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Summary. Cultured 3T3-F442A cells differentiate into 
adipocytes and accumulate lipid droplets in the cyto- 
plasm. When fat cells are stained with Oil red O, the 
degree of  staining seems to be proport ional  to the extent 
of  cell differentiation. We report  here a fast and simple 
method to quantitate the extent of  adipose conversion 
by staining the accumulated lipid with Oil red O and 
determining the amount  of  extracted dye at 510 nm. The 
results show that  Oil red O specifically stains triglycer- 
ides and cholesteryl oleate but no other lipids. This tech- 
nique is a valuable tool for processing large numbers 
of  cell cultures or samples in which adipose differentia- 
tion and/or  accumulated triglycerides is to be quantitat- 
ed. 

Introduction 

Under  appropr ia te  culture conditions, 3T3-F442A cells 
undergo adipose differentiation in vitro, changing their 
fibroblastic shape to rounded cells with intracytoplasmic 
fat droplets (Green and Meuth 1974). The cells acquire 
a new set of  metabolic pathways,  increasing several-fold 
the activities of  some lipogenic enzymes (for reviews see 
Green 1979; Ailhaud 1982). Since the activity of  glycero- 
phosphate  dehydrogenase increases up to 500-fold in ter- 
minally differentiated cells (Kuri-Harcuch et al. 1978; 
Wise and Green 1979), the assay of  this lipogenic enzyme 
has been widely used as a sensitive marker  to determine 
the extent of  adipose conversion (Pairault and Green 
1979). 

Intracytoplasmic lipid accumulation seems to be di- 
rectly proport ional  to the extent of  differentiation (Kuri- 
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Harcuch and Green 1978). This relationship has been 
commonly  used as a qualitative marker  of  adipose con- 
version after staining with Oil red O (see Fig. 1 in Kuri- 
Harcuch and Green 1978), a dye that  is soluble in lipids 
and suitable for the histochemical staining of neutral 
fats and cholesteryl esters (Pearse 1968; Fowler and 
Greenspan 1985; Kruth 1984; Kasturi and Joshi 1982). 
A fast a simple method was developed to quanti tate 
the extent of  adipose conversion by determining the 
amount  of  the intracytoplasmically accumulated lipid 
in Oil red O-stained 3T3 adipose cells. 

Materials and methods 

R e a g e n t s  

Insulin, Trizma base, nicotinamide adenine dinucleotide (NAD), 
dihydroxyacetone phosphate, d-biotin, transferrin, cholesterol, 
cholesteryl esters, lecithin, linoleic acid, oleic acid and Oil red O 
were purchased from Sigma Chemicals (St. Louis, Mo., USA). 
Triolein was purchased from Calbiochem (La Jolla, Calif.). The 
recombinant form of epidermal growth factor was a generous gift 
from Dr. George Donascimento (Chiron Corp,). Fetal bovine se- 
rum was obtained from M.A. Bioproducts (Walkersville, Md., 
USA), calf serum from Colorado Serum Co. (Denver, Colo.), and 
cat serum was obtained by bleeding adult domestic cats. All other 
reagents used were analytical grade. 

Cel l  cu l ture  

The 3T3-F442A cells (Green and Kehinde 1976) were inoculated 
into 35-ram Falcon tissue culture dishes at a density of 6 x 103 
cells per dish in 2 ml of Dulbecco and V6gt-modified Eagle's medi- 
um (DMEM) supplemented with 7% calf serum. For some experi- 
ments, growing cells were fed every other day with medium supple- 
mented with 10% fetal bovine serum, 5 lag/ml insulin and 10 - 6  M 
d-biotin (Kuri-Harcuch and Green 1978). In biotin defficient condi- 
tions, cultures were fed with medium supplemented with fetal bo- 
vine serum depleted of biotin by exhaustive dialysis (Kuri-Harcuch 
et al. 1978). In some other experiments, growing cells were fed 
3 days after seeding with medium supplemented with 4% cat serum 
(nonadipogenic medium; Kuri-Harcuch and Green 1978), contain- 
ing insulin and biotin as above; the medium was changed every 
other day. To promote adipose conversion, 2 days after confluence 



494 

cultures were changed to medium supplemented with 2% cat se- 
rum, 0.25% calf serum, 5 gg/ml insulin, 10 - 6  M d-biotin, 40 gM 
2-mercaptoethanol, 5gg/ml transferrin, 0.01 ng/ml epidermal 
growth factor and the indicated concentrations of fetal bovine se- 
rum (adipogenic medium; Nixon and Green 1984). These cultures 
were maintained without further change of medium. 

