipoprotein 
fractions exposed to different conditions of dialysis. It 
was of special interest to establish the fatty acids in- 
volved in the cupric ion reaction, and their elution 
properties on a succinic acid-diethylene glycol poly- 
ester chromatographic column before and after dialysis. 
The relationship of the fatty acid changes to the gross 
macromolecular degradation is discussed. 

* This investigation was supported by the United States 
Atomic Energy Commission, Washington, D. C. 

M E T H O D S  

Ultracentrifugal Isolation. and Analysis of Lipopro- 
tein Fractions. Ultracentrifugal flotation techniques, 
reported previously (4), were used for the isolation and 
analysis of three lipoprotein fractions from human 
serum. The specific lipoprotein fractions isolated were 
the Sr20-106, SrO-20, and -S1.2&-16. These ultracen- 
trifugal designations and their relationship to the phys- 
ical properties of these lipoprotein fractions have been 
reported in previous communications (5 ) .  Two indi- 
vidual sera were used in this investigation. Serum 
from a nonfasting 52-year-old male was used for the 
isolation of Sr20-106 lipoproteins. The SrO-20 and 
-Sl.&-16 lipoproteins were isolated from a nonfasting 
22-year-old female. No precautions against the pres- 
ence of metal ions were taken during the ultracentrifugal 
isolation procedures. Upon isolation, the lipoprotein 
fractions were immediately subjected to dialysis. 

Dialysis Procedures. Lipoprotein fractions were 
dialyzed in Visking cellulose casing ( 18/&nch diameter). 
The tubing previously was washed and tested with 
ion-free water. Ion-free water was prepared by passing 
laboratory distilled water through the following large 
capacity, ion-exchange columns : first, Dowex-50, 
then Dowex-1, and finally an equal part mixture of 
Dowex-50 and Dowex-1. Water prepared by this pro- 
cedure was considered ion-free and was used in the 
preparation of cupric ion solutions for dialysis. 
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The lipoprotein fractions were dialyzed against ion- 
free water and ion-free water containing approximately 
1.5 x moles/liter of cupric ion. In  the dialysis 
procedure 1 ml of lipoprotein solution was dialyzed 
against approximately 200 ml of solution. A small 
amount of air was present in the dialysis bag. Dialysis 
was carried out on a gently rocking platform in a re- 
frigerator maintained between 0' and 4'. Dialysis 
solutions were changed approximately every 12 hours. 
Upon sampling, the lipoprotein fractions were carefully 
removed from the dialysis tubing, the tubing was 
washed with a small amount of ion-free water, and this 
wash was pooled together with the lipoprotein solution 
for further extraction procedures. 

The schedule for sampling of the Sf20-105 lipo- 
protein fraction was as follows: 0, 25.5, 29.25, 44.0, 
and 138.75 hours after beginning of dialysis. Both 
S&-20 and -S1.200-16 fractions were sampled at 0, 
11.0, 39.25, 56.5, and 128.7Fj hours aftrr dialysis. 
The physical appearance of the lipoprotein fractions 
was noted throughout the course of the dialysiP. 

Lipid Procedures. .Lipids from control and dialyzed 
lipoprotein fractions were extracted by procedures based 
on the method of Sperry and Brand (6). Lipid extracts 
were methylated by transesterification with methanol 
according to  the method of Stoffel et al. (7). Cholesterol 
present in the lipid extract was not removed from the 
fatty acid methyl esters prior to  their injection into the 
chromatographic column. 

Gas-Liquid Chromatographic Procedurzs. Gas-liquid 
chromatographic analyses were performed on a 52-inch 
column (6 mm i.d.) unit reported by Upham el al. 
(8 ) .  Analyses were made a t  195', utilizing a strontium- 
90 ionization detection system (9, 10). Packing mate- 
rial consisted of Chromosorb (48 to 65 mesh) coated 
with 30% (w/w) succinic acid-diethylene glycol poly- 
ester (LAC-2R-728@').1 Argon was used as the carrier 
gas. Peak heights and elution time values were tab- 
ulated for every fatty acid ester peak on the chromato- 
grams. This information was put on punched cards 
and the calculation of fatty acid composition was 
performed by computer (11). The known major 
fatty acids are reported according to  the nomenclature 
proposed by Dole Pi al. (12). Minor components have 
been grouped into four separate classes. The classifica- 
tion of these components is based on their elution times 
relative to known methyl esters under the above con- 
ditione. Thus these four classes have been designated : 
class A, methyl esters eluting before 16:O (methyl 
palmitate) ; class B, methyl esters eluting between 
1 6 : O  and 18:O (methyl stearate); class C, methyl 

1 Cambridge Industries Company, Inc., 101 Potter Street, 
Cambridge 42, Mass. 

esters eluting between 18 : 2 (methyl linoleate) and 
20 : 4 (methyl arachidonate) ; and class D, methyl esters 
eluting after 20:4. In  this report the identified com- 
ponents are: 16:O (methyl palmitate), 16: 1 (methyl 
palmitoleate) ; 18 : 0 (methyl stearate) ; 18 : 1 (methyl 
oleate and methyl elaidate), 18 : 2 (methyl linoleate), 
and 20 : 4 (methyl arachidonate). A reference chromato- 
gram indicating the above classification system is pre- 
sented in Figure 1. 

