
Differential  scanning  calorimetry  and  fluorescence 
probe  investigations  of very low density  lipoprotein 
from  the  isolated  perfused  rat  liver 

John E. Hale and Friedhelm Schroeder’ 
Department of Pharmacology, University of Missouri School of Medicine, Columbia, MO 65212 

Abstract  Isolated  rat livers were perfused at 37°C  with a 
blood-free,  defined  medium  containing delipidized  bovine 
serum  albumin  (BSA), BSA-oleate, or BSA-palmitate.  Very 
low density lipoproteins (VLDL)  were  isolated from  the  per- 
fusate  at 12°C and lipid components were extracted  and 
purified.  Differential  scanning  calorimetry  indicated mul- 
tiple phase  alterations in intact VLDL. The  extracted  tri- 
glycerides exhibited  phase  alterations  at similar tempera- 
tures as the intact  VLDL. The  small quantities of choles- 
teryl esters  present in the VLDL generally  did not  greatly 
affect the VLDL triglyceride  transitions. The extracted 
phospholipids  showed  detectable  transitions  that were 
abolished by cholesterol at mole  ratios found in the  re- 
spective VLDL. The  phase  behavior of VLDL  and its com- 
ponent triglycerides was associated with the  degree of 
unsaturation of the  infusate fatty  acid, and by variation 
of fatty acid chain length. The  structural  differences be- 
tween VLDL lipid fractions  noted by DSC were also 
monitored by fluorescence p r0bes . l   The  data indicated 
that in the intact  VLDL the physical properties of the 
‘interior core’  lipids  can  affect the  properties of the  ‘sur- 
face  monolayer’. In  addition,  Arrhenius plots of corrected 
fluorescence indicated  that  trans-parinarate  and  diphenyl- 
hexatriene  detected  different  characteristic  breakpoint tem- 
peratures in the  phospholipids. The  breakpoints of tri- 
glycerides  were  highly dependent  on  the  type of fatty acid 
in the  infusate,  but were  similar to  those  noted in  intact 
VLDL. Finally, the  breakpoints in Arrhenius plots of 
fluorescence probe  parameters  did not necessarily coincide 
with onset  or  end  temperatures of DSC transitions.-Hale, 
J. E., and F. Schroeder.  Differential  scanning  calorimetry 
and fluorescence probe investigations of very low density 
lipoprotein  from  the isolated perfused  rat liver. J .  Lipid 
Res. 1981. 22: 838-851. 
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Very low density  lipoproteins (VLDL) are  the pri- 
mary  triglyceride-carrying  particles  secreted by the 
liver. These particles are subsequently  broken  down 
enzymically to form low density  lipoproteins. The 
activities  of the  degradative enzymes lipoprotein lipase, 
1ecithin:cholesterol acyltransferase, and phospholipase 

lipid ( 1 ,  2).  However,  as  pointed out in several recent 
review articles, very little is known of the  structure 
and physical state of the lipids or their  regulation 
in VLDL (3 ,  4). Using  fluorescence and  differential 
scanning  calorimetry (DSC), other investigators  have 
not detected  phase  alterations in intact VLDL isolated 
from plasma (5-9). In  contrast, triglyceride  transi- 
tions have  been determined in human VLDL by DSC 
(10) while phase  changes in human VLDL have been 
described with pyrene  and  tempo  probes  (1 1). VLDL 
isolated from plasma represents  a  heterogeneous 
family of particles with regard to size, density, com- 
position, and  degree of metabolism (12). In contrast, 
using an isolated perfused liver system, we have 
purified VLDL secreted by rat livers infused with 
oleate or palmitate  (12- 14). Fluorescence probe analy- 
sis of these VLDL indicated  that  the  triglyceride- 
cholesteryl ester  core was surrounded by a  mono- 
layer of phospholipid,  cholesterol,  and  protein  (13- 
15) consistent with earlier  predictions  made  from 
compositional analysis (16, 17). In  addition, break- 
points indicative of phase  alterations  were  noted in 
arrhenius plots of fluorescence parameters. The tem- 
peratures at which these  breakpoints  occurred were 
dependent  upon  the type of fatty acid (oleate or 
palmitate) with  which the  rat liver was perfused. 

Fluorescence probe molecules and  differential 
scanning  calorimetry (DSC) have  both been success- 
fully used to  determine  phase  alterations in model 
membrane systems with good  correlation between 
the two methods.  However,  fluorescence  methodology 
intrinsically differs  from DSC in that  the  probe 
molecules report only on the limiting microenviron- 
ment in which they reside, while DSC measures bulk 
lipid phase  alterations. Recently the two methods have 

Abbreviations: DSC, differential  scanning  calorimetry; VLDL, 
very l o w  density lipoprotein; LDL., low density lipoprotein; 
BSA. bovine serum  albumin. 

A are  dependent o n  the physical state of the  substrate ‘-1-0 whom reprint  requests  should be addressed. 
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been utilized to  investigate the  structure of  VLDL 
and LDL (5-9,  13-15).  Comparisons between the 
two methods  have been few and  are  hampered by 
the heterogeneity of VLDL isolated from  human  or 
animal  plasma.  A  recent report  (9) indicated  that 
phase  alterations in  LDL determined by  DSC were 
not detected with the fluorescence probe 1,6-diphenyl- 
1,3,5-hexatriene (6, 8, 9,  12). Therefore,  the experi- 
ments  presented  herein were performed to de- 
termine: I )  if the VLDL from  the  perfused  rat liver 
has  phase  alterations by  DSC and fluorescence; 2) if 
the  onset and  end  temperatures of the phase  altera- 
tions noted by DSC correspond to breakpoints in 
Arrhenius plots determined fluorimetrically; and 3 )  
if these  phase  alterations are  dependent  upon  the 
type of fatty acid present in the  infusate of the  per- 
fused  rat liver. These results  should  help in cor- 
relating DSC bulk and fluorescence probe micro- 
environment  phase  alterations such that the  structure 
of the VLDL may more  thoroughly be understood. 

MATERIALS AND METHODS 

Oleic and palmitic acid were obtained  from  the 
Sigma Chemical Co.,  St. Louis, MO and  from  the 
Hormel  Institute, respectively. Bovine serum  albumin 
(BSA) was purchased  from Miles Labs., Elkhart, 
IN and was delipidized  according  to the  method of 
Goodman  (18), and modified by Wilcox, Dunn  and 
Heimberg  (12). BSA-fatty acid complexes were pre- 
pared  as  described previously (12). Trans-parinaric 
acid was from Molecular Probes  Inc.,  Plano, T X  while 
1,6-diphenyIhexatriene was from  Eastman Chemical 
Co., Rochester, NY. 

