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the storage of toxic lipid species in hepatocytes, macro-
phages, cardiac myocytes, renal glomerular cells muscle, 
and buccal cells ( 4, 5 ). Adipocytes are the main cell type 
that store the body’s energy reserves as triglycerides, and 
they do so in larger LDs that serve as highly specialized 
lipid reservoirs. However, excessive storage of triglycerides 
leads to obesity and metabolic syndrome, posing serious 
risks of diet-related noncommunicable diseases such as 
diabetes mellitus, hypertension, cardiovascular disease, 
and stroke ( 6 ). 

 The use of animal model systems and comparison with 
human studies has contributed extensively to our under-
standing of processes of development of adipose tissue 
and obesity (reviewed in Ref.  7 ). Supplementing in vivo 
systems, in vitro models are invaluable for dissecting mo-
lecular mechanisms, including the formation of LDs ( 8 ). 
Adipogenesis processes have been well studied since the 
establishment of both murine ( 9 ) and human ( 10 ) pre-
adipocyte cell lines. These models enable controlled inves-
tigation of the regulators of adipogenesis and provide 
mechanistic insight into obesity via the measurement of 
physiological and molecular responses of adipocytes to 
specifi c therapeutic compounds. Since the establishment 
of human preadipocyte Simpson-Golabi-Behmel syn-
drome (SGBS) cell line in 2001 ( 10 ), it has been used in 
more than 100 research articles and has proven to be a 
reproducible model for studying biological mechanisms in 
preadipocytes and mature adipocytes in the context of 
human adiposity ( 11 ). SGBS cells are neither transformed 
nor immortalized, have high proliferation and differentia-
tion capacity, and provide unique advantages to study hu-
man adipogenesis ( 12 ). SGBS cells are easier to maintain 
and less costly than human primary cell lines. 

 During adipogenesis, small LDs destabilize to increase 
storage capacity in two ways: coalescence by fusion of LDs 
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 Lipid droplets (LDs) are the main storage organelles 
for triglycerides in eukaryotic cells ( 1–3 ). They are found 
in several cell types, where they support membrane biosyn-
thesis and aid lipid homeostasis. They also participate in 
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and surface area may be easily obtained on a per-cell basis. 
Therefore, we used LipiD-QuanT on the human SGBS pre-
adipocyte differentiation model, which provides the ease to 
study the effect of any treatment of interest on human ad-
ipogenic differentiation in short time frame. 

 We fi rst evaluated the performance of LipiD-QuanT 
against benchmark Oil Red O staining and biochemical 
lipid accumulation techniques to monitor LD dynamics 
during in vitro differentiation of human SGBS preadipo-
cytes over a 21 day time frame. We monitored the gene 
expression changes in selected adipogenesis genes to as-
sure the reproducibility of SGBS preadipocyte differen-
tiation. We then used LipiD-QuanT to sensitively detect 
changes in LD growth in response to four potential pro- or 
antiobesogenic treatments: DHA, high glucose, zinc oxide 
(ZnO) nanoparticles, and rosiglitazone. 

 MATERIALS AND METHODS 

 Cell culture conditions 
 We used the SGBS cell line, a human-derived preadipocyte cell 

line isolated from the stromal cell fraction of subcutaneous 
adipose tissue from an infant with Simpson Behmel Gobali 
syndrome ( 10 ). Proliferation and differentiation media were pre-
pared as previously described ( 10 ) with minor changes. In brief, 
cells were proliferated to 90% confl uence in T75 or T150 fl asks 
in DMEM/F-12, GlutaMAX™ (cat#10565; Life Technologies) 
supplemented with 10% FBS (cat#10099-141; Invitrogen), 10 U/ml 
penicillin-streptomycin (cat#15070; Invitrogen), 8 mg/l d-biotin 
(cat#4639; Sigma), and 4 mg/l d-panthothenic acid (cat#P5155; 
Sigma). Cells were then differentiated in 6-well plates at a con-
centration of 0.2 million cells/well. The experiments were un-
dertaken with a minimum of three biological replicates at passage 
number 23. The cells were kept in serum-free quick differentia-
tion media supplemented with 100 nmol/l cortisol (cat#H0888; 
Sigma), 0.01 mg/ml transferrin (cat#T0665; Sigma), 0.2 nmol/l 
triiodothyronine (cat#T6397; Sigma), 20 nmol/l insulin (cat#I2643; 
Sigma), 2 µmol/l rosiglitazone (cat#2408; Sigma), 25 nmol/l dexa-
methasone (cat#D4902; Sigma), and 0.5 mmol/l 1-methyl-3-
isobutylxanthine (cat#I5879; Sigma) for the fi rst 4 days. After 
4 days, media was removed and replaced with differentiation me-
dia, further excluding rosiglitazone, dexamethasone, and 1-methyl-
3-isobutylxanthine for 10 or more days. Media was changed every 
second day. 