FATTY &GI0 METHYL ESTERS 
LIWID PWSE - PAmKTHYLENE 

TEMPERA- - 195. 
CARRIER GAS- ARGON 

am suCclWTE 

pmmw SIZE- 48-65 MESH 

(33.3 X I  

FULL-SCALE 
E F L E C T F N .  
I * w  x 10- AMPS 
I l X I  

FIG. 1. Reference gas-liquid chromatogram of fatty acid methyl 
esters showing elution properties of known major components. 
Relatively minor components are grouped into four classes, A,  
B,  C, and D, as indicated on the elution time scale. The elution 
time scale is marked off in units of methyl stearate elution times. 

R E S U L T S  A N D  D I S C U S S I O N  

Physical Changes in Lipoproteins During Dialysis. 
After 25.5 hours of dialysis against ion-free water, 
lipoproteins of the Sr2O-1O6 fraction showed only a 
very slight turbidity. There was no further detectable 
aggregation or color change during the dialysis. Upon 
dialysis against cupric ion, there was a slight increase 
in turbidity and loss of color (yellow to white) after 
25.5 hours. At approximately 29.25 hours a gross 
turbidity with marked aggregation was observed. The 
turbidity and loss of color persisted to termination of 
sampling. 

Dialysis of the Sa-20 lipoprotein fraction resulied 
in slight turbidity and color change at 56.5 hours, 
followed by marked aggregation at approximately 
69.5 hours. Upon dialysis against cupric ion, gross 
turbidity and loss of color were observed a t  approx- 
imately 11 hours. Considerable aggregation and color 
loss were observed throughout the remainder of the 
experiment. 

During dialysis against ion-free water, the -S1.,,0-16 
lipoprotein solution remained clear and showed little 
color change throughout the sampling period. Upon 
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dialysis against cupric ion, slight turbidity and color 
loss were observed within 11 hours. Marked turbidity 
was noted around 39.25 hours. Turbidity and color 
changes persisted to the end of the experiment. 

The above observations show a definite similarity 
between the Sr20-105 and -sl.~00-16 lipoproteins in 
their responses to cupric ion and ion-free water dialysis. 
However, the physical changes in Sto-20 lipoprotein 
solutions occurred sooner during cupric ion dialysis 
than was observed with the other lipoprotein fractions. 
Moreover, dialysis of SrO-20 lipoproteins against ion- 
free water led to gross physical changes absent in the 
other fractions under the same conditions. These 
observations suggest that the SrO-20 lipoproteins are 
more sensitive to dialysis procedures. 

Analytic Ultracentrifugal Results. Appropriate ana- 
lytic ultracentrifugal analyses were performed on the 
SrZO-105, S4-20, and -SI 200-16 lipoprotein fractions 
at 47.5,40.25, and 40.25 hours, respectively, after cupric 
ion dialysis. At these times all fractions were markedly 
turbid, and the ultracentrifugal patterns showed no 
detectable flot,ation of intact lipoproteins. The ag- 
gregated material was rapidly packed a t  the meniscus 
during the acceleration of the ultracentrifuge to full 
speed (52,640 rpm). It is thus apparent that the 
cupric ion dialysis leads to gross lipoprotein aggrega- 
tion, which is not reversed by suspension in aqueous 
solutions of sodium bromide. In this experiment no 
sedimenting material was noted in the lipoprotein 
solutions upon analytic ultracentrifugation. 

Gas-Liquid Chromatographic Analyses. The results of 
the gas-liquid chromatographic analyses are presented 
in Tables 1 to 3. Fatty acid methyl esters are tabulated 

hrs. hrs. 

1.2 1.5 
15.7 17.3 
2.8 3.1 
0.9 1.1 
5.0 5.4 
19.9 19.6 
30.8 29.8 
2.4 2.5 
4.7 3.2 
1.4 1.2 
15.3 15.3 

TABLE 1. PERCENTAGE FATTY ACID COMPOSITION OF Sr20-106 
LIPOPROTEIN FRACTION AS A FUNCTION OF CONDITIONS A N D  

DURATIOK OF DIALYSIS 

Fatty Acids 

I I Dialysis 

No 
Dialysis 
0 hrs. 