Liver perfusion and VLDL isolation 
Livers were removed from male Sprague-Dawley 

rats  (200-250  g body weight) and  perfused in vitro  at 
37°C with a  blood-free Krebs buffer solution. VLDL 
was enriched with oleic or palmitic acid by infusion 
of the fatty acid bound  to bovine serum albumin 
(BSA) (12-  15). The VLDL was isolated from  the 
buffer  medium by ultracentrifugation  at  39,000 RPM 
in a  Ti-60  rotor  (Beckman  Inst., Palo Alto, CA),  for 
18 hr at 12°C as described  earlier ( 13). 

ark, DE) in petroleum  ether-ethyl  ether-acetic acid 
84: 15: 1. Triglycerides were quantitated enzymatically 
as previously described (20, 21). Cholesterol and 
cholesteryl esters were determined by gas-liquid 
chromatography as described  earlier  (22).  Phospho- 
lipid content was quantitated by the  method of 
Ames (23). 

Differential scanning calorimetry (DSC) 

Differential  scanning  calorimetry was performed 
with a  Perkin-Elmer DSC-2 (Perkin-Elmer  Corp., 
Norwalk, CT). Intact VLDL was suspended in ethylene 
glycol-water 1: 1 in order to avoid the water fusion 
peak (25, 26), and  then  concentrated by ultracentrif- 
ugation  at 180,OOOg for  1 hr on  a Beckman Air- 
fuge (Beckman Instruments Co., Fullerton,  CA). 
Ethylene glycol-water 1:  1  did not affect the  phase 
transitions  described  herein. The phospholipid and 
neutral lipid fractions (0.5 to 2.0 mg) were solubilized 
i n  50 pl of chloroform-methanol 1:2 or chloroform, 
respectively, transferred to 10-pl aluminum  sample 
pans,  and warmed  to  about 50°C to  promote solvent 
evaporation. The pans  containing  the  samples were 
then lyophilized for 12 hr to  remove any residual 
solvent. A 10+1 aliquot of distilled water was then 
added to the phospholipid  sample and reference  pans 
and  the pans were sealed (24). No solvent was added 
to triglyceride or cholesteryl ester  samples or ref- 
erence pans. All lipids and lipid mixtures were weighed 
into  the DSC pans. Weights ranged  from  0.5 to 2.0 
mg. Intact VLDL was quantitated in the DSC pans 
by an enzymatic triglyceride assay (19, 20). Samples 
were placed in the DSC pans  at  room temperature, 
24"C, sealed, and cooled to -50°C at  a rate of  1.25"Cl 
min. The samples were equilibrated  about  5 min at 
the lower temperature limit before  a scan was initiated. 
The samples were then  reheated  to 65°C at a  rate of 
1.25"C/min. This cycle was repeated  four times. The 
recorded traces in the figures were taken during  the 
third cycle on  heating  and  the  fourth cycle on cooling. 
Sensitivities were either  0.2 or  0.5 mcal/sec as stated 
in the  figure  legends.  This  procedure  assured  that  the 
thermal history of the  samples was the same and that 
none of the  peaks was irreversible,  as in protein 
denaturation. The baseline was determined by extrap- 
olating the  terminal baseline back to the origin.  Over- 

v 

lapping  individual peaks were resolved by extrap- 
Lipid extraction, purification, and analysis olating  the  peaks back to the baseline such that  the 

Lipids were extracted  from  the VLDL by the peaks were symmetrical (27-30).  This  method has 
method of Bligh and Dyer (19). The phospholipid been shown to give good estimates of onset and final 
and  neutral lipid fractions were separated by silicic temperatures.  Although  enthalpies  accurate  to within 
acid chromatography.  Triglyceride, cholesterol, and 10% have been calculated by this method in model 
cholesteryl esters  were  separated by thin-layer  chro- systems of phospholipids (lo), in the  present work 
matography on silica gel G plates (Analtech, New- only total enthalpies are given. The areas  under  the 
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TABLE 1. Very low density lipoprotein lipid  composition" 

Lipid Class 

Triglyceride (TG) 
Cholesterol (C) 
Cholesteryl ester (CE) 
Phospholipid (PL) 
(C + PL)/(TG + CE) 
C/PL 

Infusate 

BSA BSA-oleate  palmitate 

100 100 100 
11.6 ? 1.5 16.2 2 2.5 12.5 ? 0.9 
2.5 ? 0.3 4.4 t 0.8 2.7 ? 0.3 

24.9 ? 4.3 16.3 t 3.1 30.3 ? 3.0 
0.36 0.3 1 0.42 
0.47 0.99 0.4  1 

BSA- 

'1 Triglyceride was set to 100 and all other lipid  species  were 
expressed in relation to  the triglyceride  value on a molar  ratio 
basis. Values represent  the  mean t S.E.M. (n = 4 to 9). 

peaks of the phase  transition were found by weigh- 
ing  the  paper;  the weights were compared to the 
weight  of a  standard  area of  known enthalpy (Indium). 

Fluorescence probe  incorporation and 
instrumentation 

Trans-parinaric acid and 1,6-diphenyl-1,3,5-hexa- 
triene were incorporated  into lipid fractions  at 1: 100 
mole ratios unless otherwise specified as described 
earlier  (22,  3 1). The computer-centered  spectro- 
fluorimeter first developed by Holland  and cowork- 
ers  (32-34) was used to  determine all fluorescence 
parameters as described  earlier  (13-15, 22, 31). This 
instrument corrects fluorescence for both instru- 
mental  artifacts of the excitation and emission sys- 
tem as  well as for  the  inner filter effect up to 
absorbances of 2.0 (33,  34). Light scattering was 
corrected by cut-off filters. Absorbance,  absorp- 
tion-corrected  fluorescence, and relative quantum 
efficiency are  determined simultaneously as a  func- 
tion of wavelength or  temperature. Fluorescence 
polarization was measured as (Ill - 11)/(111 + I,) cor- 
rected for  grating  anomalies  as  described elsewhere 
(13-  15).  Trans-parinaric acid and 1,6-diphenyl-1,3,5- 
hexatriene were excited at  313 and 362 nm, re- 
spectively; fluorescence emission was measured  at 4 15 
and 424 nm, respectively. Sample temperature was 
varied with an Exocal 100, Endocal 850,  and  ETP-3 
Temperature  Programmer system (Neslab Inst., Ports- 
mouth,  NH). Sample temperature was monitored with 
a  thermocouple directly in the cuvette and a  Kernco 
WR-700 Digital Thermometer  (Kernco  Inst., El Paso, 
TX) .  The thermal histories of these  samples were 
the same as for  those used to  obtain the DSC results 
except  that each sample was cooled only to 4"C, 
equilibrated  for  5  min, and  then subjected  to  the four 
heating  and cooling regimens as described in the DSC 
procedures. All determinations  represent  the  average 
of 40 values taken in several milliseconds for each 
sample  at each temperature. All values presented 

represent  the mean of three samples. All samples were 
studied  in  aqueous  phosphate-buffered saline (50 p g  
lipidlml). All fluorescence Arrhenius plots are  heating 
runs,  although cooling scans were performed  and 
similar data were obtained. 