Assay of  adipose conversion 

Cultures were fixed for at least 1 h with 10% formalin in isotonic 
phosphate buffer, then washed with water, stained for 2 h by com- 
plete immersion in a working solution of Oil red O and exhaustively 
rinsed with water. Excess water was evaporated by placing the 
stained cultures at a temperature of about 32 ° C. In order to deter- 
mine the extent of adipose conversion, 1 ml of isopropyl alcohol 
was added to the stained culture dish, the extracted dye was imme- 
diately removed by gentle pipetting and its absorbance monitored 
spectrophotometrically at 510 nm. Adipose conversion was also 
quantitated by glycerophosphate dehydrogenase (EC 1.1.1.8) activ- 
ity as described previously (Kozak and Jensen 1974; Kuri-Harcuch 
et al. 1978). 

The working solution of Oil red O was prepared as described 
(Humason 1972), by dissolving 4.2 g of Oil red O in 1200 ml abso- 
lute isopropanol and leaving overnight without stirring at room 
temperature. The solution was filtered through analytical filter 
paper 589-WH (Schleicher and Schuell); then, 900 ml of bidistilled 
water was added and the solution was left overnight at 4 ° C without 
stirring and filtered twice. This working solution could be stored 
at room temperature for 6-8 months. Protein was determined by 
the method of Bradford (1976). 

Triglyceride enzymatic assay 

Intracytoplasmic triglyceride accumulation was determined on to- 
tal cell extracts using a clinical enzymatic assay kit (no. 470 694, 
Boehringer Mannheim Diagnostica). Briefly, cell cultures were 
rinsed three times with phosphate-buffered saline (PBS). The cells 
from each 35 mm dish were scraped, suspended in 0.2 ml of 0.05 M 
Tris-HC1, 1 mM EDTA, 1 mM/~-mercaptoethanol, pH 7.4, at 5 ° C, 
and disrupted by sonication for 10 s at 40 W. Total cell extracts 
were vigorously stirred, and 0.02 ml aliquots were added to 1 ml 
of assay mixture containing 73,6 mM Tris/citrate buffer pH 8.2, 
30.6 mM MgClz, 7.8 mM sodium cholate, 0.19% isotridecanol po- 
lyglycol ether, 0.049 mM ATP, 0.29 mM phosphoenol pyruvate, 
0.24 mM NADH, 3 U/ml esterase, 4.0 U/ml pyruvate kinase, 
0.5 U/ml lactate dehydrogenase (LDH) and 1.3 U/ml glycerol ki- 
nase. After mixing, samples were incubated at 25°C for 10 rain 
and absorbance at 340 nm was measured to calculate triglyceride 
concentration (see Wahlefeld 1974; Nfigele et al. 1985). 

Triolein calibration curves 

Triolein was dissolved in hexane at a concentration of 25 mg/ml 
and stored at - 2 0  ° C. Aliquots of the triolein solution were placed 
in polystyrene tubes and the solvent evaporated with N 2 ; the tubes 
were stained with Oil red O and rinsed with water as described 
above for assay of adipose conversion. The Oil red O was extracted 
with 1 ml of isopropanol and its absorbance determined at 510 nm. 
As indicated, aliquots of other lipid solutions were subjected to 
the same procedure as triolein. 

Results 

Cul tures  o f  m a t u r e  3 T 3 - F 4 4 2 A  ad ipocy te s  were s ta ined  
wi th  Oil  red  O for  va r ious  pe r iods  o f  t ime;  the  dye  was 
ex t r ac t ed  a n d  its op t ica l  dens i ty  was de t e rmined  at  the 
m a x i m u m  a b s o r b a n c e  peak ,  510 n m  (Fig.  1, inset).  Fig- 
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Fig. 1. Time course of staining of intracytoplasmic lipids in 3T3 
adipocytes. The cells were grown in medium supplemented with 
10% fetal bovine serum and were refed every 3 days. Fifteen days 
after seeding, cultures were fixed and stained at the indicated times. 
Absorbance was monitored at 510 nm ( o - - o ) ,  the wavelength 
at which Oil red O has its maximum absorbance peak (inset). Values 
are the average of three independent experiments; bars indicate 
standard deviation 

ure  1 shows tha t  the h ighest  ex tent  o f  s ta in ing  was 
r eached  af ter  2 h i n c u b a t i o n  wi th  Oil red  O. There fo re  
in all subsequen t  exper iments ,  in t race l lu la r  l ipids  were  
s ta ined  for  2 h in f ixed cul tures.  

