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SUMMARY: Lipoprotein de f i c i en t  serum has been shown to enhance l i p i d  synthesis 
In c--ultured normal human skin f i b rob las ts  incubated in the presence of 
oleate-albumin. The fac tor  responsible is nondialyzable and t ryps in  sens i t i ve .  
The st imulat ion is proport ional  to the concentrat ion of l i popro te in  de f i c i en t  serum 
in the media and is present at al l  oleate concentrat ions and incubation times 
assayed. The protein has been p a r t i a l l y  pu r i f i ed  by column chromatography to y i e l d  
a Peak I I  f rac t ion  which st imulates t r i g l y c e r i d e  synthesis in both f i b rob las ts  and 
iso la ted human adipocytes. The st imulat ion is dependent on the concentrat ion of  
prote in f rac t ion  and increases to an apparent saturat ion level of  200% in 
f i b rob las t s .  T r ig lycer ide  synthesis, however, increases to a much greater extent  
in adipocytes and did not demonstrate saturat ion at tne maximum Peak I I  protein 
concentrat ion assayed. These resul ts  suggest that  human serum contains a prote in 
which st imulates fa t t y  acid uptake and e s t e r i f i c a t i o n  by adipose t i ssue.  © 1987 
Academic Press, Inc. 

Chylomicrons t ranspor t  d ie tary  fa t t y  acids as t r i g l y c e r i d e  from the i n t e s t i n e ,  

through plasma, e i the r  to t issues such as skeletal  or cardiac muscles where the 

f a t t y  acids are consumed to generate energy, or to adipose t issue,  where they are 

stored as t r i g l y c e r i o e s .  This process of energy storage consists of two pr inc ipa l  

steps: f i r s t ,  the t r i g l y c e r i d e s  must be hydrolyzed in plasma, and second, the FFA 

thus l i be ra ted  must enter the c e l l ,  be ac t iva ted,  and then coupled in a t i g h t l y  

l inked sequence to glycerol-phosphate with the end product being t r i g l y c e r i d e .  The 

process is complex, and except for i t s  i n i t i a l  steps, not well understood. Entry 

ITo whom correspondence should be addressed. 

Abbreviations used: FFA, Free Fatty Acid; LDL apoB, Low Density Lipoprotein 
apoprotein B; LPD Serum, L ipoprote in De f i c ien t  Serum; PBS, Phosphate Buffered Saline. 
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of fat ty acids into cel ls is usually thought to occur by passive diffusion (1,2), 

although more recently evidence for a transport mediated process has also been 

reported (3,4,5). As well, one or more fatty acid binding proteins may also be 

involved in intracel lu lar  fatty acid transport (6,7). Accordingly we have examined 

fatty acid incorporation into cel lular tr iglyceride with particular regard to the 

potential role plasma proteins may play in this process. 

MATERIALS AND METHODS 

Subjects: Plasma samples were obtained from 6 male control subjects, a l l  of whom 
~ad plasma l i p i d s  and l i pop ro te in  l i p i ds  w i th in  the normal range as defined by the 
L ip id  Research C l in ic  survey (8);  al l  also had a plasma LDL apoB~120 mg/Ol. Their 
average age was 43 ± 6 years (29-65 years) .  Plasma cholesterol and t r i g l y c e r i d e  
were measured enzymatical ly (Beckman Instruments Company, Ca l i fo rn ia )  and LDL and 
HDL cholestero l  by the methods of the L ip id  Research C l in ic .  LDL apoB was measured 
by radia l  immunodiffusion (9) .  Al l  subjects had forearm skin biopsies from which 
f i b rob las ts  were cul tured.  Adipocytes were obtained from 5 pat ients undergoing 
e l ec t i ve  abdominal surgery; a l l  5 pat ients  were normolipidemic, and a l l  had normal 
LDL apoB leve ls .  Their average age was 43 ± 6 years (27-6~ years) .  
Measurement of L ip id Synthesis in Cultured Skin Fibroblasts:  F ibroblasts  were 
maintained in Eagle's Minimum Essential Medium supplemented with i0~ fe ta l  ca l f  
serum and 100 IU/ml of p e n i c i l l i n  streptomycin and were used between passages 5 and 
15. Pr ior  to experiments, ce l l s  were d issociated in U.25% t ryps in  and plated into 
60 mm dishes at a concentrat ion of ix105 ce l l s / d i sh  in 2.0 ml media. On day 6, the 
medium was changed to a preincubat ion serum free medium consis t ing of 1:1 
Dulbecco's MEM and Ham's F12 supplemented with i nsu l i n ,  b i o t i n ,  calcium 
pantothenate, t r a n s f e r r i n ,  t r i i odo tny ron ine  and hydrocortisone (10). To th is  was 
added e i ther  1.25 mg/ml f a t t y  acid f ree human serum albumin (Sigma Chemicals) or 
2.5 mg/ml human LPD serum. LPD serum was defined as the serum f rac t ion  with a 
densi ty  greater  than 1.21 gm/ml where l ipoprote ins had been removed by 
u l t r a c e n t r i f u g a t i o n .  All  serum used had normal levels of l i p i d s  and LDL apoB as 
def ined above. LPD serum was then respun, de f ib r ina ted,d ia lyzed and adjusted to 50 
mg pro te in /ml .  FFA concentrat ion in LPD serum was measured enzymatical ly (Wako 
Chemical, Japan) and the amount corrected for  in a l l  experiments. 

