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ABSTRACT 

Several studies are presented which 
indicate that composition of cell lipid is 
regulated by interaction between intra- 
cellular metabolism and lipid transport 
processes. When the fatty acid composi- 
tion of cells cultured in essential fatty 
acid deficient conditions was studied, 
activation of synthesis of unusual polyun- 
saturated fatty acids was observed for a 
number of cell lines. In addition cells 
contained persistent residual amounts of 
linoleic acid, presumably owing to effi- 
cient scavenging mechanisms. The source 
of cell lipids was studied in both chemi- 
cally defined and serum-supplemented 
media. In the absence of exogenous lipid, 
cells synthesize lipids from simple pre- 
cursors, a process which is inhibited by 
adding serum. When serum lipid is pres- 
ent, cells preferentially utilize fatty acids 
as a source of nonsterol lipid. These are 
subsequently esterified intracellularly to 
make glycerides and phospholipids. When 
triglyceride is utilized as a source of cell 
lipid, it is first hydrolyzed before being 
taken up. By use of a nonhydrolyzable 
cholesterol ester analog, it is confirmed 
that both free and ester cholesterol are 
taken up and excreted by cells, lntracel- 
lular cholesterol content is thus regulated 
by rates of uptake, hydrolysis and excre- 
tion as well as by biosynthesis. 

INTRODUCTI ON 

Cultured cells provide a promising system 
for studying the regulation of lipid metabolism. 
In the first place their rather homogeneous 
character allows the examination of events 
separated from the complex physiological inter- 
actions encountered in vivo. Moreover nutri- 
tional and environmental conditions can be 
more easily manipulated to facilitate exami- 
n a t i o n  of molecular mechanisms. When 
studying lipid metabolism in cultured cells, 
several factors must be considered. Lipid com- 
position is affected by the interaction and 

1One of 13 papers presented at the symposium 
"Lipid Metabolism in Cells in Culture," AOCS Meet- 
ing, Houston, May 1971. 

regulation of the individual pathways for bio- 
synthesis and degradation. In addition cultured 
ceils like ceils in  vivo grow in an environment 
containing available lipid in the form of the 
serum liproteins. The contribution of this to 
the lipid content  of the cell is affected by 
interaction of extracellular lipid and lipoprotein 
with cell surface lipoprotein, and upon mecha- 
nisms of selective transport and excretion. 
These latter mechanisms appear to regulate at 
the level of permeability. In the present paper 
studies are presented on three areas of lipid 
metabol ism-the contribution of exogenous 
lipid, the regulation of de novo lipid synthesis 
and the transport processes for lipids across the 
cell membrane. In each case our results indicate 
that lipid composition is regulated by an 
interaction between intracellular metabolism 
and trans-membrane permeability processes. 

MATERIALS AND METHODS 

Lipid extracts for routine measurement of 
lipid content were prepared by the chloroform- 
methanol extraction procedure of Folch et al. 
(1), and the individual lipid classes were sepa- 
rated by thin layer chromatography by the 
method of Stahl (2). For experiments in which 
essential fatty acids (EFA) were to be mea- 
sured, lipid extracts were prepared overnight by 
extraction at 4 C with 5 ml or 20 volumes, 
whichever was greater, of ethanol-diethyl 
ether 1: 1. t~-Tocopherol (0.2 mg) in ethanol- 
ether 1:1 was added to prevent oxidation of 
polyunsaturated fats. Ethanol-ether extracts 
were dried over anhydrous sodium sulfate and 
evaporated to dryness at room temperature in a 
stream of nitrogen. The lipid residue was 
redissolved in hexane. It  has been shown 
previously that these relatively mild extraction 
procedures are necessary for quantitative re- 
covery of polyunsaturated fatty acids (3). 
Methyl esters of the fatty acids were prepared 
by transesterification of the lipid extracts in 
methanol with boron trifluoride (14%) as a 
catalyst (4), and analyzed by gas liquid chroma- 
tography using a 1662 series gas chromatograph 
(HCL Scientific Inc., Chicago, Ill.) equipped 
with a hydrogen flame ionization detector. The 
chromatograph was fitted with glass columns 
packed with ethylene glycol-succinate polyester 
(15%) on a 100-120 mesh Gas Chrom Q. 
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TABLE I 

Distribution of Fatty Acids in Cells as Compared to Their Culture Medium a 

Fatty WI-38VA13A Ehrlich Sarcoma 
acid Calf serum b WI-38 cells cells Mouse blood Ascites cells 180 cells 

14:0 0.9__.0.2 1.6 -+4.2 1.8_ + .I t  n.d. n.d. n.d. 
14 : l n.d c Trace Trace n.d. n.d. n.d. 
16:0 26.6• 22 _+1.2 25 -t-1.6 23.0• 14.8_+0.5 14.7_+3.0 
16:1 3.5+0.3 .38+ .06 Trace 1.3+0.5 1.7-+0.1 2.2_+0.3 
18:0 20.8_+1.6 18 _+1.3 15 _+1.6 10.0_+0.6 18.2_+0.3 16.0-+1.4 
18:1 29.2_+1.4 32 _+1.2 39 _+2.1 23.7_+2.6 25.0-+0.9 22.4-t-0.8 
18:2 12.6_+1.6 6.6 _+ .71 10.1_+1.8 18.4_+1.0 25.0_+0.4 20.0_+1.2 
18:3 n.d. 1.9 _+ .20 Trace 1.4_+0.3 2.2_+0.2 1.6_+0.2 
20:2 n.d. n.d. n.d. 1.5 _+0.3 1.7 _+0.2 1.2 _+0.2 
20:4 5.1_+3.5 18 _+1.6 8.7_+2.1 12.8_+0.6 11.0-+0.6 17.1_+2.5 
22:0 n.d. n.d. n.d. n.d. 1.6 _+ 0.2 1.8 4- 0.3 

aValues are mean % + S.E. For analysis of the fatty acids of cell cultures, lipid was saponified at 70 C for 4 hr 
in 4 N Ethanolic NaOH. After removal of nonsaponifiables and acidification, fatty acids were extracted with 
ethyl ether and converted to methyl esters by reaction with diazomethane (16). For mouse blood and ascites 
tumor cells, lipids were extracted and fatty acid composition determined by gas l:iquid chromatography as 
described in Methods. 

bData of Spitzer et al. (24). 
Cn.d. = None detected. 