 During adipogenesis, cells were exposed to the following pro- 
and antiobesogenic treatments. 

 DHA.   A single ml of DHA oil emulsion contained 125 mg of 
DHA (C22:6), 8.5 mg of eicosapentaenoic acid (C20:5, EPA), 
9 mg of vitamin C, and 0.19 mg of vitamin E (HiDHA™ oil 
emulsion: Nu-Mega Ingredients Pty. Ltd.). Over the 14 day course 
of SGBS differentiation, 10 µmol/l DHA oil emulsion was 
added, at each change of media, a total of seven times. LDs were 
monitored at the end of the differentiation period on day 14. 

 D-glucose.   SGBS cells were differentiated in 10 mM D-glucose 
(cat#G7021; Sigma), 10 mM D-glucose with 7.5 mM Sorbitol 
(cat#S1876; Sigma) for osmolarity control, and 17.5 mM D-glucose. 
The low glucose concentrations were maintained by changing 
the medium to DMEM, low glucose, GlutaMAX™, and pyruvate 
(cat#11885; Life Technologies) containing 5.5 mM D-glucose. 
The LDs were assessed at days 7, 10, and 14. 

or by Ostwald ripening, in which molecules from one LD 
diffuse to another ( 13 ). Quantifi cation of LD accumula-
tion is the most common measure of differentiation dur-
ing in vitro adipogenesis. The three most widely used 
techniques are described below. 

 Fixed cells are stained with lipophilic dyes, the most 
commonly used lipophilic dyes being Oil Red O, Sudan 
III, Nile Red, BODIPY 493/503, and 3,3 ′ -dioctadecyloxa-
carbocyanine perchlorate ( 14–16 ). The absorbed dye can 
be resolubilized, and the intensity of the stain, measured 
via spectrophotometry, can be used as a proxy for cellular 
lipid content. 

 After cell lysis, lipolytic enzymes are used to digest 
triglycerides to glycerol and free fatty acids. Additional 
enzymatic reactions turn glycerol into a colored product, 
the concentration of which may be measured using 
spectrophotometry. 

 Monoclonal antibodies are available against LD-associated 
proteins such as perilipin, adipophilin, TIP47, and caveolin-1 
( 17 ). Fluorescence microscopy after antibody staining 
makes LDs visible, enabling measurement of LD size and 
ultimately lipid content. 

 These techniques are lengthy, require dedicated culture 
plates to measure the lipid content, and do not permit re-
use of cells for other biological or morphological measure-
ments. Moreover, the staining-based methods comprise 
multiple steps, including fi xation, washing, and dehydra-
tion, which occasionally result in detachment of cells and 
lysis of LDs. There is also growing evidence that staining 
conditions such as dye concentration and fi xation time af-
fect the fl uorescence intensity of lipophilic dyes, resulting 
in incorrect correlation between fl uorescence intensity and 
actual total lipid content ( 18 ). Additionally, lipophilic dyes 
have high affi nity toward hydrophobic surfaces, which re-
sults in background staining when plastic culture dishes are 
used ( 19, 20 ). Finally, when using biochemical assays, a vari-
able fraction of the lysed cells may be retained in the cell 
culture dishes, which may result in minor errors in the cel-
lular lipid content calculation. Thus, existing assays tend to 
be more qualitative than quantitative. 

 More recently, Coherent anti-Stokes Raman Scattering 
microscopy showed great promise as a technique to study 
LD dynamics ( 21 ). It has been used to identify LDs in  Cae-
norhabditis elegans  ( 22 ),  Drosophila melanogaster  ( 23 ), mu-
rine fi broblasts ( 24 ), and human adipose-derived stem 
cells ( 25, 26 ). However, it is currently only available in a 
handful of research institutes with the appropriate equip-
ment. Therefore, a need still exists for a method of lipid 
accumulation quantifi cation that is effective and reliable, 
suitable for use with live cells, and uses common labora-
tory equipment. 

 In this contribution, we describe LipiD-QuanT, an auto-
mated image analysis tool, to quantify LD accumulation 
in live cells under phase contrast microscopy. The LipiD-
QuanT algorithm depends on the ability of phase contrast 
microscopy to reveal even small refractive index differences 
between LDs and the surrounding cytosol by exploiting 
destructive interference effects. LDs have a well-defi ned 
spherical shape; hence, the measurements of LD volume 
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 RNA extraction 
 SGBS cells were lysed in 500 µl TRI-reagent (cat#T9424; Sigma) 

on days 0, 4, 7, 14, and 21, and the lysates were stored at  � 80°C 
until completion of sample collection. Total RNA was isolated as 
described by the manufacturer’s manual. RNA concentration was 
determined by NanoDrop ND-1000 (USA) spectrophotometer 
readings .  

 cDNA synthesis and quantitative real-time PCR 
 Each sample of fi rst-strand cDNA was synthesized from 600 ng of 

total RNA using QuantiTect Reverse Transcription Kit (cat#205313; 
Qiagen). Gene-specifi c primers (supplementary Table 1) were 
used to amplify target genes using 10 ng of fi rst-strand cDNA 
as template in a 15 µl SYBR green-based quantitative RT-PCR 
reaction performed under the following conditions: 95°C for 
2 min, 45 cycles at 95°C for 10 s, 60°C for 30 s, 72°C for 10 s with 
a melting curve from 65°C to 95°C. The gene expression levels 
were normalized to  GAPDH  housekeeping gene expression in 
each sample. 