On day 7, [14C] oleate (52.6 mCi/mmol New England Nuclear) was evaporated to 
dryness, resuspended in a so lu t ion of lOmM sodium oleate complexed to albumin ( i i )  
(molar r a t i o  6:1~, and added to ce l l s  at the required concentrat ion.  In some 
instances, D- [6- ~H(N)]-glucose (33.2 Ci/mmol, New England Nuclear) was also used 
as a t race r .  Oleate incorporat ion in to  l i p i d s  was measured fo l lowing incubation in 
a 5% CO 2 humid incubator usual ly  for  four hours. The ce l l s  were t~en washed, 
harvested by scraping, co l lec ted  in PBS buf fe r ,  counted, and extracted in 
chloroform: methanol: IN HCL (20:10:0.25) .  L ip id extracts were separated by th in  
layer  chromatography on S i l i ca  Gel G plates in hexane: ether: acet ic acid (75:25:1) 
along with standards and v isua l ized  in iodine vapour,recovery was 95% complete. 
The spots were scraped and counted in a l i q u i d  s c i n t i l l a t i o n  counter.  Results were 
expressed per mg ce l l  protein as measured by a modified Lowry assay (12}, 

In experiments using p a r t i a l l y  pu r i f i ed  serum f ract ions,  ce l l s  were prepared 
as described but the preincubat ion serum free medium consisted of 1:1 Dulbecco's 
MEM and Ham's F12 plus hormone supplement but without e i ther  LPD serum or albumin. 
The next day, I0 uM [14C] o le ic  acid and speci f ied amounts of the prote in f rac t ion  
were added. Af ter  4 hours, the ce l l s  were harvested and analyzed as described 
above. 
Adipocytes: Fresh adipose t issue was obtained from subcutaneous t issue of pat ients 
undergoing abdominal surgery. The t issue (2g to 6g) was cleaned, washed, minced, 
and digested in Kreb's bicarbonate buf fer  supplemented with glucose, albumin and 
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collagenase type II (Sigma Chemicals, Missouri) (2 ug/ml, 10 mg/g of tissue) for 1 
hour (13). Following this, cel ls  were filtered,washed by centrifugation and 
counted in a Neubauer counting chamber. Aliquots (usually 100 ul) of 1 x 10 o cells 
were incubated for 2 hours in 1 ml Krebs bicarbonate buffer supplemented with 10 uM 
labelled sodium oleate, 2mM glucose and 2.5 ug/ml insulin in a 5% C02:95% 02 
atmosphere at 37°C. The protein fraction was added at tne specified 
concentration. Following incubation, l ip ids were extracted with 3 ml 
isopropanol:heptane (1:1), washed with 2 ml Isopropanol:heptane: 0.025% KOH 
(4:1:3), separated by thin layer chromatography, and counted. Results are 
expressed per mg cell protein. 
Serum Fractionation: Serum was fractionated f i r s t  by a f f i n i t y  chromatography on an 
Aff igel  Blue (150-300 #) column (Bio-Rad laboratories, California) at lg serum 
protein/lO0 ml gel equilibrated in 0.02 M phosphate buffer pH 7.1. The bound peak 
was eluted with 3M NaC1 in O.02M phosphate pH 7.1, concentrated in 50% PEG and 
dialyzed against O.02M phosphate buffer. This fraction was then applied to a 
Sephadex G75 (40-120 ~)column (Pharmacia, Sweden) equilibrated in the same buffer 
from which two peaks emerged with act iv i ty confined to the second peak. This was 
subsequently concentrated and again dialyzed against O.02M phosphate buffer. 