Fatty 
Bcids 

Class A 
16:O 
16:l 

18:O 
18: 1 
18:2 

Class C 
20:4 
Retained? 

Class B 

Class A 
16:O 
16: 1 

18:O 
18:l 
18:2 

Class C 
20:4 

Clam D 
Retained* 

Class B 

1.7 
20.6 
2.8 
1.2 
8.3 
17.8 
33.9 
4.4 
9.4 

0 

-4gainst 
Ion-Free 

Water 
25.5 138.75 
hrs. hrs. 

3.8 3.0 
2.5.6 24.1 
7.1 6.2 
0.5 0.6 
6 .  1 6.2 
29.9 29.2 
18.8 16.2 
3.6 3.3 
2.8 2.2 
2.2 9.3 

- .  

Dialysis Against 

Moles/liter Cuf + 1.5 X 

25.5 29.25 44.0 138.75 
hrs. hrs. hrs. hrs. 

No Dialysis* 
138.75 

0 hrs. hrs. 

4.0 3.5 
25.7 26.6 
6.8 7.1 
0.5 0.5 
6.4 6.3 
30.6 31.4 
18.3 18.8 
4.7 3.5 
2.9 2.8 
0 0  

3.6 2.8 3.1 4.4 
24.4 23.0 24.4 24.5 
6.5 6.0 5.9 5.8 
0.6 0.5 0.5 1.1 
6.0 5.7 5.9 6.0 
29.3 27.5 27.7 25.2 
15.3 14.1 9.6 3.0 
3.3 2.5 2.4 2.4 
1.3 1.0 0.6 0.4 
9.5 17.2 20.0 27.5 

* Nondialyzed control samples were stored at OO-4' prior to extraction. 
t Altered fatty acids irreversibly retained on column. (Values were 

estimated from a comparison of the injected weight of methylated lipid 
sample with the amount detected on its gas-liquid chromatogram. It was 
assumed that in the control samples all of the injected methyl esters were 
eluted.) 

TABLE 2. PERCENTAQE FATTY ACID COMPOSITION OF SrO-20 
LIPOPROTEIN FRACTION AS A FUNCTION OF CONDITIONS AND 

DURATION OF DIALYSIS 

Fatty Acids 

Class A 
16:O 
16: 1 

18:O 
18: 1 
18:2 

20:4 

Retained* 

Class B 

Class C 

Class D 

I Dialysis 
Against Dialysis Against 

1.5 X lo-' 
Molea/liter Cu++ 

hrs. hrs. hrs. 
11 56.5 128.75 

1.3 4.0 3.1 
16.1 21.5 17.1 
2.8 3.7 1.9 
1.0 2.9 2.7 
5.1 6.8 5.6 
19.4 18.5 7.0 
17.9 2.1 0.5 
1.7 2.3 2.6 
1.3 
0.8 1.7 1.2 
32.8 36.5 58.3 

* Altered fatty acids irreversibly retained on column. (Valuea were esti- 
mated from a comparison of the injected weight of methylated lipid sample 
with the amount detected on its gas-liquid chromatogram. It was assumed 
that in the control samples all of the injected methyl esters were eluted.) 

for lipoprotein fractions exposed to the following condi- 
tions: ( a )  no dialysis, ( b )  dialysis against ion-free water, 
and (c )  dialysis against cupric ion solution 1.5 X 
moles/liter. The content of the various fatty acid 
methyl esters is expressed as weight per cent of the totaI 
methyl esters injected onto the column. 

TABLE 3. PERCENTAGE FATTY ACID COMPOSITION OF -S,.&-16 
LIPOPROTEIN FRACTION AS A FUNCTION OF CONDITIONS AND 

DURATION OF DIALYSIS 

I 1 Dialysis 
Against 
Ion-Free 

Water 
11 128.75 

hrs. hrs. 

1.7 1.5 
19.8 16.9 
2.7 2.4 
0.8 1.0 
7.8 6.9 
18.3 14.8 
33.6 25.5 
3.4 2.5 
9.3 5.3 
2.0 1.5 
0.8 21.7 

~- 

Dialysis Against 
1.5 X 10-6 

Moles/liter Cu+ + 
1 1  39.25 56.5 128.75 

hrs. hrs. hrs. hrs. 

1.4 2.4 1.8 1.5 
17.6 21.1 17.8 18.9 
2.6 2.7 2.5 2.0 
1.1 2.3 2.2 1.7 
7.8 7.9 6.9 7.8 
15.8 13.8 11.0 11.4 
26.0 1.7 1.0 0.7 
2.1 1.3 1.5 1.7 
5.2 
0.7 1.1 1.0 1.1 
20.0 45.6 54.2 53.3 

* Altered fatty acids irreversibly retained on column. (Values were =ti- 
mated from a comparison of the injected weight of methylated lipid sample 
with the amount detected on its gas-liquid chromatogram. It was assumed 
that in the control samples all of the injected methyl esters were eluted.) 