Column tempera tu re  was 165 C; in jec tor  tem- 
pera ture  was 268 C; and the carrier gas (hel ium) 
flow rate was 75 ml /min .  

Cultures were grown as monolayers  using 
convent iona l  sterile techniques .  They were sup- 
p l emen ted  wi th  serum and an ant ib iot ic  mix- 
ture of  penicil l in,  s t r ep tomyc in ,  mycos ta t in  and 
achromycin .  When chemica l ly-def ined  media  
was used,  the ant ibiot ics  were omi t t ed .  Incuba-  
t ion t empera tu re  was 37 C, and the gas phase 
and pH in cultures were adjusted by f lushing 
wi th  fi l tered 5% CO 2 in air before  closing the 
bot t les ,  Solut ions for addi t ion  to exper imenta l  
cultures were sterilized by autoclaving or, for  
thermolabi le  c o m p o n e n t s ,  by f i l t ra t ion th rough  
Millipore bacteriological  filters. Af te r  being 
washed twice wi th  2 volumes  of  balanced salt 
so lu t ion ,  cells were harvested f rom the glass by 
t ryps in iza t ion  or by scraping wi th  a rubber  
pol iceman.  

Chemically def ined media  and sera were 
ob t a ined  f rom Microbiological  Associates,  
Bethesda,  Md. Human  serum was inact ivated by 
heat ing at 57 C for  1 hr  before  use to  des t roy  
toxic  factors.  Stock L-2071 strain mouse  fibro- 
blast cells adap ted  to  g rowth  on syn the t i c  
med ium for  a n u m b e r  of  years  were supplied by 
Virginia Evans '  l abora tory ,  National  Cancer  
Ins t i tu te ,  and MBIII cells by G.O. Gey, F inney  
Howell  Cancer  Research Labora tory ,  Johns  
Hopkins  Hospital .  14C_labele d c o m p o u n d s  
([2-14C] acetate ,  [2-14C] meva lono lac tone ,  
[ U l a C I  glucose, 1-14C palmit ic  and oleic acids, 
t r ipalmit in and 4-14C choles terol ) ,  were  f rom 
Nuclear  Chicago Inc.,  and were checked  for  
puri ty  by paper  and silicic acid ch romatog-  

raphy.  Purified lipids for addi t ion  to cul tures  
were f rom California Biochemicals  and Nutri-  
t ional Biochemicals  Companies .  Silicic acid, 
" c h r o m a t o g r a p h y  grade,"  was f rom Mallin- 
ck rod t  Chemicals and was sieved b e t w e e n  100 
and 200 mesh screens before  use. 

Cholesterol-4 -14C a ~  m e t h y l  e thy l  caproate  
was synthes ized  according to the m e t h o d  of  
Swell and Treadwell  (5), and purif ied by 
ch roma tog raphy  on silicic acid. Choles terol  in 
lipid ext rac ts  was prec ip i ta ted  for  radioact ivi ty  
de te rmina t ions  by the digitonin-A1C13 proce-  
dure (6). 

Radioact ive lipids were added to  the medi-  
um, dissolved in small amo u n t s  of  e thanol ,  and 
steri l ized by f i l t rat ion.  Water soluble radioac-  
tive c o m p o u n d s  were  added  as a sterile saline 
solut ion.  Radioact iv i ty  de t e rmina t ions  were 
made  by l iquid scint i l lat ion count ing,  wi th  
appropr ia te  cor rec t ions  for  sample quenching .  

RESULTS 

EFA in Cultured Cells 

The fat ty  acid compos i t i on  of  cells cu l tured  
in the presence  of  normal  serum usually ref lects  
the fa t ty  acid compos i t i on  of  the cul ture  
medium.  Table I shows examples  of  the simi- 
larity be tween  the fa t ty  acids of  a n u m b e r  of  
d i f fe ren t  kinds of  cells and the i r  cul ture media .  
The fa t ty  acids in WI-38 and WI-38VA 13A cells 
are similar, and resemble the fa t ty  acids of  calf  
serum which  was used in the culture med ium;  
similarly the fa t ty  acids of  two  strains of  ascites 
t u m o r  cells ( the Ehrl ich Ascites and an ascitic 
form of  Sarcoma 180) closely paralleled the 
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TABLE II 

Fatty Acid Biosynthesis by L-Strain Mouse Fibroblasts 
From Various 14C Precursors in Lipid Free Synthetic Medium a 
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14C Oleic acid 14C Glucose I4C Acetate 