RESULTS 

We f i r s t  examined the effect of medium composition on oleate incorporation 

into total l ip ids in f ibroblasts. The data are shown in Figure 1. Albumin 

concentration in the medium was maintained constant at 1.25 mg/ml while the non 

albumin protein in LPD serum was increased successively from 0 to 1.25 mg/ml. Note 

that oleate incorporation into total l ip id  was a l inear function of non-albumin LPD 

serum protein, increasing from 7.5 to 21.6 nmoles oleate/mg cell protein over this 

range. On the other hand, LPD serum pretreated with trypsin did not stimulate 

oleate incorporation into l ipids whereas dialyzed LPD serum did. 
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FIGURE I. Stimulation by LPD serum of oleate incorporation into fibroblast ]ipids. 
Cells (in triplicate) were incubated for 4 hours in the presence of increasing 
amounts of LPD serum supplemented with human albumin (to a total concentration of 
1.25 mg/ml albumin) and 100 pM [14C] oleate complexed to albumin (specific activity 
948 dpm/nmole). Results are expressed as the average nmoles oleate incorporated 
into tota] l ipid per mg of cell protein. 
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T~LE I. LIPID SYNTHESIS IN FIBROBLASTS: LPD SERUM VS NON-LPD SERUM 

TRIGLYCERIDE PHOSPHOLIPID TOTAL LIPID 

LPD serum 170 ± 16 56 ± 9 230 ± 24 

No LPD serum 100 ± IU 61 ± 9 170 ± 16 

p .025 pNS p .05 

Fibroblasts from b ~ifferent cell lines were incubated (in duplicate) for 24 
hours in the presence of 100 ~M 14C oleate complexed to albumin (specific activity 
923 dpm/nmole) plus 1.25 mg/ml albumin, with or without 1.25 mg/ml of non-albumin 
LPD serum. Results are expressed as average ± SEM nmoles oleate incorporated per 
l ip id per mg cell protein. 

We next examined the effect of oleate concentration on fibroblast l i p i d  syn- 

thesis over a 4 hour time period. Oleate (bound to albumin) was increased syste- 

matical ly from 25 ~M to 300 ~M; but at each point, albumin concentration was the 

same in both the LPD serum and non-LPD serum (albumin only) samples. LPD serum 

protein was maintained at 1.25 mg/ml. FFA uptake and incorporation into l ip ids 

increased as the concentration of oleate in the medium increased. However at each 

point, oleate incorporation into cell l ip id  was s igni f icant ly  higher in the LPD 

serum medium (data not shown). Similarly, at a l l  incubation times examined up to 

30 hours, the difference between LPD serum and non-LPD serum medium was maintained 

(data not shown). 

The effect of LPD serum on synthesis of d i f ferent  l i p id  classes is shown in 

Table I .  Cultured skin fibroblasts from 5 normals were incubated in duplicate for 

24 hours at a concentration of i00 ~M oleate and 1.25 mg/inl albumin with and with- 

Out 1.25 mg/ml non-albumin LPD serum. Note that t r ig lycer ide synthesis was on 

average 85% higher in the presence of LPD serum (p < .05) but there was no 

signif icant difference in phospholipid synthesis where t r ig lycer ide and 

phospholipid synthesis consituted 94% of oleate incorporation. Additional 

experiments using [3H] glucose as a concurrent tracer confirmed that most of the 

t r ig lycer ide was being synthesized from glycerol-3-phosphate baseo on the close 

agreement between the observed rat io of 14C oleate acid: 3H glucose in tr iglyceride 

of 4.9, compared to the theoretical rat io of 6.0. 
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The possibil i ty that triglyceride hydrolysis was diminished in the LPD serum 

enriched medium was also examined. In these experiments, cells were preincubated 

with 100 uM [14C] oleate with 1.25 mg/ml albumin for 24 hours and then incubated in 

either 1.25 mg/ml albumin or 1.25 mg/m] albumin + 1.25 ml/ml non-albumin LPD serum 

media and the release of labelled fatty acid observed for 2 hours. During this 

time, there was no significant difference in FFA release (19.1% ± 2.2 vs 19.6% ± 

1.8 pNS). Further experiments using labelled glucose also showed that there was no 

difference in total cel lular uptake of glucose between cells incubated in albumin - 

only media or cells incubated in albumin-LPD serum media eliminating the 

possibil i ty that differences in glycerolipid synthesis might be due to sucn a 

phenomenon (910 ± 70 with LPD serum vs 800 ± 115 without LPD serum, nmoles 

glucose/mg cell protein, pNS), Similarly this effect cannot be attributed to a 

different rate of cell growth since the level of [3H] thymidine incorporation into 

ce l l s  was the same. 