RESULTS 

Effect of palmitate or oleate infusion on lipid 
composition of VLDL isolated from the perfused 
rat liver 

Table 1 shows the lipid composition of VLDL from 
livers perfused with  BSA, BSA-palmitate, or BSA- 
oleate.  Triglycerides were arbitrarily  assigned  a value 
of 100,  and  the  other lipid concentrations were ex- 
pressed on a molar basis as a ratio  to  the triglyceride. 
The major  alteration  noted was in  phospholipid con- 
tent which was two times greater in VLDL from pal- 
mitate-enriched VLDL as compared  to oleate-enriched 
VLDL. Control values were  intermediate.  This ob- 
servation was also reflected in the  'surface'  to  'interior 
core' lipid (C + PL/TG + CE) and cholesterol  to  phos- 
pholipid (C/PL) ratios. This may indicate  secretion of 
different size VLDL (13-15). The major fatty acid 
composition of the primary  lipid, the triglycerides, 
of the  three types of VLDL is shown in Table 2. The 
VLDL triglycerides, were enriched with the respective 
fatty acid present in the infusate. In addition,  the 
unsaturatedhaturated fatty acid ratio was 3.29 times 
higher in the triglycerides of VLDL isolated from 
livers perfused with BSA-oleate than with  BSA- 
palmitate. These results  suggested  that  the various 
VLDL particles might  have very different phase 
transitions which could be detected by differential 
scanning  calorimetry (DSC). 

TABLE 2. Major fatty acid composition of triglycerides 
from VLDL enriched with oleate or palmitate" 

Fatty Acid BSA BSA-oleate  BSA-palmitate 

% composition 

14:O 27.52 f 3.22 13.63 c 0.53 1.37 ? .12 
16:O 3.05 c .72 2.38 ? .06 39.41 -t 2.72 
16: 1 3.44 f .73 1.52 ? .25 5.82 -t .71 
18:O 12.74 f 2.61 8.22 ? 2.18 10.00 f 1.28 
18: 1 32.79 c 2.92 57.50 -t 2.29 23.45 c 1.36 
Unsaturated/ 