Fatty acid Mass  Isotope Mass  Isotope Mass Isotope 

16:0 24 0 26 31 24 39 
16:1 11 0 8 6 10 7 
18:0 22 0 16 8 21 22 
18:1 36 100 38 42 37 20 
18:2 6 0 10 0 7 0 

aMonolayers of L 2071 strain mouse fibroblasts were incubated in serum free culture 
medium (NCTC 135) containing either 1-14C oleic acid, U-14C glucose or 2-14C acetate, for 
96 hr. Lipid was extracted and methyl esters prepared as described in Methods. Extracts 
were analyzed for both chemical composition (listed under the column heading "Mass" in 
the table) and for radioactivity in the individual fatty acids (listed as "Isotope") using a 
1662 series gas chromatograph fitted with a stream splitter and a radioactivity monitor 
(H.C.L. Scientific). Note that the small amounts (8-10%) of linoleic acid found in cells 
cultured in lipid free chemically defined medium are not synthesized de novo from any of 
the tested precursors. Note that also oleic acid supplied exogenously in the culture medium 
is incorporated intact into the cellular lipids without apparent interconversion to other fatty 
acids. 

fa t ty  acids in the serum of  mice in which  they  
were grown.  Fu r the r  evidence tha t  fa t ty  acid 
compos i t i on  is usually regulated in a passive 
manne r  by uptake  of  serum fa t ty  acids w i t h o u t  
e x t e n s i v e  modi f i ca t ion  or in te rconvers ion  
comes  f rom exper imen t s  in which  a single 
labeled fa t ty  acid (14 C oleic acid) was added  to  
lipid free syn the t i c  media  (Table II). The label 
is found  exclusively in the oleic acid of the cell 

lipids, and no in terconvers ion  of  fa t ty  acids by 
these cells was observed over the 4 day growth  
per iods  emp loyed ,  i.e., unde r  condi t ions  in 
which the  serum lipids are n o t  comple te ly  
dep le ted .  These results imply there fore  that  
u n d e r  normal  ( shor t  te rm)  culture condi t ions ,  
the fa t ty  acid compos i t i on  of  cells is regulated 
by nonselect ive up take  of  all available serum 
fa t ty  acids. 

However  where  there is a def ic iency of  EFA 
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FIG. i .  Changes in fatty acid composition of nor- 
mal Sarcoma 180 cells grown in EFA deficient mice. 
Ehrlich Ascites or Sarcoma 180 cells were grown in 
the peritoneum of CF1 mice fed either normal diet 
(Purina chow) or fat free diet (Nutritional biochemi- 
cals). At the indicated intervals cells were harvested 
and lipid extracted and fatty acid methyl esters 
prepared and analyzed as described in Methods. 
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FIG. 2. Changes in fatty acid composition of EFA 
deficient Ehrlich Ascites cells grown in normal mice. 
See Figure 1. 
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TABLE III 

Lipid Content of Lipid Free Chemically Defined Media a 

Total lipid, Linoleic acid, 
Medium Source mg/100 ml #g/100 ml 

NCTC 135 Schwartz 1.12 30 
NCTC 135 Microbiological 1.49 39 
NCTC 109 GIBCO 1.31 33 
7C LF Custom 0.43 10.3 

aloo ml quantities of various commercially available synthetic media were dried by 
lyophilization and the lipids were extracted and analyzed by gas liquid chromatography as 
described in Methods. The 7CLF medium was custom prepared (using the formula of Gey et 
al. (17) but omitting lipids), from components which were individually tested for lipid 
contamination (and if necessary freed from lipid by cold hexane extraction), The figures for 
7CLF, showing a residual contamination of some 10 ~g/100 ml of linoleic acid, illustrate the 
difficulty of obtaining a synthetic medium truly free from essential fatty acids. 

in the culture med ium,  the cells compensa t e  in 
several ways. When L strain mouse  f ibroblasts  
were cul tured in lipid free medium,  i.e., one 
tha t  had no EFA supply,  the cells syn thes ized  
mos t  of the cell lipids f rom simple precursors  in 
the medium.  Under  these condi t ions  the con- 
t en t  of  l inoleate drops f rom 25% of  the total  
fa t ty  acids for  cells grown on serum to about  
5%, bu t  rarely falls be low this level. However  
this residual level is no t  the result  o f  biosyn-  
thesis, for when  14C-glucose or acetate was 
added to the med ium no r a d i o a c t i v i t y  was 
incorpora ted  in to  the linoleic acid fract ion 
(Table II), a l though all o f  the nonessent ia l  fa t ty  
acids were labeled.  This shows that  the traces of  
EFA present  in the cells are n o t  syn thes ized  de 
novo,  bu t  represent  a very eff ic ient  conserva- 
t ion or scavenging mechan i sm on the part  of  
the cells. We have found  tha t  commercia l ly  
available synthe t ic  media  conta in  appreciable  

TABLE IV 

Fatty Acid Composition of 
MBIII Cells Grown on Lipid Free Medium a 

Fatty Control, 
acid 10% serum Lipid free 

14:0 4.3 _+ 0.9 Trace 
16:0 23.5 -+ 2.7 8.9 + 4.1 
16:1 13.8 - 2 . 0  4.0 + 2.3 
18:0 19.5 +4.2 5.2 + 1.4 
18:1 28.9 -I-2.3 5.2 _+4.3 
18:2 11.2 _+ 1.9 5.2 __ 3.4 
18:3 ___b _._b 
20:3 .._b 29.0 _+ 5.0 
20:4 .__b Trace 
22:3 .__b 42.6 _ 6.6 

aCells were adapted to lipid free medium 7CLF 
over a period of 3-4 weeks by serial passage into 
decreasing serum concentration. Data was obtained 
from cultures which had been on lipid free medium 
for 7 weeks. Note that 20:3 and 22:3, not normally 
fouffd in cells, comprise over 70% of the fatty acids in 
cells grown in synthetic lipid free medium. 

bDid not appear on ehromatogram. 

amounts  of  EFA as con taminan t s ,  and EFA are 
also present  in traces in media  cus tom made in 
the labora tory  using s t r ingent  precaut ions  to 
avoid con t amina t i on  by lipids. 