The  extent  o f  3 T 3 - F 4 4 2 A  ad ipose  conve r s ion  was 
q u a n t i t a t e d  by  s ta in ing the i n t r a c y t o p l a s m i c  l ipids and  
c o m p a r e d  wi th  g l y c e r o p h o s p h a t e  d e h y d r o g e n a s e  act ivi-  
ty. The  3 T 3 - F 4 4 2 A  cells were s t imu la t ed  to d i f fe ren t ia te  
in to  ad ipocy tes  wi th  va r ious  concen t r a t i ons  o f  fetal  
bovine  serum. F igures  2 and  3 show tha t  the extent  o f  
ad ipose  convers ion ,  de t e rmined  by  the ex t r ac t ion  o f  Oil  
red O f rom s ta ined  cul tures  or  by  g l y c e r o p h o s p h a t e  de- 
h y d r o g e n a s e  ac t iv i ty  in cell extracts ,  was  s imi lar  a t  any  
concen t r a t i on  o f  fetal  bovine  se rum tested.  However ,  
a t  d i f ferent  cu l ture  t imes the increase  in this l ipogenic  
enzyme ac t iv i ty  a p p e a r e d  to occur  ear l ier  t han  l ipid ac-  
c u m u l a t i o n  (Fig.  3). 

U n d e r  b io t in  deff icient  cond i t ions ,  the 3T3 p r e a d i p o -  
c y t e s  d i f fe ren t ia te  to m a t u r e  ad ipose  cells w i thou t  t r igly-  
cer ide a c c u m u l a t i o n  ( K u r i - H a r c u c h  et al. 1978). How-  
ever, af ter  a d d i n g  b io t in  to the cu l tu re  m e d i u m ,  in t racy-  
t op l a smic  l ip id  a c c u m u l a t i o n  is p r o p o r t i o n a l  to the con-  
cen t r a t i on  o f  b io t in  ( K u r i - H a r c u c h  et al. 1978), a l t h o u g h  
the ac t iv i ty  o f  g l y c e r o p h o s p h a t e  d e h y d r o g e n a s e  r emains  
a t  the same h igh  levels i ndependen t l y  o f  b io t in  a d d i t i o n  
( K u r i - H a r c u c h  et al. 1978). Therefore ,  the  extent  o f  the 
a c c u m u l a t e d  l ipids  was q u a n t i t a t e d  in t e rmina l ly  differ-  
en t ia ted  3 T 3 - F 4 4 2 A  cells cu l tu red  u n d e r  va r ious  concen-  
t r a t ions  o f  b iot in .  The  d a t a  o f  Fig. 4 show tha t  the  
a m o u n t  o f  Oil  red  O ex t r ac t ed  f rom s ta ined  cul tures  
co r re l a t ed  wi th  the t r ig lycer ide  con ten t  o f  3T3 a d i p o -  
cytes,  as de t e rmined  wi th  a t r ig lycer ide  enzymat i c  assay.  

D u e  to the  close r e l a t ionsh ip  be tween  Oil  red O ex- 
t r ac t ion  a n d  t r ig lycer ide  con ten t  o f  fat  cells (Fig. 4), we 
a t t e m p t e d  to show whe the r  Oil  red  O specif ical ly  s tains 
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Fig. 2. Comparison of the extent of adipose conversion, determined 
by lipid accumulation and by glycerophosphate dehydrogenase ac- 
tivity. Cells were grown under nonadipogenic conditions (see the 
Materials and methods). At confluence, cells were stimulated to 
differentiate into adipocytes by adding fetal bovine serum. Eight 
days later, the extent of adipose conversion was assessed by extract- 
ing the dye from stained cultures ( o - - o )  or by glycerophosphate 
dehydrogenase activity ( e - - e ) ,  and corresponds to the per cent 
of maximum value obtained by each procedure. Values are the 
average from three independent experiments 
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Fig. 3. Determination of adipose differentiation of 3T3 adipocytes 
during time in culture. Cells were grown under the same conditions 
described in Fig. 2; adipose conversion was stimulated with 5% 
fetal bovine serum. At the indicated culture times, the extent of 
adipose differentiation was assesed in duplicated dishes by staining 
with Oil red O ( e - - e )  or by glycerophosphate dehydrogenase 
activity (GPD; o - - © )  
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Fig. 4. Assessment of adipose differentiation by staining depends 
on the rate of lipid accumulation. 3T3-F442A cells were cultured 
in biotin defficient conditions. Twelve days after seeding, cultures 
were refed with medium containing increased concentrations of 
biotin. After 2 days, lipid accumulation was determined by the 
enzymatic assay ( o - - o )  or by Oil red O extraction ( e - - e ) ;  
values of absorbance units were normalized to the maximum value 
(1.0) of each procedure. Glycerophosphate dehydrogenase activity 
was also determined in parallel cultures ( n - - m ) .  For each experi- 
ment duplicated dishes were used. Values are the average from 
four independent experiments and variation between duplicates 
was not higher than 6% 