saturated 0.95 2.14 0.65 
~~~~ ~~ 

a Major  fatty acid composition  (weight  percent) was determined 
as described  in  Methods. Values represent  the  mean 5 S.E.M. 
(n = 4 to 9). Unsaturated/saturated values calculated using all 
fatty  acids. 
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Phase  behavior of intact VLDL 
Temperature scans of the intact VLDL are  pre- 

sented  in Fig. 1. Upon  heating,  the oleic acid-en- 
riched VLDL exhibited three  endothermic,  ther- 
motropic  peaks  centered at  -19,  -12,  and -1°C. 
Since the  extrapolated peaks are only estimates, values 
determined  from these  extrapolations are  denoted by 
a (7) in Tables 4 and 5. The peaks were 15,  12, and 
8°C wide respectively. Between the second and  third 
endotherms was a small exotherm  centered  at  about 
-6°C. These peaks were reproducible  on successive 
heating scans although  no peaks were obtained on cool- 
ing scans at  the  same scan rates. The total enthalpy  (sum 
of the  three peaks) was 74.1 caVg of  VLDL triglyceride. 
The thermotropic  behavior of palmitic acid-enriched 
VLDL was quite  different  from  that of the oleic acid- 
enriched VLDL. The broad  endothermic peaks were 
centered  at  1,  19, 27,38,  and 48°C. A small exotherm 
at 30"C, present in this VLDL suspended in ethylene 
glycol-water was more evident when the VLDL was 
suspended  in  water  (data not shown). A sharp 
exothermic  peak was also present  at 5°C  in cooling 
scans (10"/min) following which the baseline veered 
offscale exothermically. All the  peaks were repro- 
ducible on successive scans. The total enthalpy of 
these  heating  transitions was considerably smaller 
than  that  noted in the oleate  enriched VLDL transi- 
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Fig. 1. Differential scanningcalorimetry of intact very  low density 
lipoproteins. VLDL  was isolated from the  perfusate of rat livers 
infused with BSA-oleate, BSA-palmitate, or BSA and resuspended 
in ethylene glycol-water 1: 1 as described in Methods. Heating and 
cooling curves were obtained as described in Methods except that 
scanning rates of  10"C/min were used. (a) Heating curve of  VLDL 
(0.18 mg  of triglyceride) from livers perfused with BSA-oleate; 
sensitivity 0.5 mcal/sec, 230-330°K. (b) Heating curve of VLDL 
(0.2 1 mg  of triglyceride) from livers perfused with BSA-palmitate; 
sensitivity 0.2 rncahec, 230"-340"K. (c) Heating curves of  VLDL 
(0.26 mg  of triglyceride) perfused with  BSA; sensitivity 0.5 
mcahec, 230"-330"K. The extrapolated individual peaks and 
baseline are shown in dashed lines. 
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Fig. 2. DSC  of triglycerides extracted  from VLDL  of livers per- 
fused with different fatty acids. All methods were as described in 
the legend of  Fig.  1, except that extracted purified triglycerides 
were used without solvent and triglycerides from livers perfused 
with BSA-palmitate (1.59 mg) were determined at a sensitivity of 
0.5 mcal/sec, at 10"C/min. Cooling scans for each perfusate are 
shown. The scan rate  for BSA-oleate triglyceride (1.41 mg) was 
1.25Wmin at 0.5 mcal/sec. BSA triglyceride (0.92 mg) was scanned 
at 10"C/min at 0.2  mcal/sec. The extrapolated individual peaks and 
baseline are shown in dashed lines. 

tions. The cooling peak  enthalpy was 11.0 cal/g. 
The control VLDL exhibited two broad  endotherms 
with peaks at  -12 and 1°C upon  heating. No peaks 
were observed in cooling scans of the control VLDL, 
but the baseline gradually  veered in the exothermic 
direction, as i t  did in cooling scans of oleic acid 
and palmitic acid enriched VLDL. The heating 
transitions were reproducible  on successive scans of 
the  same  sample. The total enthalpy of these peaks 
was 8.3 cal/g VLDL triglyceride. Thus  the control 
VLDL had  transitions with the lowest enthalpy of 
all three  groups. Finally, one transition  centered 
near - 1 to 1°C appeared in  all three types of  VLDL. 
Both transitions found in the control VLDL also ap- 
peared in the oleate  enriched VLDL. However, the 
major peaks in the palmitate-enriched VLDL were 
separated by 50-60°C. 

Phase  behavior of isolated lipid fractions 
Triglycerides represent  the single largest class  of 

lipids in the VLDL (Table  1). As shown in Fig. 2, 
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the  heating scans of triglycerides  extracted from 
VLDL isolated from  the  perfusate generally resembled 
the  corresponding scans of intact VLDL scans, with 
regard  to  the  temperature  at which the transitions 
occurred.  In  addition cooling peaks  were  obtained. 
The isolated triglyceride  peaks  had  different  in- 
dividual  transition  enthalpies and were more  sharply 
defined  than  those in the intact VLDL. In  some 
cases individual  peaks overlapped, causing  some  peaks 
to appear as shoulders  on  other  peaks. 

Triglycerides from oleic acid-enriched VLDL dis- 
played three  endothermic peaks centered at -20.7 
& 0.7, 14.4 5 0.6,  and 0.8 f. 03°C when scanned at 
10"C/min. An exotherm  appeared at -9°C between 
the two higher  temperature  and  the first lower tem- 
perature peaks. The peaks were reproducible  and 
reversible, since two exothermic  peaks  centered at 
-31.3 f. 1.3 and  -35.5 k 0.8"C were obtained when 
the sample was cooled at 1.25"C/min. The thermo- 
tropic  behavior of palmitic acid-enriched  triglyceride 
also resembled  that of the intact palmitate-enriched 
VLDL scans (Fig.  2). Upon  heating  at 10"C/min, two 
groups of endothermic peaks appeared  separated 
by an  exotherm of similar magnitude to the  endo- 
therms. The first group of peaks consisted of three 
individual  peaks. The first centered  at  -7.6 2 0.5"C 
was a  shoulder  on  the second  peak  at - 1.6 k 0.7"C. 
The third was a small shoulder  on  the  end of the 
second peak  centered  around  4.2 2 0.6"C. The large 
exotherm was centered  at  about 20°C. The second 
group of peaks was comprised of a  broad  shoulder 

leading  into  the  fourth peak at  37.3 2 13°C.  The 
fifth peak was located at 46.7 f. 0.7"C. Upon cooling 
at lO"C/min, a  large  sharp peak was observed  cen- 
tered  at 20.9 k 0.8"C. Following this was a  shorter, 
broader peak (possibly two peaks)  centered  at  -3.5 
? 1.2"C  with the possible second  peak  centered  at 
- 11.0 2 0.4"C. All the  peaks were reversible and 
reproducible  on successive heating or cooling scans. 
The control  triglyceride  (Fig.  2)  differed from  the 
control intact VLDL in that only one peak was noted 
upon  heating  at 10"C/min. This peak was centered 
at - 13.8 k 1.7"C and was reversible and  reproducible, 
with a cooling peak  centered at 1.3"C when scanned 
at 10"C/min. 

The total enthalpies  for each group of peaks in 
both  heating  and cooling scans,  noted in Fig. 2 are 
shown in Table 3. The enthalpy is reported as cal/g 
total triglyceride  present. The total enthalpies of tri- 
glycerides extracted  from  the VLDL of livers infused 
with BSA-oleate, BSA-palmitate, or BSA were 16.38, 
19.97,  and  8.95 cal/g on  heating  and 1.13,  7.6, and 
1.3 cal/g on cooling, respectively. Thus,  the  enthalpies 
of VLDL triglyceride  taken from  heating scans of 
VLDL obtained  from livers infused with fatty acids 
were about twice  as high as  control values. The cor- 
responding total enthalpies in the intact VLDL heat- 
ing scans were 74.1, 24.7, and  8.3 cal/g intact VLDL 
triglyceride, respectively. Only the palmitate-enriched 