The studies of  E F A  deficient  cells show tha t  
in addi t ion to scavenging E F A  they  also adapt ,  
by accumulat ing large amoun t s  of  po lyunsa t -  
ura ted fat ty acids of a type  n o t  usually found  
in normal  cells. Figure 1 shows the fa t ty  acid 
compos i t i on  of  Ehrtich Ascites cells grown in 
EFA def ic ient  mice,  an exper imenta l  s i tuat ion 
in which rapid and eff ic ient  dep le t ion  of  EFA 
can be ef fec ted .  The c o n t e n t  of 18:2 and 20:4 
drops  in 2-3, days, and there is an appearance  of  
20:3 which increases f rom unde tec tab le  levels 
to a lmost  15% of  the tota l  fa t ty  acids. The 
levels of 20:3 decrease when  cells are trans- 
planted back in to  normal  mice,  and the essen- 
tial fa t ty  acid compos i t i on  rapidly re turns  to 
normal  (Fig. 2). A similar appearance of  new 
po lyunsa tu ra ted  fa t ty  acids is observed in cells 
cul tured in l i p i d  free chemical ly-def ined  me- 
dium. This is i l lustrated by the data in Table 
IV, which compares  the fa t ty  acids of  MBIII 
cells cul tured in the presence  of  serum wi th  
those of  cells grown in a med i u m (Gey ' s  7CS 
synthe t ic  med ium)  devoid of  fa t ty  acids. Al- 
though  the c o n t e n t  of l inoleate  remains at ca. 
5%, large quant i t ies  of 20:3 and 22:3 are 
synthes ized .  These po lyunsa tu ra tes  were also 
observed to accumulate  in L cells and Chang 
liver cells grown in lipid free media.  (More 
recen t  exper iments  have failed to  conf i rm this 
f inding for L cells.) These fa t ty  acids pre- 
sumably  can replace the func t ion  of  EFA at the 
cellular level, since the growth  rate and trans- 
plantabi l i ty  of  the EFA deficient  ascites t u m o r  
cells are no t  significantly d i f fe ren t  f rom those  
o f  normal  cells. The absence o f  these unusual  
fa t ty  acids in normal  cells implies tha t  the 
pa thways  for  their  b iosynthes is  are p robab ly  
repressed when  suff ic ient  E F A  are p resen t  in 
the med ium and are induced  only when  the 
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TABLE V 

Per Cent of Cellular Lipid Derived From 
Biosynthesis in Serum-Supplemented and in Lipid Free Medium a 

129 

14C Glucose 14C Acetate 

Type of medium Serum Lipid free Serum Lipid free 

S.A. precursor, dpm/#g 300 150 857 1000 
S.A. cell lipid 23.3 136 5.82 82 
Biosynthesized, b % 7.8 90 0.68 8.1 

aCells were cultivated in either Basal Medium (Eagle) containing 10% calf serum or lipid 
free NCTC 135. Glucose was measured enzymatically (Glucostat) and 14C acetate was 
added with known amounts of unlabeled sodium acetate. After 7 days cells were harvested 
and lipid extracted. For additional details see Methods. 

bper cent biosynthesized calculated as ratio specific activity of lipid to that of precursor. 

c o n t e n t  o f  EFA is decreased.  

The Source of Cellular Lipid in Cultured Cells 

We are also s tudying the sources of  the 
various c o m p o n e n t s  of  the complex  lipids in 
cells. When cells are cul tured in lipid free 
chemical ly def ined medium,  all c o m p o n e n t s  of  
the lipids are derived by de novo biosynthesis .  
Table V shows results of expe r imen t s  in which  
various 14C-labeled carbon sources were added 
to  the growth  med ium for cells cu l tured  in the 
presence  and absence of  serum. The data 
indicate  that  glucose and acetate  are the two  
main carbon sources for  lipid b iosynthes is  for  
strain L2071 cells, and provide approx imate ly  
90% and 8% of  the total  lipid respectively.  
When the m e d i u m  is supp lemen ted  wi th  serum, 
however ,  lipid b iosynthes is  f rom the simple 
precursors  is inhibi ted  up  to  95%. When the 
specific activity of  the cell lipid is compared  to 
tha t  of the par t icular  radioactive precursor ,  it  is 
found  that  less than 1% of  the lipid is derived 
f rom acetate  and only abou t  8% from glucose, 
when  serum is present .  This indicates  tha t  
unde r  the usual cul ture condi t ions ,  w h e n  the 
med ium is supp lemen ted  wi th  serum the cells 

derive their  lipids f rom the abundan t  serum 
l ipoprote ins .  We then  set  out  to  de te rmine  
whe t h e r  there is a un i fo rm up take  of all serum 
lipid or w h e t h e r  cer tain serum lipids can serve 
as preferent ia l  sources of  cellular lipid. Isotopic  
di lut ion studies adding  14C-labeled fa t ty  acid 
or 14C-triglyceride to  the m e d i u m  (Table VI) 
show tha t  unde r  normal  cond i t ions  of  growth ,  
about  85% of  the cell lipid is derived f rom 
serum free fa t ty  acids and only 2% of  the lipid 
is derived direct ly f rom serum triglyceride. 
These exper imen t s  suggest that  a l though there  
is a far greater a m o u n t  of  t r iglyceride and 
phosphol ip id  present  in serum, the cells prefer-  
entially take up free fa t ty  acid and use it to  
synthes ize  glycerides and phosphol ip ids  intra- 
cellularly. This is suppor t ed  by exper iments  
tha t  de te rmine  the source of  glycerol in the cell 
l ipids (Table VII).  The da ta  indicate  tha t  the 
glycerol por t ion  of the lipid is derived a lmost  
entirely f rom glucose. 14C-glycerol added to 
the med i u m is uti l ized only in the case in which 
there is a large excess  available. If serum 
glycerides or phospho l ip ids  were taken up  
intact ,  the specific activity of  the lipid glycerol 
would  be expec ted  to  be m u c h  lower  than  that  