 Image acquisition 
 Images were acquired on an Olympus IX81 microscope 

equipped with a 20×/0.40 LCPLANFl Ph1 phase contrast objec-
tive (USA) and a Roper Scientifi c CoolSNAP FX monochrome 
camera (USA) aligned for positive mode phase contrast micros-
copy. The image intensity was optimized to span the full camera 
dynamic range, and the focus was adjusted to maximize the LD 
morphology displaying sharp edges. Care should be taken in the 
microscope set-up to ensure that any “halo” effect is homoge-
neous because inhomogeneity may interfere with the image anal-
ysis. Also, without care in set-up, the smallest LDs may have dark 
boundaries that do not close entirely. A total of six images were 
taken per well. All the images were saved in uncompressed TIFF 
format. Pixel size in the object space was 0.3 µm. A comprehen-
sive set of label-free images of human adipocytes were captured 
during adipogenesis (supplementary File 1). 

 On average there were 25 cells in a single image, with a varia-
tion of two to fi ve cells between image fi elds. Larger variation will 
lead to incorrect assumptions about total lipid quantity. There-
fore, lipid quantities should preferably be normalized by the cell 
number. The cells were stained with the nuclear fl uorescent dye 
DAPI and imaged with a DAPI fl uorescence fi lter set immediately 
before acquiring the phase contrast image (example images are 
provided in   Fig. 1A , B, and C ).  Nuclei were counted using the 
Otsu threshold method available in Matlab TM  ( 29 ). LD amounts 
per cell were calculated by matching nuclei numbers with the LD 
numbers produced by LipiD-QuanT ( Fig. 1 ). Although LipiD-
QuanT is designed for LD quantifi cation in living cells to allow 
their further use for other biological measurements, we used im-
ages of fi xed cells to check the effect of specifi c stimulants, which 
were used to compare our method with Oil Red O staining 
method on the same wells. Other physiological nuclear stains 
may also be used, such as Hoechst 33342 (available to stain live 
cells in media as NucBlue® by Life Technologies). 

 LipiD-QuanT image processing and analysis 
 LDs naturally adopt a spherical geometry driven by their sur-

face tension ( 30 ). LipiD-QuanT is based on the Laplacian edge 
detector, which we have previously used to monitor bacteria un-
der phase contrast microscopy ( 31 ). The Laplacian edge detec-
tor defi nes level sets (similar to level lines on topography maps) 
that automatically guarantee the formation of closed contours 
surrounding the target shapes ( 32 ). LipiD-QuanT detected 
contour lines closely corresponding to individual LDs in human 
adipocyte images. However, false-positive contours are also 

 ZnO nanoparticles.   The differentiated SGBS cells were treated 
with 1 µg/ml or 10 µg/ml ZnO nanoparticles coated with a dime-
thoxydiphenylsilane/triethoxycaprylylsilane crosspolymer (batch# 
FCHE1301; Z-COTE MAX from BASF) on day 6 for 48 h. We 
have described the extensive physicochemical characterization of 
Z-COTE MAX elsewhere ( 27, 28 ). Briefl y, primary particle sizes 
were 36 ± 2 nm wide and 95 ± 5 nm length but formed larger ag-
gregates in water and cell culture medium. Noncytotoxic concen-
trations to SGBS cells were selected on the basis of previous work 
( 27, 28 ). We monitored the change in LD size distribution 
immediately after the treatment period at day 8 as well on days 
10 and 14. 

 Rosiglitazone treatment.   SGBS cells received an additional of 
2 µmol/l rosiglitazone from day 4. The LDs were measured on 
days 10 and 14. 

 Biochemical measurement of lipid content with 
triglyceride accumulation assay 

 SGBS cells were lysed using 200 µl triglyceride accumulation 
lysis buffer per well in 6-well plates (cat#TG-1-NC; Zen-Bio Inc.). 
Biological triplicates were included for each assay point, and the 
lysates were stored at  � 80°C until the completion of the differen-
tiation process. Triglyceride esters were converted to glycerol, 
and glycerol concentration was quantitated enzymatically and 
measured as per the manufacturer’s protocol, using 15 µl of ly-
sate in technical duplicates. 