VLDL and  control VLDL had total enthalpies similar 
to those of the  extracted triglycerides. The intact 
oleate-enriched VLDL had 4-5-fold higher  enthal- 

TABLE 3. Total  enthalpies of triglycerides and triglyceride-cholesteryl ester transitions" 

Total  Enthalpy (cal/g) 

Heating  Scans  Cooling Scans 

Group 1 Group 2 
Infusate 

Group 1 
Transitionsk'  Transitions  Transitions 

Group 2 
Transitions 

Triglycerides 

BSA-oleate  13.08 f 0.76 3.30 ? 0.23  1.13 f .20 
BSA-palmitate  11.25 2 1.31  8.22 t 0.77  4.4 f 0.50 3.20 f 0.64 
BSA 8.95 2 0.38 1 .3d 

Triglycerides + Cholesteryl Esters' 

BSA-oleate 13.00 5 1.33 2.40 2 0.30 1.08 2 0.27 
BSA-palmitate  12.27 ? 0.62 8.4 f 0.61  4.4 f 0.60 
BSA 

3.99 f 0.39 
6.28 f 0.65 

" VLDL was isolated from  perfused  rat liver;  triglyceride and cholesteryl ester  fractions were 
obtained as described in Methods. Total enthalpies are expressed as cal/g total  triglyceride 
present. Values represent  the  mean f S.E.M. (n = 4 to 9). 

' Group 1 and  Group 2 transitions  refer  to  peaks below and  above  the  exotherm. 
Cholesteryl esters  were mixed with triglycerides in  the ratios found  in  the  intact VLDL; for 

VLDL from BSA-oleate infused livers this ratio was 0.034, while for VLDL from livers infused 
with BSA-palmitate or BSA the  ratio was 0.023  and  0.018, respectively. 

d n  = 1. 
e Group 1 and  Group 2 transitions  refer to non-overlapping  peaks. 
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pies than  the  corresponding  extracted triglycerides. 
Individual  transition  enthalpies  were  not reported  for 
the following reasons: I )  the individual  peak  enthal- 
pies were  considerably variable; 2 )  detailed  decom- 
position of the multiple  overlapping  peaks was dif- 
ficult; and 3 )  it is not known if the lipid composition 
of each peak is the  same as the calculated area com- 
position. 

The individual  peaks were also extrapolated  to  the 
baseline by previously reported  methods (27-30). The 
onset,  peak, and final temperature as well as transition 
width are summarized in Table 4. BSA-palmitate in- 
fusion  resulted in a  shift of onset,  maximal, and final 
temperatures of the  heating  transitions  to  higher 
temperatures, many of  which were in the physio- 
logical temperature  range  near 37°C (peaks  4 and 5) .  
Neither  the  control (BSA) nor  the BSA-oleate tri- 
glycerides had  onset,  maximal, or final temperatures 
in the physiological range;  although  some  tempera- 
tures  were above 0°C (1 to 8OC). The width of the 
transition (AT) generally  decreased at  higher  tem- 
peratures. 

Effect of cholesteryl  esters  on  triglyceride 
transitions 

Cholesteryl esters are readily soluble in triglyceride 
and they are believed to  partition into  the triglyceride 
core of lipoproteins (8, 24).  Triglycerides  present in 
low percentages  abolished the cholesteryl ester  phase 
transition  noted by  DSC (8, 24). Conversely, it seems 
possible that small amounts of cholesteryl esters may 
also abolish triglyceride  transitions. Therefore, mix- 

tures of triglycerides and cholesteryl esters at mole 
ratios found in the lipid composition of VLDL were 
prepared  and scanned by DSC. The results are shown 
in Fig. 3 and  the  thermal  data  are summarized in 
Table 3. As noted in Fig. 3, the cholesteryl esters 
did not abolish any of the triglyceride  transitions 
nor were the  onset, maximal, or final temperatures 
shifted significantly (data  not  shown). In addition,  no 
new cholesteryl ester  transitions were noted, as ex- 
pected from  the  high  amount of triglyceride  present 
(8, 24). The scans of the oleic acid-enriched  mixture 
were very similar in appearance to the scans of the 
oleic acid-enriched triglycerides. The peak  tempera- 
tures were shifted only slightly, typically  less than 1°C 
for both heating and cooling scans. The total enthal- 
pies of heating  peaks and cooling peaks were not 
changed significantly by addition of cholesteryl esters. 
Scans of palmitic acid-enriched triglycerides mixed 
with cholesteryl esters were also similar to the  pure 
triglycerides and peak temperatures  differed by no 
more  than 3°C for  heating  and cooling scans. The 
control  mixture  exhibited the only striking effect of 
cholesteryl esters  on the triglyceride  transitions. Only 
one peak was noted in the triglyceride scan  while 
in the  mixture  a possible second peak was noted 
at -37"C, as well as a  more clearly defined  shoulder 
preceeding  the main peak between -30 to -20°C. 
The main peak was shifted  about 0.7"C and was 
sharper.  The enthalpy was decreased 1.9 cal/g. N o  
cooling peak was obtained.  However,  Table  3  indi- 
cated  that  the total enthalpy  (sum of all peaks) of 
the triglycerides was not altered significantly by addi- 

TABLE 4. Effect  of infusate  fatty acid on  thermal  properties of extracted triglyceride transitions 

Onset  Peak  Final 
Infusate Peak" Temperature  Temperature  Temperature A I  

BSA-oleate Heating 1 
Heating 2 
Heating 3 
Cooling 1 
Cooling 2 

BSA-palmitate Heating 1 
Heating 2 
Heating 3 
Heating 4 
Heating 5 
Cooling 1 
Cooling 2 
Cooling 3 

BSAb Heating 1 
Cooling 1 

-31.2 f 1.2t 
-23.9 f 1.07 
-6.5 f 0.05 

-29.0 t 0.7 
-32.3 f 0.8t 

- 18.8 f 0.9t 
-12.5 f 1.3t 
-1.6 2 1.0t 
25.3 f 0.9 
38.3 f 0.8t 
23.0 f 1.1 
-0.6 f 1.3 
-9.6 f 0.2t 

- 19.0 
-27.6 1.6 

"C 

-20.7 ? 0.7 
- 14.4 t 0.6 

0.8 f 0.3 
-31.3 ? 1.3 
-35.5 ? 0.8 

-7.6 f 0.5 
- 1.6 5 0.7 

4.2 f 0.6 
37.3 f 1.8 
46.7 L 1.7 
20.9 t 0.8 
-3.5 f 1.2 
- 11.0 f 0.4 

-13.8 & 1.7 
-23.0 

- 13.2 f 0.51 18.0 f I . l t  
-7.5 * 1.2 16.4 f 1.3t 

4.4 -t 0.5 10.9 t 0.9 
-34.4 ? 1.5t 5.4 f l . l t  
-38.8 f 0.8 6.8 f 0.31 

-1.6 2 0.3t 17.2 f 1.OT 
5.1 t 0.7t 10.4 f l . l t  
8.8 f 0.6 17.0 f 2.5t 

42.3 f 1.6t 17.0 f 2.5t 
50.7 ? 0.6 12.4 2 I . l t  

7.4 t 1.0 15.6 f 1.6 
- 19.8 f 1.67 17.5 f 2.0t 
-22.4 f 2.1 13.3 f 2.7t 

-5.5 L 1.8 22.1 5 0.5 
-30.0 1 1 . o  

"Peaks were numbered  from  right to left. Values represent  the  mean ? SEM ( n  = 4). A dagger (t) 

bn = 1. 
represents values obtained  from  extrapolation as described  in Materials and  Methods. 
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BSA-palmitate 

BSA 

Fig. 3. Effect  of  cholesteryl esters  on triglyceride phase  behavior. 
All methods  and  sample sizes were  the  same  as  described in the 
legend of Fig. 2, except  that cholesteryl esters isolated from  the 
VLDL were  added to the respective  triglycerides in  the  same  molar 
ratios  as found  in  the  intact  VLDL  (see  text  for  details). 

tion of the cholesteryl ester. Thus,  no systematic 
pattern of cholesteryl ester effects was apparent. 

Effect of fatty acid infusion on thermal  properties 
of VLDL phospholipids 

It was previously shown that  the VLDL triglyceride- 
cholesteryl ester  core appears to  be surrounded by a 
phospholipid-cholesterol  monolayer  (12- 14). Thus, 
the VLDL surface lipid may have different  thermal 
properties  than  the  'interior  core' lipids. DSC heating 
scans for total phospholipid are illustrated in Fig. 4. 

The thermal  data  are listed in Table 5. The phos- 
pholipids  from VLDL of livers perfused with  BSA- 
oleate  exhibited  a reversible transition  centered  at 
45.6 +_ 0.6"C when scanned at 10"C/min and a small 
cooling peak at 30.4"C at the same  scanning  rate. The 
phospholipid of VLDL from livers perfused with 
BSA-palmitate exhibited three peaks  centered  at 
35.3", 43.0", and 50.5"C, and a cooling peak at 14.8 