TABLE VI 

Per Cent of Cellular Lipid Derived From 
Serum Triglycerides vs. Free Fatty Acids Present a 

Precursor 1-14C Tripalmitin 1-14C Na Palmitate 

S.A. precursor, dpm/~tg 65.8 22.7 
S.A. cell lipid 1.49 19.4 
Derived lipids, b % 2.3 85 

awI-38 cells were grown to a 10-fold increase in cell mass in 10% calf serum to which 
tracer amounts of radioactive lipid were added. Specific activity of precursors was assayed 
by extracting total lipid, and isolating free fatty acid and triglyceride by the method of 
Howard and Kritchevsky (18). Triglyceride was assayed by the method of van Handel and 
Zilversmit (19), and fatty acid by the method of Duncombe (20). For additional details see 
Methods. 

bper cent of lipids derived from given precursor calculated as ratio S.A. of lipid to that 
of precursor. 
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TABLE VII 

Source of Glycerol in Cell Lipids a 

14C Glycerol plus 
Precursor 14C Glucose 14C Glycerol excess glycerol 

S.A. precursor, dpm//ag 66.7 2605 136 
S.A. lipid glycerol 56.8 232 24 
Derived from given precursor, % 85 8.8 17 

aL cells were subcultivated in Minimal Medium (Eagle) containing 10% fetal calf serum 
and supplemented with 14C glucose or glycerol. Glucose in the medium was measured 
enzymatically (Glucostat), and glycerol by the method of Spinella and Mayer (21). Cell 
lipids were saponified overnight at 60 C in 4 N ethanolic KOH. Glycerol was assayed on the 
remaining aqueous residue by the method of Bailey (22) after both nonsaponifiables and 
fatty acids were extracted. 

observed  exper imen ta l ly .  I t  shou ld  be  n o t e d  
t h a t  the  de r iva t ion  of the  glycerol  p o r t i o n  of  
the  t r ig lycer ide  molecu le  f rom glucose can  
a c c o u n t  for  the  a b o v e - m e n t i o n e d  figure of  8% 
of  the  l ipid der ived f rom glucose w h e n  cells are 
g rown in serum. F u r t h e r  ev idence  on  the  
d i f fe ren t ia l  sources  of  the  precursors  of  the  
c o m p l e x  lipids is ob t a ined  w h e n  p h o s p h o l i p i d  
syn thes i s  is s tudied.  When 32p  and  14C-aceta te  
i n c o r p o r a t i o n  i n to  l ipids of these se rum-grown 
cu l tures  are c o m p a r e d  (Fig. 3) the  ra te  of  
14C-aceta te  i n c o r p o r a t i o n  is low,  ind ica t ing  
t h a t  the  f a t ty  acid p o r t i o n  is n o t  syn thes ized  de 
novo .  32p  i n c o r p o r a t i o n  is m u c h  m o r e  rapid ,  
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FIG. 3. Incorpotation of 32POa and acetate-l-14C 
into phospholipids of WI-38 cells. ~/I-38 cells grown in 
Basal Medium Eagle supplemented with 10% calf 
serum were harvested and suspended in buffered 
balanced salt solution (107/ml) containing the appro- 
priate isotope of known specific activity. The suspen- 
sion was shaken in a water bath at 37 C and at 
intervals aliquots were removed and the cells washed 
in cold balanced salt solution. Phospholipids were 
isolated by thin layer chromatography, and radioac- 
tivity was determined without elution from the silicic 
acid by the method of Snyder and Stephens (23). 

suggest ing t h a t  p h o s p h o l i p i d s  are assembled  
in t race l luar ly  r a t h e r  than  be ing  t aken  up  and  
used in tac t .  Our  ca lcu la t ions  ind ica te  t h a t  the  
ra te  of  32p  i n c o r p o r a t i o n  in to  l ipids is more  
t han  adequa te  to  a c c o u n t  for  the  measu red  
cel lular  c o n t e n t  of  phospho l ip ids .  

Since the  e x p e r i m e n t s  descr ibed above were  
c o n d u c t e d  us ing  cu l tu res  hav ing  a relat ively low 
p o p u l a t i o n  dens i ty  (105 cel ls /ml) ,  one  obvi-  
ously wonde r s  wha t  h a p p e n s  in c o n d i t i o n s  in  
wh ich  the  free fa t ty  acid is deple ted .  Figure 4 
shows results  of  earl ier  e x p e r i m e n t s  n o t  ut i -  
l izing radioac t ive  precursors ,  wh ich  ind ica ted  
t h a t  b o t h  t r iglyceride and p h o s p h o l i p i d  can  be 
ut i l ized in se rum s u p p l e m e n t e d  cul tures .  In 
these  cul tures ,  w h i c h  were 50-100  t imes  m o r e  
dense  t han  those  of  the  above  e x p e r i m e n t s  
(having 5 x 106 cel ls /ml) ,  100% of the  triglyc-. 
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FIG. 4. Utilization of serum lipids by MBIII cells. 
Depletion of phospholipids and triglycerides was 
measured in roller tube cultures of MBIII cells in a 
medium consisting of human placental cord serum 
diluted with one part of balanced salt solution. Lipids 
were extracted and assayed as described in Methods. 
Final population density was 6x106 cells/ml. 
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FIG. 5. Hydrolysis of 14C-triglyceride in culture 
medium supplemented with fetal calf serum in the 
absence of cells. Minimal Medium (Eagle) was supple- 
mented with 10% fetal calf serum to which had been 
added tracer amounts of 14C carboxyl labeled tripal- 
mitin using the procedure described in Methods. The 
sterile medium was incubated for 7 days at 37 C. Lipid 
was extracted from samples of the medium at the 
indicated intervals, and fatty acid was isolated and the 
radioactivity determined as described in the footnote 
to Table 6. 