Significant changes occur in the fatty acid composi- 
tion of each lipoprotein fraction after dialysis against 
cupric ion. Dialysis against ion-free water is associated 
with some alterations in composition, but considerably 
less than are observed with cupric ion. In particular, 
during dialysis against cupric ion, significant decreases 
in the polyunsaturated fatty acids, linoleate and arachi- 
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donate, are observed. The content of oleic acid is 
reduced in all fractions and shows a pronounced drop 
in the SrO-20 lipoprotein fraction. In these gas- 
liquid chromatograms no new major peaks appear which 
might indicate the elution of chemical products arising 
from the alteration of the polyunsaturated fatty acids. 
On the contrary, there is evidence that the products of 
polyunsaturated fatty acid alteration are irreversibly 
retained on the succinic acid-diethylene glycol polyester 
coating. This evidence is presented a t  the bottom of 
Tables 1 to 3, where for the same weight of methylated 
lipid injected onto the column there is a significant re- 
duction, especially after cupric ion dialysis, in the total 
fatty acid methyl esters detected with gas-liquid 
chromatographic analysis. Such differences are also 
observed for the lipoprotein fractions dialyzed against 
ion-free water, but to a much lesser extent than in 
the cupric ion dialysis. 

Our present knowledge of the chemical structure and 
properties of the reaction products is only indirect. 
They are apparently retained on the relatively polar 
succinic acid-diethylene glycol polyester resin in a 
manner similar to other relatively polar organic com- 
pounds which we have studied. Thus, on this resin 
certain lipid and steroid compounds containing hy- 
droxyl or ketone groups (e.g., dihydroxy stearic acid and 
cholesten-3-one) have exhibited either exceedingly long 
retention times, or were not eluted at a1L2 This sim- 
ilarity in elution behavior leads us to suspect that polar 
oxygen-containing compounds may be formed during 
cupric ion dialysis. Published studies on copper- 
catalyzed oxidation of linoleic acid indicate the forma- 
tion of hydroperoxides resulting from the action of 
copper on peroxides present in the acid (13). If hy- 
droperoxides are formed during lipoprotein dialysis 
against cupric ion, then, from the above, it would be 
reasonable to expect that such compounds would be 
retained either irreversibly or appreciably longer than 
known unaltered fatty acids. It is, however, entirely 
possible that the new compounds may not be hydro- 
peroxides but are some other altered forms of poly- 
unsaturated fatty acids which can be retained on the 
succinic acid polyester resin. 

Concurrent with the observed changes in fatty acids, 
there occur significant reductions in the gas-liquid 
chromatographic peaks associated with the elution of 
cholesterol present in our lipid mixtures (14). It would 
thus appear that cholesterol is also altered during the 
dialysis of lipoprotein fractions, and that the resultant 
products are not detected by the gas-liquid chromato- 
graphic system. It is reasonable to suspect that cho- 

Unpublished experiments. 

lesterol too may form polar products which are ir- 
reversibly retained on the polyester column. 

The marked aggregation of the lipoprotein fractions 
upon cupric ion dialysis implies an alteration in the 
surface properties of the lipoprotein macromolecules 
associated with chemical changes in polyunsaturated 
fatty acids and cholesterol. A similar phenomenon, 
under oxidative conditions, has been observed for elec- 
tron microscopy (15) during the fixation of lipoprotein 
molecules by acid solutions of osmium tetroxide. 
In this case the lipoprotein aggregates are redispersed 
by adjusting the pH of the solution to approximately 
8. The ability to redisperse these aggregates and the 
general agreement between the resulting electron 
micrograph data on lipoprotein size and shape, and 
ultracentrifugal or light scattering measurements for 
the same variables suggest that oxidative changes 
primarily alter the surface properties of lipoproteins 
without significantly disrupting their macromolecular 
structure. This may also be the case with lipoprotein 
molecules after dialysis against cupric ion. The in- 
fluence of pH and ionic strength on the lipoprotein 
aggregates from cupric ion dialysis will be reported. 

Recent investigations in animals on the pharmaco- 
logic action of fatty acid oxidation products indicate con- 
siderable alterations in metabolism and physiologic 
status of animals after administration of these products 
(16). The incorporation of these products into lipo- 
protein structures may so alter the surface properties, 
as was noted above, that the usual metabolic reactions 
involving lipoprotein macromolecules may be sig- 
nificantly affected. Thus it may be of considerable 
importance to ascertain whether in states associated 
with high plasma copper, or in instances of continual 
ingestion of oxidized lipids, there appear discernible al- 
terations in lipoprotein stability and metabolism (17). 
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