2 4.0"C. The total enthalpies of the transitions were 
low (less than 2.18 cal/g of phospholipid) when com- 
pared  to  triglyceride  transitions.  Phospholipid  from 
VLDL of livers perfused with BSA exhibited no 
phase  alterations when scanned  at 10"C/min from 2 to 
63°C on  either  heating or cooling scans. The widths 
of the phospholipid  transitions were generally nar- 
rower  than  those of the triglycerides and decreased 
for peaks occurring  at  higher  temperatures. 

Thermal  properties of phospholipid-cholesterol 
mixtures 

Cholesterol and phospholipids are both 'surface' 
lipids of  the VLDL. Therefore,  the effect of cholesterol 
on phospholipid  phase behavior was determined. 
Cholesterol was added to the phospholipid of VLDL 
from livers perfused with BSA-oleate, BSA-palmitate, 
or BSA in the  same mole ratio as found in the  re- 
spective VLDL (0.99, 0.41, and 0.47, respectively, 
see Table 1). None of the cholesterol-phospholipid 
mixtures  exhibited  transitions when heated or cooled 
at 10"C/min (data  not  shown). Thus, cholesterol  ef- 

2 0  4 0  60 80 OC 
7 f I I ' ' *  

I 

I 

- 
0 
W 

tn 
P 

v) 
tn 
w 

BSA 

1 " ' " I  
300 320 340 O K  

Fig. 4. Phase  alterations  in  purified  phospholipids  from VLDL 
of perfused liver. Extracted  phospholipids  were  resuspended in 
10 pI of  distilled  H,O and  scanned  from 270 to 350°C at 10"Wmin, 
sensitivity 0.2 mcalhec:  BSA-oleate, 0.56 mg; BSA-palmitate, 0.49 
mg;  BSA, 0.61 mg of phospholipid, respectively. 
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TABLE 5 .  Thermal properties of phospholipids of VLDL isolated from rat livers perfused with BSA-oleate or BSA-palmitate" 

Onset Peak Final 
Infusate Peak Temperature  Temperature  Temperature AT AH 

Total 

("Ci (calk) 

BSA-oleate Heating 1 38.6 t 1.3 45.6 f 0.6 48.8 f 0.6 10.2 t 1.3 0.45 t 0.19 
Cooling 1 33.9 2 1.9 30.4 t 1.9 26.3 t 1.9 7.6 ? 0.2 0.30 2 0.10 

BSA-palmitate Heating  1 29.4 t 1.4 35.3 t 0.8 40.9 f I . l t  11.5 t 1.7t 
Heating  2 37.0 ? 1.3t 

2.18 t 0.8 
43.0 t 1.8 46.2 t 1.9t 9.2 f 0.87 

Heating  3 46.0 t 3.0t 50.5 2 1.0 53.0 ? 0.5 7.0 2 2.0t 
Cooling 1 18.6 t 3.9 14.8 2 4.0 10.3 ? 4.8 8.4 * 3.5 0.70 ? 0.70 

BSA n.d. n.d. n.d. n.d.  n.d. 

" Enthalpy expressed as cal/g total phospholipid present. Values represent the mean k S.E.M. (n = 3 to 9).  n.d. means 
not detectable. A dagger (t) represents values obtained from extrapolation as described in Materials and Methods. 

fectively eliminated the phospholipid transitions noted 
in the previous  section. Similar effects of cholesterol 
on phospholipid  transitions  have  been  noted else- 
where  (35).  However,  the  effect of cholesterol on 
abolishing  phase  transitions of mixtures of phos- 
phatidylcholine species was highly dependent  on  the 
fatty acid chain  length  (35). 

Thermal  properties of the cholesteryl esters 

The cholesteryl ester  fraction of each VLDL type 
constituted only a very small fraction of the  lipid, 
usually less than  3% on a mole basis  of the total 
lipids. The cholesteryl esters  did  not show a  separate 
transition in the intact VLDL or triglyceride-choles- 
teryl ester  mixtures. We were also unable  to  detect 
a  distinct  phase  transition in the isolated cholesteryl 

ester  fractions from VLDL obtained  from livers 
perfused with BSA-oleate, BSA-palmitate, or BSA. 

Effect of palmitate or oleate infusion on fluorescence 
parameters  of  probe molecules in lipid fractions 
extracted  from VLDL 

The  structure of the VLDL appears to be that of a 
spherical particle with an  'interior core'  composed 
of triglyceride and small amounts of cholesteryl 
esters  (13-15, 36,  37). The core is surrounded by a 
monolayer of phospholipid,  cholesterol,  and  protein. 
The effect of interior  core lipids on  the  surface mono- 
layer and vice-versa is not  known. Table 6 illustrates 
the fluorescence polarization of trans-parinaric acid 
and 1,6-diphenyl-  1,3,5-hexatriene in intact VLDL 
and in isolated lipid fractions. The location of  trans- 

TABLE 6. Fluorescence polarization and corrected fluorescence of trans-parinaric acid and 1,6-diphenyl-1,3,5-hexatriene 
in lipid fractions isolated from VLDL secreted by the  perfused rat liver" 

Fatty Acid 
Infused Lipid Fraction Fluorescence Probe Polarization  Fluorescence 

Corrected 

Palmitic  (16:O) Intact VLDL 
~~ 

trans-parinarate 
Phospholipids trans-parinarate 
Phospholipids + cholesterolb tram-parinarate 

0.387 ? 0.010 205 f 20 
0.310 t 0.010 73 t 16 
1.332 f 0.007 146 t 12 

Intact VLDL 1,6-diphenyl-1,3,5-hexatriene 0.352 f 0.012 237 t 16 
Phospholipids 1,6-diphenyl-1,3,5-hexatriene 0.299 2 0.020 72 2 13 
Phospholipids + cholesterolb 1,6-diphenyl-1,3,5-hexatriene 0.327 t 0.014 197 2 18 
Triglycerides 1,6-diphenyl-1,3,5-hexatriene 0.377 2 0.012 15 2 2 

Oleic (18: 1) Intact VLDL trans-parinarate 
Phospholipids trans-parinarate 
Phospholipids + cholesterolb tram-parinarate 

0.215 2 0.008 95 ? 10 
0.283 2 0.01 1 40 f 5 
0.309 2 0.004 193 t 27 

Intact VLDL 1,6-diphenyI- 1,3,5-hexatriene 0.230 2 0.0 12 106 ? 4 
Phospholipid 1,6-diphenyl- 1,3,5-hexatriene 0.300 f 0.0 15 108 f 10 
Phospholipids + cholesterolb 1,6-diphenyl-1,3,5-hexatriene 0.371 t 0.006 174 f 9 
Triglycerides 1,6-diphenyl-1,3,5-hexatriene 0.155 2 0.014 16 T 3 

Fluorescence probe  to lipid ratios were 0.2 pg trans-parinarate acid/50 pg lipid and 0.1 pg diphenyl  hexatriene/50 pg 
lipid. However, for triglycerides 1.1 pg diphenylhexatriene/50 pg lipid was used. All corrected fluorescence and polarization 
values were determined  at 24°C as described in Methods. Each value represents the mean f S.E.M. of three samples. 

Phospholipid was mixed with cholesterol in the same molar ratio as found in the intact VLDL. 
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parinarate in the VLDL appears  to  be in the  surface 
monolayer while the  diphenylhexatriene partitions 
primarily into  the  interior  core lipids,  about 4:l 
(13,  15). The fluorescence  polarization of the trans- 
parinarate in the  phospholipids  from  palmitate-en- 
riched VLDL was 0.310 ? 0.010, considerably lower 
than in the intact  VLDL, 0.387 2 0.010. The higher 
fluidity of the  phospholipids was thought  to  be  due 
to  the absence of cholesterol  that is found in the  sur- 
face  monolayer of the VLDL. However,  the  fluores- 
cence  polarization of the  trans-parinarate in  a  molar 
mixture of phospholipids  and cholesterol  equivalent 
to that  found in the intact VLDL was only 0.332 k 0.007, 
still  less than in the intact VLDL. Possibly, the  higher 
polarization in the intact VLDL was due to protein 
or interaction of the  surface monolayer with the 
triglyceride  core that was enriched with saturated 
fatty acids after palmitate  infusion.  If  this were true, 
then  the  opposite  effect  should be noted with the 
highly unsaturated triglyceride  core produced  after 
oleate  infusion.  Indeed  the polarization of the ex- 
tracted  phospholipids or phospholipids + cholesterol 
was much higher (0.283 2 0.01 and 0.309 k 0.004, 
respectively) than in the intact VLDL, 0.2 15 ? 0.008. 
This observation is supported by the fact that  the 
fluorescence polarization of diphenylhexatriene in 
the triglycerides from VLDL of livers perfused with 
palmitate was 0.377 t 0.012 as compared  to tri- 
glycerides from VLDL of livers perfused with oleate, 
0.155 * 0.014. Also, since about 20% of the  diphenyl- 
hexatriene in the intact particle is i n  the  surface 