 Staining based measurement of lipid content using 
Oil Red O 

 Cells were fi xed with 1 ml of 4% paraformaldehyde for 20 min 
in 6-well plates, washed with 1× PBS twice, and stored at 4°C in 1× 
PBS supplemented with 0.02% (w/v) sodium azide until process-
ing. The fi xed cells were washed with 100% propylene glycol (Astral, 
cat#CSPL010) before 1 ml of Oil Red O staining for 15 min at 
room temperature (cat#O1516; Sigma). Cells were washed three 
times with 1 ml of PBS to remove excess dye, and images were 
acquired using an inverted microscope fitted with a high-
defi nition, cooled color digital camera DXM1200C (ECLIPSE 
90i; Nikon, Japan). The Oil Red O dye was extracted from the 
stained cells using 500 µl of 100% isopropanol for each well, 
and two aliquots of 200 µl were transferred to black 96-well 
plates. The O.D. reading of Oil Red O was measured at 520 nm 
using a plate reader (POLARstar Omega microplate reader; 
BMG Labtech, UK). 

 Immunolabeling for LDs 
 Cells were differentiated on acid-treated coverslips for immu-

nolabeling of the LD coating protein perilipin. The cells were 
fi xed on coverslips with 1 ml of 4% paraformaldehyde for 20 min 
in 6-well plates and washed with 1× PBS twice before and after 
permeabilization in Triton X-100 solution (0.2% Triton X-100 in 
PBS with 10% goat serum, cat#5425; Cell Signaling Technology) 
for 10 min. Samples were blocked for 20 min in 10% goat serum, 
5% FCS, and 0.5% BSA in PBS and stained with anti-Perilipin 
(D1D8) XP® Rabbit mAb (cat#9349S; Cell Signaling Technol-
ogy) overnight at 4°C as per the manufacturer’s recommenda-
tions. Samples were washed with 1× PBS twice and reblocked. 
The secondary antibody staining was completed using Alexa 
Fluor® 488 goat anti-rabbit IgG (H+L) as per the manufacturer’s 
instructions (cat#A-11034; Invitrogen). A solution of 25 µg/ml 
DAPI (cat#D9542; Sigma) was added for nuclear staining. The 
coverslips were washed twice with 1× PBS and mounted on micro-
scope slides using Fluoroshield mounting media (cat#F6182;  
 Sigma). 
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 LipiD-QuanT data analysis and output 
 LipiD-QuanT installer (supplementary File 3) is available on 

the CSIRO Data Access Portal as well as on GitHub (https://
github.com/Varinli/LipiD-QuanT). The details are further ex-
plained in the installment instructions included in supplemen-
tary File 3. It will automatically process the images saved to the 
same directory, providing numeric outputs corresponding to LD 
diameter length in pixels as described in the LipiD-QuanT in-
staller instructions. The script itself is provided in supplementary 
File 4. LipiD-QuanT is fully automated and can be used even by 
potential users that are not familiar with Matlab TM . 

 The images produced by LipiD-QuanT correspond to binary 
images, where all the pixels of each identifi ed LD are set to 1 and 
the background pixels are set to 0. We generated the size and 
shape information pertaining to LDs using the regionprops func-
tion in Matlab. LipiD-QuanT is applicable to both fi xed and live 
cells because it uses the “equivalent diameter,” indicating the 
diameter of the disk that has the same area as the object as the 
absolute measure of LD diameter length in pixels. Based on 
the microscope setup, the measurements can be converted to 
micrometers. 

formed in the background. These were eliminated because they 
are associated with low intensity variance along their contour. 

 Cytoplasmic spaces, surrounded by genuine LDs, tend to have a 
concave shape, being complementary to a set of limiting convex 
vesicles. We used the function TRACE_MooreNeighborhood.m 
contributed by Adam H. Aitkenhead available on “Matlab Central” 
to trace the LD edges until it generated a closed contour circle 
( 33 ). We then applied the LineCurvature2D.m function con-
tributed by Dirk-Jan Kroon and available on “Matlab Central” to 
compute the curvature of the traces generated by the previous 
function ( 34 ). 

 Analysis of the curvature at the outer boundary of the seg-
mented regions and subsequent removal of regions with negative 
average curvature allowed us to eliminate the false-positive LDs 
( Fig. 1E , red arrow). LDs often occur as clusters. Occasionally, fused 
LDs form dumbbell shapes. We have incorporated the watershed 
transform algorithm to LipiD-QuanT to detect and divide dumb-
bell-shaped LDs ( 35 ) and eliminated LDs external to cells. Addi-
tionally, a mask outlining the position of cells was constructed in 
order to avoid counting LDs in the background ( 36 ). The key steps 
of the LipiD-QuanT algorithm are presented in   Fig. 2  .  