triglycerides. Various types of lipids were smeared on 
polystyrene tubes and after drying, lipids were stained 
with Oil red O for 2 h; the dye was extracted with isopro- 
panol and its absorbance determined at 510 nm. Table 1 
shows that triolein and cholesteryl oleate, among all the 
lipids tested, were the only lipids that stained significant- 
ly with Oil red O. A standard calibration curve was 
thus made using different concentrations of  triolein 
(Fig. 5). The calibration curve was linear over a range 
from 0 to 200 lag of triolein with a correlation coefficient 
of 0.999. From the slope of  the curve, it was calculated 
that each milligram of  triolein shows 2.06 absorbance 
units at 510 nm. 

Since triglyceride and cholesteryl oleate can be quan- 
titated by the extraction of  Oil red O from stained sam- 
ples, we attempted to assess the triglyceride content of  
3T3 adipocytes by this method in order to obtain a com- 
parison with that obtained by the enzymatic assay of  
triglycerides. The 3T3-F442A cells were stimulated to 
adipose conversion with different concentrations of  fetal 
bovine serum. When adipose conversion was reached, 
cultures were fixed and stained with Oil red O; parallel 
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Table 1. Oil red O extraction from several lipid samples 

Lipid Absorbance at 510 nm 
amount 
(pg) Triolein Tripalmitin Cholesteryl Cholesteryl Cholesterol Lecithin Linoleic Oleic 

oleate palmitate acid acid 

25 0 .045 ,+0 .016  0.000-+0.002 0.145_+0.018 0.0 0.0 0.0 0.0 0.0 
50 0.170,+ 0.004 0.000,+ 0.007 0.293,+ 0.026 0.0 0.0 0.0 0.0 0.0 

100 0.388+0.008 0.035_+0.009 0.481 _+0.032 0.0 0.0 0.0 0.0 0.0 
200 0 .663-+0.035 0.068,+0.001 0.690-+0.067 0.0 0.0 0.0 0.0 0.0 

Values are the average from three different experiments (_+ SD) 
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Fig, 5. Standard triolein calibration curve, prepared as described 
in the Materials and methods. Bars indicate standard deviation. 
Variation between duplicates was not  higher than 6%. The data 
represent average values from five experiments 

Table 2. Determination of intracytoptasmic triglyceride content of 
3T3-F442A adipocytes 

Fetal bovine serum 
added (%) 

Triglyceride content (gg/dish) 

Oil red Enzymatic 
O extraction assay 

0 68.9-+4 73 .9±8 
0.5 160.0,+2.4 185.5,+11 
1.0 334.0-+8.7 346.0±8.5 
2.5 686.0-+4.3 699.0-+7.7 
5.0 838.0-+5.6 840.0±13.1 

The 3T3-F442A ceils were grown in 35-mm culture dishes as de- 
scribed in the Materials and methods. Two days after confluence, 
adipose conversion was stimulated with fetal bovine serun. Dupli- 
cate cultures were fixed and stained with Oil red O, or used for 
enzymatic assay. Values are the average from four experiments 
(±SD) 

cultures were subjected to triglyceride determination by 
the enzymatic assay. The number of  absorbance units 
at 510 nm obtained from the extraction of  Oil red O 
was used to calculate the triglyceride content according 
to the triolein calibration curve (Fig. 5). Table 2 shows 
that no significant differences were found in the trigly- 
ceride content as determined by either procedure. It can 
be concluded that Oil red O stains triglycerides and cho- 
lesteryl oleate. Therefore, this histological dye can be 
used to quantitate the triglyceride content from stained 

cultures of  3T3-F442A adipocytes, since these cells seem 
to accumulate triglycerides (Green and Kehinde 1974) 
but not significant amounts of  cholesteryl oleate. 

Discussion 

The staining of fat cells with Oil red O has been com- 
monly used macroscopically to visualize adipose cell col- 
onies from cultures of  preadipose cell lines. There is a 
close relationship between the extent of  adipose conver- 
sion and the degree of  staining of  3T3 adipose cells with 
Oil red O (Kuri-Harcuch and Green 1978). Oil red O 
can be easily extracted from stained fat cell cultures and 
its optical density measured at 510 nm (Fig . / ) .  Thus 
the method described is adequate to assess adipocyte 
differentiation and is as accurate and sensitive as the 
procedures based on glycerophosphate dehydrogenase 
activity (Figs. 2 and 3). 