lipids, a  higher total polarization of diphenylhexatriene 
may  be expected in the intact VLDL as compared 
to the  extracted  triglycerides i n  the oleate  enriched 
VLDL (0.230 versus 0.155); while a lower polarization 
i n  the intact VLDL as compared to the  extracted 
triglycerides would be expected in the palmitate- 
enriched VLDL (0.352 versus 0.377) as shown in Table 
6. Finally, the  data indicate  that  generally  phos- 
pholipids,  phospholipids + cholesterol, and triglyc- 
erides  had lower polarization values i n  oleate-en- 
riched VLDL than in palmitate-enriched VLDL with 
both probe molecules. 

The fluorescence polarization of probe molecules 
is a  parameter that is independent of probe concen- 
tration. I n  contrast,  corrected  fluorescence of a  probe 
molecule is a  concentration-dependent  parameter that 
is sensitive to probe  uptake  (or  concentration) as  well 
as to  environmental  constraint.  Table 6 also illustrates 
the  corrected  fluorescence of truns-parinarate and 
diphenylhexatriene in the VLDL and  extracted lipid 
fractions. The corrected  fluorescence of hms-parinar- 
ate in intact VLDL isolated from  palmitate-infused 
livers was higher  than in the  phospholipids (205 

versus 73). Addition of cholesterol  to  phospholipids 
increases  environmental  restraint  and  the  corrected 
fluorescence  increases  to 146. However, this was still 
less than in the intact  particle. The higher  corrected 
fluorescence of trans-parinarate in the intact  particle 
may  possibly be due to interaction of the  surface 
monolayer of phospholipid  and cholesterol with the 
highly saturated  (palmitate)  rigid  interior  core tri- 
glycerides. If so, the  opposite  behavior would be ex- 
pected in the  unsaturated fatty acid (oleate)-enriched 
VLDL. Indeed, as shown in Table 6 this was the case; 
the  corrected  fluorescence of trans-parinarate was 
lower in the intact  particle than in the  phospholipid- 
cholesterol  mixture. Similar data  were  obtained with 
diphenylhexatriene. A major  difference between in- 
tact VLDL and triglycerides was also noted with 
diphenylhexatriene. In  the intact VLDL the  probe is 
quickly taken up (13-15). However, the  extracted 
triglycerides took up only small amounts of the  probe 
even at  5-fold  higher probe to lipid ratios. Small 
amounts of cholesteryl esters  had no effect  on  probe 
uptake. 

Arrhenius  plots  of  trans-parinarate  and 1,6- 
diphenyl-1,3,5-hexatriene corrected 
fluorescence in VLDL lipid fractions 

We have previously shown that both trans-parinarate 
and  diphenylhexatriene displayed characteristic  break 
temperatures in intact VLDL (13-  15). In Fig. 5A, trans- 
parinarate exhibited  characteristic temperatures at 
24, 32, and 40°C. Addition of cholesterol to the phos- 
pholipids in molar  ratios as found in the intact VLDL 
did  not abolish these  characteristic temperatures 
noted with trans-parinaric acid (Fig. 5B). The char- 
acteristic temperatures were  shifted only slightly 
if at all. 

Since diphenylhexatriene also partitions  into  the 
surface  monolayer of the VLDL, Arrhenius plots were 
performed as described in Fig. 5. A breakpoint 
appeared  at 28°C for  phospholipids  from  palmitate- 
as well as oleate-enriched VLDL (Fig. 5C). Addition 
o f  cholesterol in molar  ratios found in the intact 
VLDL did  not abolish these  breakpoints  and shifted 
them only slightly (Fig. 5D). Fig. 5E illustrates 
Arrhenius plots of diphenylhexatriene i n  the tri- 
glyceride fraction. The triglycerides from oleate-en- 
riched VLDL exhibited  breakpoints  at 19 and 30°C 
while those from  palmitate-enriched VLDL showed 
breakpoints  at 26 and 38°C. Thus,  the characteristic 
temperatures  determined by diphenylhexatriene were 
different in the triglycerides as compared to the 
surface lipids (phospholipids + cholesterol);  the  latter 
exhibited only one breakpoint while the  former showed 
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Fig 5. Arrhenius plots of absorption  corrected fluorescence for trans-parinarate and 1.6-diphenyl-] ,3,5-hexatriene lipids extracted from 
very low density lipoproteins. In A, the  absorption corrected fluorescence of trans-parinarate (1 :  100 mole ratio) in  VLDL phospholipids 
secreted by the liver perfused with palmitate (16:O) or oleate (18: 1) was measured as a function of temperature as described in Material 
and Methods. In B, cholesterol was added  to the phospholipids in molar ratios as found in the intact VLDL in the lower panel. In C and D, 
1 ,g-diphenyl- 1,3,5-hexatriene  (1: 100 mole ratio) was used instead of tram-parinarate. In E, 1,6-diphenyl- 1,3,5-hexatriene was incorporated 
into triglycerides ( 1 : l O O  mole ratios) at 50 pg of triglyceridelml phosphate-buffered saline. 

two. It should be noted  that  the single breakpoint in the palmitate-enriched triglycerides than in the 
in the phospholipid + cholesterol was in each case oleate-enriched triglycerides. If these  breakpoints are 
close to one of the two breakpoints  evident in the interpreted as the  onset and  end of phase  altera- 
respective triglycerides. In summary,  the fluorescence tions, the midpoints of the phase  transition would 
probe molecule detected  characteristic temperatures be  at 24.5"C and 32.0% in triglycerides from oleate- 
in the triglycerides that were 7 to 8 degrees  higher and palmitate-enriched VLDL, respectively. 
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DISCUSSION 

The currently  accepted  structure of VLDL consists 
of a triglyceride core  to which cholesteryl esters par- 
tition (13-17).  Surrounding  the core is a  phospho- 
lipid monolayer containing  cholesterol and  protein. 
Our investigations utilizing DSC have shown that  the 
triglyceride  core is the major  contributor  to  the  phase 
alterations of the  intact VLDL particle. The intact 
VLDL exhibited similar multiple peaks by differential 
scanning  calorimetry  as the purified  triglyceride. A 
similar finding was reported recently for  human 
VLDL (10). The multiplicity of the peaks may be 
partially explained as follows. 1 ) The triglyceride ex- 
hibited  polymorphic  behavior. The exotherm  noted 
with palmitrate- and oleate-enriched triglycerides and 
VLDL supports this explanation. An exotherm of this 
type is considered  strong  evidence of a conversion 
from a metastable to  a  stable  state  (38).  Exotherms 
appear between endotherms  on DSC and DTA scans 
of pure samples of single acid triglyceride as they 
convert  from a to p' and p crystalline forms  (39,  40). 
2 )  There is more  than  one species of triglyceride 
(present as separate  phases). The compositional data 
of Table  1  and 2  suggest  that even though we have 
enriched  the VLDL triglycerides with oleate or pal- 
mitate there  are still significant quantities of triglyceride 
present with other esterified fatty acids. It has been 
noted previously that, in triglycerides containing  both 
saturated and  unsaturated fatty acids, there is a  greater 
tendency for  saturated fatty acids to  partition into a 
different set of layers than  unsaturated fatty acids 
(4 1). Indeed if only polymorphic  forms were present, 
some peaks would be  expected  to disappear  on 
successive heatings  (38-42). On  the  other  hand, if 
only different  triglyceride species were present,  no 
exotherm would be expected since exotherms  are 
indicative of metastable or polymorphic  forms. 

Each DSC peak of the triglycerides from VLDL 