As out l ined in the methods, serum was f ract ionated by being passed f i r s t  

through an Af f i -Gel  Blue column and then a Sephadex G 75 column. L ip id synthesis 

s t imulat ing a c t i v i t y  was confined to the second peak eluted from the Sephadex G 75 

column and th is  f rac t ion  contains mult ip le bands when analyzed by SDS-poly- 

acrylamide gel e lect rophores is  by the method of Laemmli (14). However reaction of 

th i s  f rac t ion  with antialbumin antioody C~enring Diagnost ic ,  W. Germany) was 

negative. St imulatory a c t i v i t y  in th is  peak I I  f rac t ion  was demonszrate~ 

with both f i b rob las ts  and adipocytes ( f igures 2 and 3). In f igure 2, f i b rob las ts  

preincubated for  24 hours in serum free medium were then incubated for  4 hours with 

IU ~M oleate with peak I I  protein present in concentrat ions varying from 0 to 6 

#g/ml. Note that  t r i g l y c e r i d e  synthesis r ises rap id ly  to an apparent maximum of 

200%. In f igure 3, iso lated human adipocytes were incubated for 2 hours in the 

presence of I0 FM oleate and varying concentrat ions of the peak I I  prote in 

f r ac t i on .  Throughout the range examined, from 0 to 30 #g/ml of peak I I  protein 

f r ac t i on ,  t r i g l y c e r i d e  synthesis rose l i n e a r l y .  At the maximum concentrat ion 

assayed the to ta l  increase was 300%. No s i g n i f i c a n t  incorporat ion of the t racer  

in to  phospholipid or cholesterol  ester was observed however. 
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FIGURE 2. Effect of the Peak II  serum protein fraction on triglyceride synthesis 
in fibroblasts. 
Fibroblasts from 5 oifferent cell lines (in duplicate) were incubated for 4 hours 
in albumin-free medium containing 10 ~M [14C] oleate (specific activity 9.9 
dpm/pmole) and increasing amounts of the Peak II serum Rrotein fraction. Results 
are expressed as average ± SEM nmoles oleate incorporated into triglyceride per mg 
of cell protein . 

FIGURE 3. Effect of the Peak II  serum protein fraction on triglyceride synthesis 
in adipocytes. Isolated adipocytes were incubated (in duplicate) for 2 hours in 
albumin-free buffer containing 10 #M [14C] oleate (specific activity 183 dpm/pmole) 
and increasing amounts of the Peak II serum protein fraction. Results are 
expressed as average nmoles oleate incorporated into triglyceride per mg of cell 
protein. 

DISCUSSION 

The present experianents demonstrate the presence of a protein fraction in 

plasma which can stimulate the uptake and incorporation of extracel lular free fat ty  

acids into ce l lu lar  tr iglycerides. The fraction is albumin free and the ac t i v i t y  

nondialyzable but sensitive to trypsin. The protein has been par t ia l l y  purif ied 

and shown to be active with both cultured skin fibroblasts and adipocytes. The 

degree of stimulation is concentration dependent with an upper l i m i t  evident in 

f ibroblasts but not demonstrated in adipocytes. I ts  effect is ent i re ly  due to 

changes in synthesis since hydrolysis was unaffected. 

Synthesis of adipocyte tr ig lyceride is a complex process in which substrate 

must f i r s t  enter the ce l l ,  be activated, and then coupled in a series of t i gh t l y  

linked reactions to form glycerolipids. Studies of this process have focused most 

intensively on the enzymes themselves with opinion s t i l l  divided over which step or 

steps are rate l im i t ing .  However given the present results, substrate delivery to 

the enzyme may be an important regulatory step. This may involve mechanisms for 
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fatty acid transport across the plasma membrane (1-5) or within the cell i tse l f .  

(6,7). Cytosol has previously been shown to contain one or more proteins that can 

stimulate acylation reactions though they have not all been characterized, nor has 

their mechanism of action been elucidated in detail (15,16). I t  is certainly 

possible, however, that the plasma protein fraction we have identified contains one 

of these. The importance of the present report, we believe, lies in the fact that, 

to our knowledge, i t  is the f i r s t  demonstration of a human plasma protein component 

which can markedly stimulate intracellular triglyceride synthesis. This effect was 

evident in fibroblasts but far more pronounced in adipocytes, a difference which 

raises the possibility that i t  may be of physiological significance, and perhaps, 

even of relevance to the clinical problem of obesity. Clearly however before these 

hypotheses can be tested or the protein's mechanism of action elucidated, complete 

purification must be achieved. 
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