Dye extraction from stained cell cultures constitutes 
an inexpensive, fast and simple method for processing 
ce!! cultures in which adipose conversion must be quanti- 
tated. Recently some of  the adipogenic factors have been 
isolated and characterized from fetal bovine serum; 
these experiments required a simpler and faster tech- 
nique than those already available, for measurement of  
cell differentiation in a large number of  cell cultures. 
In this case, Oil red O staining and extraction was a 
better quantitative method than the assay of  enzyme 
activity in the cell extracts (Ramirez-Zacarias et al. man- 
uscript in preparation). 

Moreover, we found that triolein and cholesteryl 
oleate were the only type of  lipids among those tested 
that strongly stained with Oil red O. However, in order 
to rule out the possibility that lipids other than triolein 
and cholesteryl oleate were not stained because they 
would not adsorb onto polystyrene tubes, all the tested 
lipid samples were also added to Whatman paper filters 
which subsequently were stained with the dye. The red 
spot appeared only on filters containing triglycerides 
(triolein or tripalmitin); cholesteryl oleate was not tested 
in the filter paper. We can conclude that Oil red O specif- 
ically stains triglycerides and cholesteryl oleate. In addi- 
tion, by constructing a calibration curve we found that 
the amount  of  Oil red O extracted from stained lipid 
is directly proport ional  to the triolein content. The stan- 
dard calibration curve was linear in the range of  0-  
200 gg triolein with a slope of  2.06 A51o units/mg of  
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triolein. The me thod  described is accurate and sensitive 
to determine in t racytoplasmic  triglyceride content  and 
showed a very close correla t ion ( r=0 .995 ,  P < 0 . 0 0 1 )  
with enzymat ic  assays o f  triglycerides in 3T3-F442A adi- 
pocytes.  

The results repor ted here indicate tha t  the triglyceride 
colorimetric assay is equally reproducible  as the enzy- 
matic  determination.  In our  hands,  var ia t ion between 
duplicate dishes and experiments was no t  higher than 
3 - 7 %  on those samples processed by either the dye stain- 
ing or the enzyme assay. A possible source o f  var ia t ion 
in the Oil red O me thod  could be related to losses o f  
in t racytoplasmic  lipids during fixation o f  cell cultures. 
Some authors  have described lipid and protein losses 
o f  0.5% and 4.5%, respectively, during formal in  and 
glutaraldehyde fixation o f  samples for histological and 
electron mic roscopy  studies (Morgan  and Huber  1967; 
Mays  et al. 1984; Leist et al. 1986). However ,  fixation 
times up to 72 h did no t  significantly modi fy  the results 
obta ined f rom the colorimetr ic  determinat ions  (data not  
shown). It mus t  be noted  that,  in order  to obtain  fast 
results, the fixation step was, in mos t  cases, no t  longer 
than 1 h. 

The determinat ion o f  lipids with Oil red O can be 
used for  any in vitro cul tured cells tha t  m a y  accumulate  
triglycerides or cholesteryl esters, whether  they are adi- 
pocytes or  nonadipocytes .  In the case o f  3T3 adipocytes,  
lipid accumula t ion  is mainly  due to the increase o f  trigly- 
ceride synthesis (Green and Kehinde 1974, 1975; 
Spooner  et al. 1979), and these neutral  lipids consti tute 
90% o f  the total extractable cellular lipids; cholesterol 
or  its derivatives did no t  seem to accumulate  during 
adipocyte  differentiat ion (Green and Kehinde 1974). The 
colorimetric  assay has also been used on other  cell cul- 
ture systems; we have determined the extent o f  fat accu- 
mulat ion,  mainly  triglyceride, i n p r imary  cultures o f  he- 
patocytes  to evaluate steatogenic capaci ty  o f  several 
drugs (Mendoza-F igueroa  et al. !988). However ,  it is im- 
por t an t  to determine first by  other  procedures  the intra- 
cytoplasmic p ropor t i on  o f  triglycerides and cholesteryl 
oleate in cells that  m a y  accumula te  bo th  types o f  lipids. 
On  the other  hand,  since slight changes in absorbance  
seem to occur  with different lots o f  Oil red-O (results 
no t  shown), cal ibrat ion curves for  triolein or  cholesteryl 
oleate mus t  be made  for every new lot o f  Oil red O 
used. 
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