  Fig. 1.  LipiD-QuanT validation. A: Image of 4% 
paraformaldehyde-fi xed SGBS human preadipocytes 
on day 7, stained with DAPI to localize nuclei. B: Nu-
clei in  Figure 1A  were segmented automatically via 
LipiD-QuanT in order to derive per-cell statistics for 
lipid accumulation. C: The same image fi eld as in  Fig-
ure 1A  was acquired under phase contrast micros-
copy. D: A representative image of differentiated 
SGBS cells acquired under phase contrast microscopy 
showing well-contrasted LD boundaries. E: A repre-
sentative image of differentiated SGBS cells repre-
senting LDs segmented by LipiD-QuanT. A region of 
negative curvature cytoplasmic space between LDs is 
indicated by a red arrow. F: A representative image of 
differentiated SGBS cells representing LDs segmenta-
tion by manual counting (the lower cell was not ana-
lyzed). G: Comparison of smoothed distribution of 
LD diameter sizes obtained from automated LipiD-
QuanT measurements and manual segmentation 
(n = 1,048 LDs). Pixel size in object space is 0.3 µm. 
H: The LD identity was confi rmed at the molecular 
level using antiperilipin fl uorescence staining of the 
protein (green channel) decorating their periphery. 
I: Size distributions are not sensitive to focus choice. 
Smoothed distribution of LD diameter sizes of ma-
ture human adipocytes is reproduced reliably after 
resetting the focus in independent trials (n = 1,165 
LDs).   
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 We monitored changes in the cellular morphology and 
expression profi les of a set of key genes, such as  CEBPB , 
 PPARG ,  GLUT4 ,  ADIPOQ ,  PLIN , and  FABP4 , during adipo-
genesis. All of these genes except  ADIPOQ  had the highest 
relative expression on day 10 (supplementary Fig. 1). 
Whereas the expression of  CEBPB ,  PPARG , and  GLUT4  
genes was higher in later stages of adipogenesis,  ADIPOQ , 
 PLIN , and  FABP4  expression levels were reduced by at least 
2-fold (supplementary Fig. 1). The gene expression changes 
were consistent with previously published data confi rming 
that SGBS preadipocyte differentiation is a reproducible 
model for the study of human adipogenesis ( 12, 37–40 ). 

 Lipid-QuanT validation 
 LipiD-QuanT algorithm validation against manually seg-

mented LDs.   In  Fig. 1  we show the process of applying 
LipiD-QuanT. The Fig. 1A shows a phase contrast image of 
a fi eld of differentiating adipocytes at day 7, and Fig. 1B 
and C show the DAPI-stained image of the fi eld and nuclei 
identifi cation used to determine cell numbers per fi eld. 
We present an example of a phase contrast image of a dif-
ferentiated adipocyte in  Fig. 1D  and the processed LipiD-
QuanT automated segmentation of LDs in  Fig. 1E . The 
shapes and sizes of LDs measured automatically via LipiD-
QuanT closely matched those in original images (compare 
 Fig. 1D and E ). 

 We generated ground truth data by manually creating 
LD outlines in randomly selected two cells in each of a to-
tal of six test images taken on day 10 of human adipogen-
esis, using the region of interest selection tool in Matlab TM  
(imellipse), which allows precisely overlaying an ellipse 
shape onto each individual LD by adjusting its center and 
main axes. An example image where these ellipses were 
fi tted manually is shown in  Fig. 1F . The same LDs were 
also detected by executing LipiD-QuanT on the same 
six images. LipiD-QuanT detected over 95% of LDs as 
determined by manual segmentation ( Fig. 1E and F ). In 
total, 1,048 LDs were analyzed by the two methods ( Fig. 
1G ). Although there was a minor shift of larger sizes in 
LD diameter distribution using manual segmentation, 
the LD size distributions obtained using the two meth-
ods were not statistically different according to chi 2  and 
Kolmogorov-Smirnov tests ( P  > 0.05) ( Fig. 1G ). The 
LipiD-QuanT algorithm requires an average of 1 min 
per image and detects LDs with a minimum diameter of 
0.34 µm. 

 Antiperilipin-stained LDs structures corresponded accurately 
with stain-free LipiD-QuanT detection.   To confi rm correspon-
dence of LDs detected by LipiD-QuanT with fl uorescence-
stained images, we stained mature adipocytes using an 
antibody against perilipin, a protein known to decorate 
the outer surface of LDs ( Fig. 1H ). The appearance and 
size of the fl uorescently stained LDs corresponded to 
those detected under phase contrast. We also acquired 3D 
widefi eld stacks of antiperilipin-stained human SGBS adi-
pocytes. LDs tended to be approximately spherical and 
predominantly arranged in a single horizontal plane (sup-
plementary File 2). 

 We used the smoothed kernel density distributions to visualize 
the distribution of LD sizes among treatments and to characterize 
potential effects. The complete script for producing smooth LD 
diameter size distributions from LipiD-QuanT output is given in 
supplementary File 5. The LipiD-QuanT output can also be used 
to calculate total LD area as an indicative of LD content. We advise 
to normalize the total LD area for number of cells to remove any 
technical or biological variance due to cell number among wells. 

