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Quantitative assessment of adipocyte differentiation in cell culture
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ABSTRACT

Adipocyte cell culture is an important tool for mechanistic studies of energy metabolism. Many
factors affect the differentiation of adipocytes in culture. Oil red O staining can be used to assess
the degree of differentiation. However, the validity of this method for quantitative analysis has not
yet been established. Here we show that a protocol with arbitrarily chosen parameters does not
measure in the linear range and is not suitable for quantitative analysis (R* = 0.077, p = 0.382), and
develop and validate an optimized protocol for quantitative oil red O staining of cultured
adipocytes. 3T3-L1 preadipocytes and adipocytes are fixed with 4% formaldehyde and stained with
0.2% oil red O solution in 40% 2-propanol for 30 minutes. Dye is eluted with 2-propanol, and
absorption of the eluate is measured photometrically at 510 nm. This optimized protocol achieves
excellent correlation between defined amounts of differentiated adipocytes on constant-size
culture plates and photometric absorption (R*> = 0.972, p = 6.585E-14). The performance of the
method is independent of the culture plates used. Thus, the optimized oil red O staining protocol
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can be universally employed to quantitatively assess adipocyte differentiation.

Introduction

Adipose tissue is a pivotal component of the mainte-
nance of energy homeostasis. Malfunctioning adipose
tissue causes metabolic disease, and disturbed metabo-
lism can directly affect adipose tissue. Adipocyte cell cul-
ture has proven indispensable for the study of the
cellular pathophysiology of energy metabolism. 3T3-L1
is one of the most commonly used adipocyte cell lines.
3T3-L1 preadipocytes lend themselves very well to the
study of adipogenesis. Their degree of differentiation is
highly dependent on culture conditions including hor-
monal supplements, timing of induction, passage num-
ber, and even on the person(s) involved with the cell
culture.

Oil red O is a dye that strongly stains lipids." It is
inexpensive and nonhazardous, and staining can be
performed within a few hours. Oil red O has been
used to discern preadipocytes from adipocytes, i.e.
qualitative analysis, for more than 40 vyears.”™
Recently, oil red O staining is also being used for
quantitative analysis of adipocyte differentiation®
(Table 1). To enable quantitative measurements, the
dye is commonly eluted from the cells using 2-propa-
nol, and absorbance is photometrically determined at
or near the absorbance maximum of oil red O,
518 nm. However, the published protocols differ in

many details, and almost no data has been reported
on the performances of the assays, putting the validity
of this method at question.

To overcome this limitation, we developed and vali-
dated a quantitative staining protocol for cultured adipo-
cytes that we report here.

Results

Performance of quantitative oil red O staining with
arbitrary parameters

Published protocols for quantitative oil red O staining
differ in concentrations, volumes, and durations, even
though many of these protocols refer to the same
original protocol that published in 1992°
(Table 1). To assess the validity of quantitative oil red
O staining, we initially chose arbitrary parameters
that roughly represent the average of the published
protocols. Because it is not feasible to reliably control
the number of fat cells experimentally by adjusting
the culture protocol, we decided to first grow the cells
to full confluence and let them differentiate, and then
scrape off the cells of defined areas of the culture
plates. Staining the remaining cells on the plate wells
with 0.3% oil red O for 60 minutes followed by elu-
tion with 1 ml/well 2-propanol vyielded dark-red
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Figure 1. (A) Performance of quantitative oil red O staining with
arbitrary parameters. 3T3-L1 adipocytes were fixed on a 12-well
plate in 4% formaldehyde and stained with 0.3% oil red O in 40%
2-propanol for 60 min at room temperature. After washing, dye
was eluted with 1 ml/well of 100% 2-propanol for 10 min at room
temperature; 200 ul of eluate from each well were transferred to a
microtiter plate. Scatter plot of photometric absorption vs. relative
amount of cells. R? = 0.077, p = 0.382 by linear regression. (B)
Representative microphotograph of differentiated adipocytes. The
picture was taken with a Zeiss AxioCam MRm at 20x lens magnifi-
cation and was not digitally post-processed by the authors.

eluates that could not be distinguished by visual
inspection and produced absorbance measurements
near the upper end of the dynamic range of the pho-
tometer (0-3.2 O.D.) (Fig. 1). The absorbances did
not discriminate at all between varying amounts of
differentiated adipocytes per well (R> = 0.077,
p = 0.382 by linear regression; Fig. 1).
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Figure 2. Performance of the original protocol, carried out as
published.” 3T3-L1 adipocytes were fixed on a 6-well plate
(35 mm well diameter) in 10% formaldehyde for 1 hour and
stained with 0.2% oil red O in 57% 2-propanol for 2 hours at
room temperature. After washing, plates were dried at 32°C as
needed, and dye was eluted with 1 ml/well of 100% 2-propanol,
which was removed immediately by gentle pipetting. 200 ul of
eluate from each well were transferred to a microtiter plate.
Scatter plot of photometric absorption vs. relative amount of
cells. R> = 0.953, p = 1.179e-10 by linear regression with
second-order polynomial regression (optimum fit).