eride was dep le ted  and  more  t han  50% of the  
p h o s p h o l i p i d  was also t a k e n  up .  R e c e n t  experi-  
m e n t s  suggest t ha t  the  t r iglyceride and pre- 
sumably  also phospho l i p i d  are n o t  t aken  up 
in tac t ,  however ,  b u t  are first  h y d r o l y z e d  to free 
fa t ty  acids. F a t t y  acid Uti l izat ion was assayed 
suing t r iglycer ide labeled w i th  14C fa t ty  acids 
in cul tures  having  a p o p u l a t i o n  densi ty  of  a b o u t  
106 cells/ml.  U n d e r  these  c o n d i t i o n s  33% of  
the  cell l ipid was derived f rom t r ig lycer ide;  
h o w e v e r  t r iglyceride rad ioac t iv i ty  also appears  
in the  free f a t t y  acids of the  m ed i um .  When the  
specific act ivi ty of  the  var ious  f rac t ions  is 
measured ,  i t  is f o u n d  t h a t  the  specific act ivi ty  
of  the  cell l ipids more  closely resembles  t h a t  of  
the  free fa t ty  acids in  the  m e d i u m  ra the r  t h a n  
the  tr iglycerides.  Moreover  u n d e r  the  same 
cu l tu re  cond i t ions ,  w h e n  radioac t ive  free f a t ty  
acid was added ,  a rapid  decrease  in rad ioac t iv i ty  
in the  m e d i u m  was observed (Table  VIII ) .  
A l m o s t  all of  the  original  f a t ty  acid as measu red  
by  rad ioac t iv i ty  was u t i l ized ,  b u t  the  ac tual  free 
f a t ty  acid c o n t e n t  of  the  m e d i u m  as measu red  
by  chemica l  analysis r ema ined  relat ively con-  
s t an t  dur ing  the  7 day cu l tu re  per iod.  This  
impl ies  t h a t  the  f a t ty  acid used is be ing  
replaced f rom some e n d o g e n o u s  source.  The  
source  of the  nonrad ioac t ive  free fa t ty  acid is 
m o s t  l ikely se rum tr iglycer ides ,  a l t h o u g h  the re  
is evidence suggest ing t ha t  s te ro l  esters m ay  also 

TABLE VIII 

Utilization of Serum 14C 
Fatty Acids in Dense Cultures a 

Day 0 Day 7 

dpm 49,900 992 
#g 220 306 
Specific activity 442 3.24 

aL strain mouse fibroblasts were cultivated in Basal 
Medium (Eagle) supplemented with 5% fetal calf 
serum. 14C-Palmitic acid was added to the medium in 
tracer amounts. Specific activity of the fatty acids in 
the medium was measured at zero time and after 
growth for 7 days as described in Table VI. Note the 
marked decrease in radioactivity without a corre- 
sponding decrease in the total fatty acid content of 
the medium. 

be  a s ignif icant  source of  free f a t ty  acid (see 
below).  The  results  suggest t h a t  w h e n  tri- 
glyceride is h y d r o l y z e d ,  the  p r o d u c t s  en t e r  the  
free fa t ty  acid pool  of  the  m e d i u m  and  are 
t aken  up and ut i l ized by  the  cells in t h a t  form.  

The  m e c h a n i s m  of  the  hydro lys i s  of  triglyc- 
eride is cu r ren t ly  be ing  invest igated.  Prepara-  
t ions  of calf  and fetal  calf  sera appea r  to  
con ta in  a t r iglyceride l ipase (Fig. 5) which  can  
be de t ec t ed  by  add i t ion  of  I4C- t r ig lycer ide  to  
cu l ture  m e d i u m  in the  absence  of  cells. This 
hydro lys i s  of t r iglyceride is e l imina ted  by  pre-  
hea t ing  the  serum at 60  C. The observed rate  of  
hydrolys is  is n o t  large enough ,  however ,  to  
a c c o u n t  for  the  to ta l  cell free fa t ty  acid 
r e q u i r e m e n t s  in dense  cul tures .  I t  seems t ha t  
u n d e r  these c o n d i t i o n s  hydro lys i s  is also medi-  
a ted by a cellular enzyme .  The possible  secre- 
t ion  of such a l ipase i n to  the  m e d i u m  and  
cond i t i ons  which  m a y  regulate  this  are at  
p resen t  u n d e r  inves t igat ion.  

Uptake and Excretion of Stero! Esters by Cultured 
Cells 

Earl ier  e x p e r i m e n t s  ind ica ted  t h a t  when  
cu l tu red  in l ipid free m e d i u m ,  cells are able to  
syn thes ize  cho les te ro l  f rom labeled ace ta te  or 
glucose added  to the  med ium.  This  b iosyn thes i s  
is i nh ib i t ed  up  to 95%, however ,  w h e n  serum or 
cho les te ro l  i tself  is added  to  the  med ium.  The 
s tudies  ind ica ted  t h a t  w h e n  g rown in serum, 
mos t  of  the  cell cho les te ro l  is der ived f rom the  
m ed ium.  The p r o p o r t i o n  of  es ter  to  free choles-  
terol  in serum, however ,  is usual ly  ca. 2 :1 ,  
whereas  in cells the  free fo rm of  cho les te ro l  
general ly p r edomina t e s .  Work f rom b o t h  our  
l abo ra to ry  and  t ha t  of  R o t h b l a t  and  Kr i tchev-  
sky (7)  ind ica ted  t h a t  there  was a s teady  f lux of  
b o t h  free and ester i f ied cho les te ro l  i n t o  and o u t  
of  the  cell, w i th  s terol  levels be ing  con t ro l l ed  
b y  the  ra tes  of u p t a k e  and  exc re t ion ,  plus any  
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TABLE IX 