 RESULTS 

 SGBS preadipocyte differentiation 
 SGBS preadipocyte cells were cultured and differenti-

ated according to standard procedures ( 10 ). Undifferenti-
ated SGBS cells exhibit a fi broblast-cell like structure. 
However, the cells initiate adipogenesis by pulling their 
longitudinal structures into more localized single globular 
structure with the infl uence of the adipocyte differentia-
tion cocktail. By day 4, tiny LDs, sparsely distributed within 
the cell, became more apparent. By day 7, a high propor-
tion of the cells appeared terminally differentiated, con-
taining multiple visible LDs. By day 10, the majority of the 
differentiated cells matured and contained large quanti-
ties of lipids. Over the 14-day course of adipogenesis, 95% 
of the SGBS preadipocytes were differentiated into mature 
adipocytes. From day 14 to 21, we observed LD enlarge-
ment by coalescence and growth. 

  Fig. 2.  Flowchart presenting the key steps of LipiD-QuanT 
algorithm.   
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same well. The results were highly consistent and robust in 
each treatment group (supplementary  Fig. 2A and B ). 

  Comparison of LipiD-QuanT with standard methods  
 We monitored lipid accumulation in differentiating 

SGBS cells on days 0, 4, 7, 10, 14, and 21 via biochemical 
and lipid staining methods (  Fig. 3  ).  We used LipiD-QuanT 
on images acquired from day 7 onward because the LDs 
were too small to identify with a 20× objective before day 7. 
A total of 5,670 LDs were characterized to assess the per-
formance of LipiD-QuanT against staining and biochemi-
cal-based triglyceride accumulation assays. 

 Over the process of well-orchestrated adipogenesis, 
some preadipocytes trigger differentiation more quickly, 
rapidly reaching their maximum LD storage capacity, 
whereas others contain a plethora of differentially sized 
LDs. Similarly, both live and Oil Red O-stained adipocyte 
images confi rmed the structural changes in LDs as adipo-
genesis progressed ( Fig. 3A ). New LDs form while larger 
LDs merge and augment in size to increase lipid storage 
capacity until day 21 (i.e., there are fewer but larger LDs 
as the cells mature) ( Fig. 3B ).  Fig. 3A and B  provide rep-
resentative sections of images. More examples of label-free 
human adipocytes images during differentiation are pro-
vided in supplementary File 1. 

 LipiD-QuanT robustness against small variations in focal 
plane selection.   LipiD-QuanT, developed for in vitro stud-
ies, relies on the acquisition of a single image for lipid 
quantifi cation rather than a full 3D stack of images span-
ning the entire 3D cell volume. We tested LipiD-QuanT’s 
robustness against variations in focal plane selection by 
acquiring the same image fi eld fi ve times, each time inde-
pendently refocusing to maximize the contrast of LDs. 
The resulting LD size distributions corresponding to indi-
vidual images were almost indistinguishable ( Fig. 1I ). 
Thus, as long as image contrast is maximized by the opera-
tor, LipiD-QuanT is resilient against focus variations. The 
choice of focal plane does not interfere with the results 
because adipocytes are predominantly arranged fl at in a 
horizontal plane, as shown in supplementary File 5. 

 LipiD-QuanT consistency across image fi elds in the same 
well.   Although a certain biological variability in lipid con-
tent is expected for individual cells in the same well, cell-
specifi c variability is expected to be averaged out because 
images often contained multiple cells. We acquired six im-
ages from various locations of the same well in a total of 
two treatment groups. The 12 images were analyzed by 
LipiD-QuanT separately. The separate LD diameter size 
distribution was produced for each image taken from the 

  Fig. 3.  Performance of LipiD-QuanT in monitoring 
LD accumulation during adipogenesis, compared 
with Oil Red O staining and triglyceride accumula-
tion protocols. A: Representative images of Oil Red O 
stained SGBS cells over the adipogenesis time course 
of 21 days. As expected, Oil Red O is seen to partition 
predominantly in LDs. B: Representative images of 
label-free differentiating SGBS cells as observed by 
phase contrast microscopy over a period of 21 days. 
The average LD diameter is seen to increase spec-
tacularly over this period. C: The Oil Red O dye ex-
tractions were measured spectrophotometrically at 
520 nm (OD 520nm ) over a period of 21 days. Data are 
shown as mean ± SD (three biological replicates with 
two technical replicates per sample). D: Quantifi ca-
tion of total triglyceride accumulation using enzy-
matic digest method during adipogenesis. The total 
glycerol concentration is shown in µM. Data are 
shown as mean ± SD of experiment performed in trip-
licate wells (two technical replicates per sample). E: 
Total LD area calculated on days 7, 10, 14, and 21 of 
human adipogenesis using LipiD-QuanT divided by 
the total number of differentiated cells used per 
DAPI-stained nuclei images coupled with phase con-
trast images. On days 7, 10, 14, and 21, there were a 
total of 99, 104, 96, and 132 cells, respectively (six im-
ages were used per differentiation time point). F: 
Smoothed distribution of LD diameter sizes obtained 
using the LipiD-QuanT software during adipogenesis 
(n = 5,670 LDs). A systematic shift toward larger LD 
sizes is measured.   