Performance of quantitative oil red O staining with
the original protocol

We next assessed whether the original protocol produces
valid measurements if performed exactly as published.” The
measurements obtained using this protocol were non-linear
with saturation apparent above 50% of differentiated cells
on the plate (Fig. 2). Best fit was achieved with a 2-degree
polynomial curve (R* = 0.953, p = 1.179¢-10). Importantly,
when the elution was carried out as described” by adding
and immediately removing 2-propanol from the wells by
gentle pipetting, not all of the stain was eluted.

Validation of experimental approach

Scraping off the cells of a culture dish is of course a
highly artificial procedure that may not be a valid surro-
gate for having undifferentiated cells in addition to dif-
ferentiated adipocytes on one culture plate. To assess
whether the removal of defined amounts of differentiated
cells from a plate is a valid simulation of various amounts
of undifferentiated (pre-)adipocytes, we compared a cul-
ture plate that had never been exposed to cells with one
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Figure 3. Quantitative oil red O staining of (undifferentiated) prea-
dipocytes. 3T3-L1 preadipocytes were grown to confluence on 6-
well plates, then stained using the optimized protocol (see Materi-
als and Methods). (A) Comparison of quantitative staining of a well
that was stained after all preadipocytes were scraped off (no more
cells) and a well of a blank, cell-naive polystyrene plate (never
cells). Averages and standard errors of n = 3 replicates of a repre-
sentative experiment. *, p = 0.001 by Student’s t test. (B) Linear
regression analysis of quantitative staining of varying amounts of
cells in a well. All wells were initially covered with a confluent
monolayer of preadipocytes; the amount of cells was varied experi-
mentally by scraping off the cells. Efficacy of scraping was verified
under the microscope.

that had a fully confluent monolayer of (undifferenti-
ated) preadipocytes entirely scraped off (A). On the cell-
naive plate, oil red O formed small precipitates that
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Figure 4. Quantitative oil red O staining of differentiated adipo-
cytes. 3T3-L1 adipocytes were differentiated on 6-well plates,
then stained using the optimized protocol (see Materials and
Methods). (A) Linear regression analysis of quantitative staining
of varying amounts of cells in a well. All wells were initially cov-
ered with a confluent monolayer of preadipocytes; the amount of
cells was varied experimentally by scraping off the cells. Efficacy
of scraping was verified under the microscope. (B) Comparison of
quantitative staining of a well that was stained after all adipo-
cytes were scraped off (no more cells) and a well of a blank, cell-
naive polystyrene plate (never cells). Averages and standard
errors of n = 3 replicates of a representative experiment.
*, p = 0.001 by Student’s t test.
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Figure 5. Applicability of the staining protocol to a different cul-
ture plate format. 3T3-L1 adipocytes were differentiated on 12-
well plates, then stained using the optimized protocol (see Mate-
rials and Methods). Linear regression analysis of quantitative
staining of varying amounts of cells in a well. All wells were ini-
tially covered with a confluent monolayer of preadipocytes; the
amount of cells was varied experimentally by scraping off the
cells. Efficacy of scraping was verified under the microscope.

could not be washed off and yielded an eluate with
significantly higher absorption than the eluate from the
plate from which all cells had been removed
(p = 0.001, Fig. 3A). When the ratio of area with preadi-
pocytes to area with cells removed was varied experi-
mentally, the absorbances undulated around 0.2 O.D.
(Fig. 3B). Except for the plate with all cells scraped off,
the ratio of areas did not influence the absorbance. The
absorbances obtained from plates with varying amounts
of cells removed were significantly lower than the absor-
bance obtained from the cell-naive plate. On the other
hand, increasing amounts of undifferentiated cells on a
plate did not affect absorbance. Thus, scraping off the
cells is a valid simulation of undifferentiated fat cells,
and a culture plate with all cells scraped off serves as a
negative control, while a culture plate that is fully cov-
ered by differentiated adipocytes is the positive control.

Performance of quantitative oil red O staining
with optimized parameters

To optimize the staining protocol, measurements were
performed with fully differentiated adipocytes with dif-
ferent oil red O concentrations (0.03-0.3%), duration of
staining (0.5-1.5 hours), and eluate volumes used for
photometry (50-200 pl). Best linearity and the widest
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range of absorptions (0.2-1.0) were achieved with 0.2%
oil red O, a staining duration of 30 min, and 200 ul
eluate (R*> = 0.972, p = 6.585e-14; Fig. 4A). Again, cul-
ture plates that had never had contact with a cell mono-
layer yielded a much higher absorbance than plates with
all cells scraped off (Fig. 4B), supporting the validity of
the scraping method. The initial fixation with formalde-
hyde did not affect the assay performance. As long as
fixation was performed at all, the formaldehyde concen-
tration, duration of fixation, and number of washes had
no influence on the slopes of the regression lines or mea-
sured absorptions (not shown).