of livers perfused with BSA-oleate, BSA-palmitate, 
or BSA had  characteristic  onset, maximal, and final 
temperatures  as well as  transition width and  enthalphy 
that were determined by the type of fatty acid in the 
perfusate. Only  livers perfused with palmitate secreted 
VLDL that  had  phase  transitions in the physiological 
temperature  range.  Transitions in the  other VLDL 
occurred at low temperature  ranges  and  demonstrated 
considerable  supercooling. In addition,  the  transitions 
were similar to those of the triglyceride extracted 
from  the VLDL. These  data  are in agreement with 
those reported elsewhere  for human VLDL (10, l l ) .  It 
is apparent that the transitions from  human  and  rat 
VLDL were similar and  that  perhaps  the type of fatty 
acid infused or fatty acid ingested may not only 

determine  the microviscosity  of the VLDL (1 1, 13- 15) 
but also the phase behavior (10,  11,  13-15). The 
thermal behavior of other lipid components  (phospho- 
lipids, cholesteryl esters, and cholesterol) of the VLDL 
was also determined and  found not to be contributory 
to the intact VLDL thermotropic  behavior  except in 
the case  of oleate-enriched VLDL. Although cho- 
lesterol abolished the DSC transitions of the phos- 
pholipids, with fluorescence probe molecules fatty 
acid dependent  breakpoints in Arrhenius plots were 
noted by fluorescence of trans-parinarate  (13-  15). At 
least two explanations  for this difference  are evident: 
1 ) the fluorescence techniques  detect crystalline 
behavior not sensitive to DSC as discussed above, or 
perhaps, 2 )  the  underlying  triglyceride  core affects 
the motional properties of  acyl chains in the  surface 
monolayer as previously suggested ( 13- 15, 3 1). 

The data  obtained  herein on possible phase be- 
havior detected by fluorescence probes in lipid frac- 
tions extracted  from  the VLDL may be compared  to 
DSC  of the  same  fractions.  Diphenylhexatriene 
illustrated only one characteristic  breakpoint  inde- 
pendent of the type of fatty acid enrichment in 
the VLDL extracted  surface lipids (Fig.  2) while  trans- 
parinarate showed two to three characteristic  break- 
points some of  which were sensitive to the type of fatty 
acid enrichment (Fig. 1). Breakpoints  at  23 and 40°C 
for  phospholipid  from  oleate-enriched VLDL and 
23,  32,  and 40°C for  phospholipids from palmitate- 
enriched VLDL were noted with trans-parinarate. 
DSC results with the same  fractions showed three 
phase  transitions in the  phospholipids  from palmitate- 
enriched VLDL with onset and  end  temperatures 
at  29.4 and 40.9"C, 37 and 46.2"C, and  45  and 53"C, 
respectively. Only the  temperatures of the first DSC 
transition at 29.4 and 40.9"C correlate reasonably well 
with those  noted with trans-parinarate  at 32 and 40" 
and with diphenylhexatriene  at 28°C. The higher  tem- 
perature DSC transitions were not  detected by fluores- 
cence since the fluorescence Arrhenius plots only went 
as high as 45°C.  No DSC transitions were noted below 
29°C; while fluorescence of trans-parinarate showed a 
breakpoint  at 24°C. N o  DSC transitions were noted 
below 38.6"C in phospholipids  from  oleate-enriched 
VLDL. Truns-parinarate showed a  characteristic  break 
temperature at 40°C and  an additional one  at 23°C not 
detected by DSC. Addition of cholesterol to the phos- 
pholipids in molar ratios found in the intact VLDL 
abolished all the DSC phase  alterations but  did not 
change  the characteristic break temperatures  noted 
with trans-parinarate or diphenylhexatriene sig- 
nificantly. Thus,  the DSC and fluorescence probe 
behavior of VLDL surface  phospholipids and choles- 
terol  did not correlate well. This may be due to  the 
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presence of quasi-crystalline structures or clusters in 
the liquid crystalline state (43-45) or to  differential 
partitioning of diphenylhexatriene and trans-parinaric 
acid. The trans-parinaric acid in contrast  to cis-pari- 
naric acid has  been reported to  be very sensitive to 
cluster  formation in bovine retinal rod  outer segment 
membranes and phospholipids (46). Differential 
scanning  calorimetry may not be sensitive to cluster 
formation. Thus, fluorescence techniques may provide 
information  on  microdomain or cluster  formation, 
while differential  scanning  calorimetry  provides  data 
on bulk lipid phase  dependencies. Lastly, the tri- 
glycerides had  characteristic  breakpoints (Fig. 3) at 19 
and 30°C and at 26 and 38°C for triglycerides from 
oleate- and palmitate-enriched VLDL, respectively. 
No phase  transitions were noted by DSC above 4.4"C 
in triglyceride from oleate-enriched VLDL. In con- 
trast,  transitions with onset and  endpoints at 25.3 to 
42.3"C and 38.3 to 50.7"C were  noted in triglycerides 
from  palmitate-enriched VLDL. Two of these  onset 
temperatures  correlate well  with breakpoints shown 
by trans-parinarate  fluorescence (26 and 38°C). Thus, 
the  fluorescence probe  diphenylhexatriene  reported 
similar breakpoints  as DSC for  the triglycerides from 
palmitate-  but  not  oleate-enriched VLDL. 

The data  presented  here indicate  that  the  interior 
core lipids of the VLDL may affect the physicochemical 
properties of the  surface  monolayer lipids (Table 1). 
An alternate, less likely possibility must also be con- 
sidered:  the  properties of phospholipids and choles- 
terol in a  monolayer may be different  than in bilayer 
depending  on  their symmetric or asymmetric dis- 
tribution (47,  48). These  properties may also depend 
on  the  type of fatty acid infused and its effects on 
phospholipid synthesis. The effect of inner monolayer 
phospholipids on  the motional properties of outer 
monolayer phospholipids in model or biological  bilayer 
membranes is not  known. Other investigations sug- 
gest that  the two monolayers are not  coupled with 
respect to motional  properties (47,  49,  50). In con- 
trast, monolayer coupling may occur in sphingomyelin 
systems (51). Also, interior  core  lipids  such  as choles- 
teryl esters may increase the microviscosity of liver 
plasma membranes (52). Thus,  the  data presented here 
are also consistent with the possibility that  the rigidity 
of the  surface  monolayer of the VLDL, as deter- 
mined by the polarization of trans-parinarate, is affected 
by the  degree of unsaturation  andlor rigidity of the 
interior  core triglycerides. Finally, it must  be recog- 
nized that VLDL apoproteins can  also affect the thermal 
behavior of the VLDL lipids. Rosseneu et  al. (53,  54) 
have  demonstrated  that  interactions of apoC-I, 
apoC-11, apoA-I, or apoA-I1 with phospholipids are 
highly exothermal processes. Structural  alterations in 

apoprotein C-111 from  human VLDL upon interac- 
tion with phospholipids have also been reported (55). 
Herein, we have also demonstrated  that  the total 
ethalpies of the intact VLDL differ significantly 
from  the  extracted lipids. 

In summary, both DSC and fluorescence  probe 
molecules detect  differences in physical properties 
of VLDL from  rat livers perfused with oleate as com- 
pared with palmitate.  However, because of differences 
in environments  detected by these  methodologies 
(bulk versus microenvironment)  the  results  are  not 
simply comparable  and should be considered com- 
plementary in structural  characterization of  very  low 
density 1ipoproteins.m 
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