Uptake of  Labeled Cholesterol, Cholesterol Esters 
and a Synthetic Nonhydrolyzable  Ester Analog by MBIII Cells a 

Radioactive test compound  added 

Cholesterol Cholesterol methyl  
Cholesterol oleate ethyl  caproate 

Total in medium,  mg b 13.4 19.3 3.7 
Total dpm in medium b 923,200 137,000 24,870 
Total dpm in cells b 225,000 33,620 7,120 
Uptake of  isotope, % 24.4 24.6 28.6 
In cell particulates, %c 82 36 36 
In cell sap, %c 18 64 64 

aEach value represents pooled sample of  five tissue culture bottles grown for 6 days in 
medium of 45% calf serum prelabeled with isotope by roller tube procedure.  Note that  
cholesterol methyl  ethyl caproate distributes in cell in same manner  as normal  esters. MBIII 
cells were cultured in Basal Medium Eagle containing 45% calf serum prelabeled with 
isotope. After 6 days cells were harvested, homogenized and centrifuged at 150,000 x g. 
Sterol was isolated from particulate and supernatant  fractions by digitonin precipitation and 
radioactivity was assayed as described in Methods. 

bBased on 100 ml medium. 
CBased on chemical identification of isotope by digitonin fractionation.  

e n d o g e n o u s  s y n t h e s i s .  T h e  u p t a k e  o f  e s t e r i f i e d  
c h o l e s t e r o l  b y  cells  c o u l d  n o t  be  eas i ly  s t u d i e d ,  
h o w e v e r ,  b e c a u s e  e s t e r s  r e ad i l y  u n d e r g o  b o t h  
e x t r a c e l l u l a r  a n d  i n t r a c e l l u l a r  h y d r o l y s i s  a n d  
t r a n s e s t e r i f i c a t i o n .  We have  t h e r e f o r e  u t i l i z e d  a 
s y n t h e t i c  c h o l e s t e r o l  e s t e r ,  c h o l e s t e r o l  4 -14C-~ ,  
a - m e t h y l  e t h y l  c a p r o a t e  ( C M E C ) ,  w h i c h  be -  
c a u s e  o f  t h e  s te r ic  h i n d r a n c e  o f  t h e  a - C a r b o n  
a t o m  is c o m p l e t e l y  r e s i s t a n t  to  h y d r o l y s i s  b y  
e s t e r a se s .  T h e  r a d i o a c t i v e  C M E C  w a s  i n t r o -  
d u c e d  i n t o  s e r u m  by  d e p o s i t i n g  t h e  c o m p o u n d  
as a t h i n  f i lm  in s ide  ro l l e r  t u b e s ,  a n d  t h e n  
a l l o w i n g  it  to  e x c h a n g e  w i t h  s e r u m  c h o l e s t e r o l  
e s t e r s  b y  i n c u b a t i n g  t h e  s e r u m  in t h e  ro l l e r  t u b e  
fo r  3 d a y s .  C u l t u r e s  o f  MBII I  m o u s e  l y m p h o -  
b l a s t  cel ls  w e r e  t h e n  g r o w n  on  m e d i u m  c o n -  
t a i n i n g  t h e  l a b e l e d  s e r u m  ( T a b l e  IX) .  T h e  d a t a  

s h o w e d  t h a t  t h e  l a b e l e d  C M E C  was  t a k e n  u p  
ove r  t h e  6 d a y  g r o w t h  p e r i o d  t o  a p p r o x i m a t e l y  
t h e  s a m e  e x t e n t  as l a b e l e d  c h o l e s t e r o l  a n d  
c h o l e s t e r o l  e s t e r s .  F u r t h e r m o r e  t h e  r a d i o a c t i v e  
C M E C  in  cell  h o m o g e n a t e s  d i s t r i b u t e d  b e t w e e n  
t h e  p a r t i c u l a t e  a n d  s u p e r n a t a n t  cell f r a c t i o n s  t o  
t h e  s a m e  p r o p o r t i o n s  as n o r m a l  c h o l e s t e r o l  
e s t e r s .  E x c r e t i o n  was  t h e n  m e a s u r e d  in  s t a -  
t i o n a r y  c u l t u r e s  o f  p r e l a b e l e d  cel ls  (Tab l e  X).  
I n  t he  p r e s e n c e  o f  s e r u m  t h e r e  w a s  a p r o g r e s s i v e  
r e l ease  o f  r a d i o a c t i v i t y  f r o m  all t h r e e  c o m p o -  
n e n t s - c h o l e s t e r o l ,  c h o l e s t e r o l  e s t e r  a n d  C M E C ,  
i n t o  t h e  m e d i u m ;  a n d  t h e  r a t e s  o f  e x c r e t i o n  d id  
n o t  d i f f e r  s i g n i f i c a n t l y  f o r  t h e  t h r e e  t y p e s  o f  
c o m p o u n d s .  T h e s e  r e s u l t s  s h o w e d  t h a t  e s t e r s  
are n o t  n e c e s s a r i l y  h y d r o l y z e d  t o  t h e  f ree  f o r m ,  
b u t  m a y  a lso  be  t a k e n  u p  a n d  e x c r e t e d  i n t a c t .  