Applicability of the optimized protocol to
different plate formats

The optimized protocol was developed with 12-well
plates. We tested the applicability of the protocol for
other plate formats by adjusting the volumes of oil red O
working solution and eluant to the 2.5-fold greater
surface area of a well on a 6-well plate, compared with a
12-well plate; we did not expect the volume of fixative to
be a determining factor, and washing was performed
with abundant volumes regardless of the plate format
used. With 2.5-fold higher volumes of oil red O working
solution and 2-propanol eluant, the measurements were
similar to the measurements obtained with the 12-well
plate (R* = 0.982, p = 1.148e-20, Fig. 5).

Discussion

Oil red O staining distinguishes adipocytes from other
cells and has recently been used as a quantitative method
to assess differences in the degree of adipocyte differenti-
ation in cell culture. However, there is considerable vari-
ation among the published protocols, and the validity of
the method has never been confirmed and published.
We here present a quantitative staining protocol that
produces valid, reproducible measurements and can be
applied to different culture plate formats.

The quantitative method that involves eluting the red
dye from the cells and subjecting it to absorbance meas-
urements was first described by Kuri-Harcuch and col-
leagues.” All but one'* of the subsequently published
protocols deviate explicitly from the original protocol
(Table 1). While one article mentions the use of an oil
red O standard curve,'' data on the validity, linearity,
and dynamic range of the method has never been made
public so far. In their seminal paper, Kuri-Harcuch and
colleagues demonstrate the kinetics of the stain and
adjust the timing to make sure that all cells are stained,
but they do not report whether the volumes and concen-
trations used had been optimized as well. Using the
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original protocol, measurements are not linear if a cul-
ture plate contains more than 50% differentiated adipo-
cytes (Fig. 2). Most absorbances obtained with this
protocol lie above 1.0, with some measurements in the
range of 2.0 to 2.4. It should be noted that absorbance
(O.D.) is defined as the decadic logarithm of the ratio of
light emitted from the photometer to light transmitted
by the eluate; if no light is transmitted, absorbance is infi-
nite. Consequentially, O.D. values greater than ~1.5
indicate sub-maximum absorption (10'* 22100/3 ~3.3%
light transmitted) and are affected by an exponentially
increasing error.'® An O.D. range of 1.0 to 2.4 corre-
sponds to only 10% to 0.4% of light transmitted. Thus, it
is not desirable to use the entire dynamic range of the
photometer (0-3.2 O.D.). Our optimized protocol pro-
duces absorbances in the range of 0.2 to 1.2 irrespective
of the culture plate format, which corresponds to 63% to
6.3% of light transmitted.

It is unknown why most published protocols deviate
from the original protocol despite referencing it. Our
data clearly show that arbitrary deviation from the origi-
nal protocol invalidates the assay (Fig. 1).

Besides linearity and reliability, steepness of slope is
one of the performance markers of a biological/bio-
chemical assay.'” Steepness of slope may be assessed by
performing linear regression analyses and examining
the p value.'” The protocol with arbitrary parameters
entails a non-significant p value on linear regression,
rendering it inappropriate for quantitative measure-
ments (Fig. 1). On the other hand, linear regression of
the data obtained using our optimized protocol produ-
ces extremely small p values regardless of the culture
plate format used (Figs. 4, 5).

During optimization, we adjusted all but one of the
parameters in the protocol. Eluant volume was not for-
mally optimized. However, the dye was completely
eluted from the cells, indicating that the eluant was
abundant. Our protocol yielded absorbances in the opti-
mum range of 0.2 to 1.2. As discussed above, absorban-
ces higher than 1.5 correspond to more than 97%
extinction and are affected by increasing error.'® Thus,
decreasing the eluant volume in order to further increase
eluate dye concentration and absorbance is not desirable.

The most common application of quantitative oil red
O staining is to assess the capacity of cultured preadipo-
cytes to differentiate under different experimental condi-
tions. Our protocol has a wide dynamic range and
produces linear results from no differentiated cells on a
culture plate to a plate fully covered with adipocytes.
Therefore, it is suitable for a wide array of scientific ques-
tions, allowing for assessment of differentiation even at
very early stages. Another potential application is to cor-
rect experimental data for differences in differentiation

between culture plates within one experiment or between
experiments that may otherwise confound the interpre-
tation of data. To accomplish this, experimental data is
divided by the absorbance of the eluate to account for
differences in differentiation. It should be noted however
that the absorbances must first be normalized to the low-
est absorbance measured, because absorbances below
1 would produce incorrect results when used as a
denominator.