2212 Journal of Lipid Research Volume 56, 2015

triggers new LD formation during adipogenesis ( 59 ). 
However, prolonged treatment is known to be antiobeso-
genic, to promote lipolysis, and to block LD fusion, result-
ing adipocytes containing small LDs ( 60, 61 ). 

 In   Fig. 4    we show the smoothed distributions of LD sizes 
and total lipid quantifi cation obtained using LipD-QuanT 
and Oil Red O staining methods, respectively, with represen-
tative images of adipocytes corresponding to each treatment 
and control group. The distributions of LD diameter results 
obtained from independent experiments indicated that mea-
surement of LD accumulation during SGBS adipogenesis was 
very robust ( Fig. 4A, D, G, and J ). The chi 2  and Kolmogorov-
Smirnov tests indicated that DHA and ZnO nanoparticle 
treatments had neither positive nor negative effects on the 
overall distribution of LD diameter size during adipogenesis 
( p  > 0.05) ( Fig. 4A and G ). Whereas elevated glucose concen-
tration also did not result in a statistically signifi cant change in 
LD size distribution or total lipid content, a consistent slight 
shift to higher LD was seen ( Fig. 4D ). The total lipid quantifi -
cation using the Oil Red O staining method was also unaf-
fected in these treatments ( t -test;  p  >0.05) ( Fig. 4B, E, and H ). 

 For example, under the effect of ZnO nanoparticles ex-
posure ( Fig. 4G and H ), the tail of LD diameter size distri-
butions fattens, indicating the increase in the proportion 
of larger LDs in adipocytes as the adipogenesis progress 
( Figs. 3F, D, G, and J ). However, these structural features 
are lost if measures of total lipid quantifi cation are used 
( Fig. 4E, H, and K ). 

 Rosiglitazone treatment is essential for the early stages of 
adipogenesis to promote LD formation and fusion. However, 
prolonged stimulation is known to infl uence adipocyte mor-
phology, leading to adipocytes containing small LDs scat-
tered in the cytoplasm. We observed a statistically signifi cant 
effect of rosiglitazone in LD diameter size distribution at 
both day 10 (chi 2 ,  p  < 2.2e-16; Kolmogorov-Smirnov test,  p  < 
2.2e-16) and day 14 adipocytes (chi 2 ,  p  < 8.62e-15; Kol-
mogorov-Smirnov test,  p  < 2.2e-16). There was a negative shift 
in LD size distributions revealing an abundance of small LDs 
on both day 10 and day 14 ( Fig. 4J ). The total lipid quantifi ca-
tion using Oil Red O staining method also revealed that 
there was a signifi cant reduction in the lipid content both on 
day 10 and day 14 in response to prolonged treatment with 
rosiglizatone ( t -test;  p  = 1.6e-5 and 1.9e-5, respectively) ( Fig. 
4K ). Rosiglitazone treatment almost stopped LD fusion and 
enlargement, whereas the increase in LD size was aberrant in 
the control group: there were fewer LDs under 3 µm diame-
ter in the day 10 control group compared with day 14 ( Fig. 
4J ). We observed the biggest effect of rosiglitazone on larger 
LDs. The 95th percentile LD diameter size was 0.6 and 1.8 
µm smaller in rosiglitazone treatment compared with control 
group on day 10 and day 14, respectively (vertical lines in  Fig. 
4J ). This indicated that prolonged treatment with rosigli-
tazone prevented LD enlargement during adipogenesis. The 
results are discussed further below. 

 DISCUSSION 

 There is growing public interest in pro- and antiobeso-
genic substances to potentially combat the global obesity 

 The overall trend for LD accumulation obtained via the 
Oil Red O staining method differed from both LipiD-
QuanT and triglyceride accumulation results ( Fig. 3C, D, 
and E ). The biochemical assay demonstrated a linear in-
crease in lipid content ( Fig. 3D ) consistent with the previ-
ously published results ( 41 ). LipiD-QuanT measurements 
demonstrated a sustained increase in lipid content across 
the entire differentiation time course ( Fig. 3E ), whereas 
Oil Red O staining surprisingly indicated that total lipid 
content decreased after day 10 ( Fig. 3C ), possibly due to 
lysis or detachment during washing and staining proce-
dures. Because LipiD-QuanT measurements are based on 
individual cells, it is possible to discern features that are 
obscured in measurements of total lipid content. 