TABLE X 

Excretion of  Labeled Cholesterol, Cholesterol 
Esters and Ester Analog From Cultured MBIII Cells a 

Per cent isotope excreted 
Time 

of  Cell populat ion,  Cholesterol Cholesterol methyl  
incubat ion millions/ml Cholesterol oleate ethyl  caproate 

2 hr  4.45 9.6 10.0 3.5 
2 days 4.60 25.8 26.4 34.4 
5 days 5.23 72.8 69.7 53.8 
8 days 4.44 73.1 70.8 56.2 

aEach value is the average of  two tissue culture bottles harvested at the indicated times. 
Population density was chosen so as to maintain cells in steady state. Medium was 45% calf 
serum in Basal Medium Eagle. Stationary phase cultures o f  MBIII cells which had 
accumulated isotope from pretabeled serum were transferred to medium containing fresh 
unlabeled serum. At various t imes bottles were harvested and total lipid was extracted.  
Cholesterol and cholesterol esters were isolated by the digitonin procedure,  and radio- 
activity was determined as described in Methods. 
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These exper iments  indicate that  cell levels of 
cholesterol  and cholesterol  esters thus depend 
on the rates of uptake  and excre t ion  of  bo th  
forms of  the sterol independent ly ,  in addi t ion 
to the previously observed intracellular  hydrol-  
ysis of  the esters (8). 

DISCUSSION 

Our studies of  E F A  deficient  cul tured cells 
can be correlated with studies on E F A  deficient  
animals by Mead (9) and Klenk (10). These 
investigators repor ted  the presence of  an elon- 
gation and desaturat ion pa thway beginning 
with ei ther  oleic or palmitoleic  acids, and 
resulting in polyunsa tura ted  fat ty  acids having 
the structures ~o-7 or co-9. It  is most  l ikely that  
the fat ty acids identif ied as 20:3 and 22:3 
observed in our  cell cultures under  E F A  defi- 
cient  condi t ions  represents induct ion  of  these 
b iosynthet ic  pathways,  since there is inde- 
pendent  evidence that  these pathways  are prob- 
ably no t  active in cells growing in serum. These 
enzymes  may be the same or different  f rom 
those normally  involved in conversion of  lino- 
leic acid to arachidonic.  E F A  deficient  cul tured 
cells afford an oppor tun i ty  to study the role of  
EFAs  in cell metabol ism,  and fur ther  experi- 
ments  are in progress to investigate the mecha-  
nism of  induc t ion  of synthesis of unusual  
polyunsaturates  and their role in replacing the 
essential fat ty acids in normal  cell funct ions.  

Earlier studies (11) indicated that  there is 
eff icient  regulat ion of  cellular lipid biosyn- 
thesis. The results so far do not  indicate 
unequivocal ly  which enzymes  are involved,  and 
whether  the regulat ion is at the level of  enzyme 
activity or  if  induct ion  and repression of 
enzyme synthesis is involved. Preliminary 
studies indicate that  significant increases in an 
acetate-act ivat ing enzyme system occur when 
cells are transferred to serum free medium 
containing acetate.  The changes in rates o f  lipid 
biosynthesis  in the presence and absence of 
serum should provide an excel lent  model  sys- 
tem for the study of  mechanisms of enzyme 
regulation in mammal ian  cells. 

Cultured cells also provide an exper imenta l  
system for the study of cellular lipid uptake  
and excret ion.  The observat ion that  free fa t ty  
acid is the primary source of  cell lipid is 
consistent  with exper iments  of  Mackenzie et al. 
(12) and Geyer  (13) who l inked accumula t ion  
of  intracellular fat droplets wi th  the free fat ty 
acid con ten t  of sera. The results f rom cell 
cultures also correlate with studies in vivo. 
Shapiro and others have demons t ra ted  that  in 
the in tact  animal,  plasma free fat ty acid, 
a l though only a small p ropor t ion  of  the total  

serum fipid, has a ve ry  short  half  life (14). In 
addit ion recent  in vivo exper iments  with radio- 
active precursors suggest that  even liver cells are 
unable to utilize in tact  triglycerides (15). We 
are current ly  ex tending  our studies on lipid 
ut i l izat ion to investigate condi t ions  in which 
free fat ty acid is depleted or  absent. It  seems 
that  the ut i l izat ion of  serum glycerides and 
phosphol ipids  under  these condi t ions  may be 
media ted  by l ipolyt ic  enzymes,  similar to those 
observed in vivo. 

In summary ,  results have been presented 
which indicate that  cul tured cells cont ro l  their  
lipid composi t ion  in a number  of  different  
ways. One is by regulat ion of  biosynthesis.  Cells 
were observed to synthesize lipid in lipid free 
medium, and this synthesis was inhibi ted in the 
presence of  an external  lipid supply. Similarly 
under  condi t ions  of  E F A  deficiency,  quant i t ies  
of  polyunsatura ted  fat ty acids of  a type not  
normally found in large propor t ions  are bio- 
synthesized.  This synthesis is repressed during 
normal  E F A  supply. However  an addit ional  
type of regulation,  involving t ransport  in to  and 
out of  the cell seems to be equally impor tan t  in 
cell cultures. Cholesterol  and cholesterol  ester 
con ten t  is a result of  bo th  passive uptake  and 
selective excret ion.  The cells preferent ial ly  uti- 
lize free fat ty acid as a source of  nonsterol  lipid 
and esterify it to make glycerides and phospho-  
lipids. In addi t ion permeabi l i ty  of essential 
fat ty acids may increase under  condi t ions  in 
which they are depleted.  Under  favorable con- 
dit ions all of  these mechanisms act in concer t  
toward the end result  of  a lipid compos i t ion  
which is opt imal  for  the cellular requirements .  
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