There are other ways to quantitatively assess the
degree of differentiation of adipocytes. Nakao and
colleagues'® combined oil red O staining with image
analysis. While this method avoids the pitfall of over-
saturation, care must be taken to distinguish stained adi-
pocytes from unstained adipocytes, and intermediate
states may be difficult to adjudicate. In addition, image
analysis requires more hands-on work to first obtain the
images and then to analyze them. Similar to the photo-
metric assay, the image-analysis approach produces
summary data for an entire culture plate, but does not
allow to draw conclusions with regard to individual cells.
An alternative method that does not have this limitation
is flow cytometry,'**° which permits analysis at the level
of individual cells. This can be useful if other information
is collected simultaneously. Flow cytometry requires a
much more sophisticated instrument that may not be
available in many labs, unlike a photometric plate reader.

Taken together, the optimized oil red O protocol
described here allows for fast, reliable, and valid assess-
ment of the degree of differentiation of cultured
adipocytes.

Materials and methods
Cell culture

3T3-L1 preadipocytes were obtained from the American
Type Culture Collection via LGC Standards. All cells
were grown on standard tissue culture-treated polysty-
rene culture plates (Corning, Berlin, Germany); the
surfaces of these plates have been physically modified by
corona discharge to facilitate cell binding.*' Preadipo-
cytes were kept at 37°C with 5% CO, in DMEM with
4.5 g/l glucose and 110 mg/l sodium pyruvate (Fisher
Scientific), supplemented with 10% bovine calf serum
(Fisher Scientific). Cultures were passaged every
2-3 days, when 80% confluence was reached. For differ-
entiation, preadipocytes were seeded on 6-well (9.5 cm?/
well, Corning #3506) or 12-well plates (3.8 cm’/well,
Corning #3512), and kept in normal growth medium.
Four days after confluence, differentiation was induced
by replacing the growth medium with differentiating
medium (DMEM, 10% FBS [Fisher Scientific], 1 umol/l



insulin) supplemented with 100 nmol/l dexamethasone,
1 pumol/l rosiglitazone, 500 pmol/l isobutylmethylxan-
thine, and 250 pumol/l indomethacine. After two days,
this induction medium was replaced with differentiating
medium, which was renewed every 2 days thereafter.
Experiments were performed at least 10 days after the
induction.

Simulation of various ratios of undifferentiated to
differentiated cells

To simulate varying degrees of differentiation, i.e., the
ratio of undifferentiated preadipocytes to differentiated
adipocytes, culture wells were marked underneath with a
permanent marker to delineate 25%, 50%, 75%, 87.5%,
or 100% of the well area. Cells were then carefully
scraped off the designated area, and complete removal of
cells was verified microscopically. Staining was always
performed on the cells that remained in the plates.

Oil red O stock and working solutions

Oil red O powder was obtained from Sigma-Aldrich
(00625). A stock solution was prepared by dissolving
0.2 g in 40 ml 2-propanol (0.5% w/v). This stock solution
was stored at room temperature. The working solution
was obtained by diluting the stock solution 2:3 with
distilled water, yielding a concentration of 0.2% oil red O
in 40% 2-propanol. The working solution was prepared
freshly for each experiment and filtered once immedi-
ately before use.

Optimized oil red O protocol

After removing the supernatant from the culture plates,
cells were washed once with phosphate-buffered saline
(PBS) and fixed with 4% formaldehyde in PBS for
15 min at room temperature. The formalin was removed,
and oil red O working solution was filled into the culture
plates to safely cover the plate bottom (0.132 ml/cm?, i.e.
0.5 ml per well for 12-well plates, 1.25 ml per well for
6-well plates). The plates were incubated at room tem-
perature for 30 min. They were then washed 5 times
with distilled water. To elute the dye, 100% 2-propanol
was added to the plates (0.263 ml/cm?, ie., 1 ml per well
for 12-well plates, 2.5 ml per well for 6-well plates). The
plates were incubated for 10 min at room temperature
on an orbital shaker. 2x 200 ] of eluate were transferred
to a clear 96-well microtiter plate (polystyrene); a
duplicate of wells on the microtiter plate was filled with
2x 200 pl 2-propanol. Absorption was measured in
duplicate at 510 nm on an Asys UVM340 microtiter
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plate reader with a dynamic range of 0.000 O.D. to 3.200
O.D. (Biochrom, Cambridge, UK).

Statistical analysis

Statistical significance was tested by linear regression and
Student’s t test as indicated. Analyses were performed
with Microsoft Excel with Daniel's XL Toolbox
add-in** and figures were produced with R with the
ggplot2 package.”

Abbreviations

2-prop 2-propanol

conc concentration

FA formaldehyde

n/a not applicable

O.D.  optical density

PFA paraformaldehyde

RT room temperature

u/c unspecified concentration
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