 The LD size distribution obtained by LipiD-QuanT re-
fl ected LD coalescence and ripening as the mean of LD di-
ameter size distributions shifted toward larger LDs as the 
adipogenesis progressed ( Fig. 3F ). The total LD area in-
creased 10 times, whereas the average LD diameter size in-
creased 118% from day 7 to day 21 ( Fig. 3E and F ). Median 
LD diameter size of SGBS adipocytes increased from 1.72 
µm to 2.95 µm from day 7 to day 21. The size range of LDs 
is similar to that of SGBS cells ( 42, 43 ). LipiD-QuanT cou-
pled with nuclear staining also allowed us to calculate the 
ratio of differentiated cells during adipogenesis. The pro-
portion of differentiated cells increased from 75% to 96% 
from day 7 to day 21. 

 LD size distribution in the presence of pro- and 
antiobesogenic substances 

 Once we confi rmed that LipiD-QuanT was accurately de-
tecting LDs compared with the standard methods, we used 
LipiD-QuanT to measure the response to four potential 
pro- or antiobesogenic interventions during adipogenesis. 

 DHA.   An important omega-3 long-chain polyunsatu-
rated fatty acid is reported to have antiobesogenic effects 
in animal models ( 44 ); reduced plasma levels of omega-3 
fatty acids have also been linked to obesity ( 45–47 ). Higher 
omega-3 fatty acid levels have been shown to reduce fat 
cell size in overweight and obese individuals ( 48 ). 

 D-glucose.   Glucose has been shown to act through 
SREBP-1c to induce de novo lipogenesis in vitro in rat 
muscle satellite cells ( 49 ). Exposure of 3T3-L1 cells to 
high glucose conditions leads to insulin resistance ( 50, 51 ) 
and to accumulation of signifi cantly increased amounts of 
lipid compared with low glucose ( 52 ). 

 ZnO nanoparticles.   Zinc homeostasis is involved in dys-
function of insulin metabolism ( 53 ). Low levels of erythro-
cytary zinc are linked to type-2 diabetes and metabolic 
syndrome outcomes ( 54–56 ). Because the therapeutic ef-
fects of ZnO nanoparticles in treating lipid-associated dis-
eases show promise ( 57, 58 ) but are underexplored, we 
tested their possible effect on LD dynamics in differentiat-
ing human preadipocytes. 

 Rosiglitazone treatment.   The peroxisome proliferator-
activated receptor  �  agonist is an insulin sensitizer and 
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  Fig. 4.  The effect of pro- and antiobesogenic treatments on LD formation and accumulation during adipogenesis. A: Smoothed distribution of 
LD diameter sizes in terminally differentiated SGBS cells in the presence and absence of 10 µmol/l DHA treatment over a 14 day period (n = 7,444 
LDs in eight images). B: The Oil Red O dye extractions were measured spectrophotometrically at 520 nm (OD 520nm ) in terminally differentiated 
SGBS cells in the presence and absence of 10 µmol/l DHA treatment over a 14 day period. Data are shown as mean ± SD (three biological repli-
cates with two technical replicates per sample). C: Representative microscopy images of control and 10 µmol/l DHA-treated SGBS cells on day 14. 
For these and panels F, I, and L, images are only representative of a small portion within a single image. D: The change of smoothed distribution 
of LD diameter sizes in differentiating SGBS cells in low and high glucose concentrations for a total of 14 days (n = 5,955 LDs). E: The Oil Red O 
dye extractions were measured spectrophotometrically at 520 nm (OD 520nm ) in differentiating SGBS cells in low and high glucose concentrations 
for a total of 14 days. Data are shown as mean ± SD (four biological replicates with two technical replicates per sample). F: Representative micros-
copy images of SGBS cells fed in low- and high-glucose-concentrated media up to day 14. G: The change of smoothed distribution of LD diameter 
sizes in differentiating SGBS cells on days 8 and 12 after a 48 h treatment with or without the 10 µg coated ZnO nanoparticles on day 6 (n = 33,626 
LDs). H: The Oil Red O dye extractions were measured spectrophotometrically at 520 nm (OD 520nm ) in differentiating SGBS cells on days 8 and 
12 after a 48 h treatment with or without the 10 µg coated ZnO nanoparticles on day 6. Data are shown as mean ± SD (two biological replicates 
with two technical replicates per sample). I: Representative microscopy images of SGBS cells at day 14 after a 48 h treatment with or without a 48 
h treatment the 10 µg coated ZnO nanoparticles on day 6. J: Smoothed distribution of LD diameter sizes in SGBS cells differentiated in the pres-
ence and absence of 2 µmol/l roziglitazone until day 14 (n = 33,749 LDs). Vertical lines: 95th percentile; full lines: day 10; dashed lines: day 14. 
K: The Oil Red O dye extractions were measured spectrophotometrically at 520 nm (OD 520nm ) in SGBS cells differentiated in the presence or 
absence of 2 µmol/l roziglitazone until day 14. Data are shown as mean ± SD (three biological replicates with two technical replicates per sample). 
L: Representative microscopy images of SGBS cells in the presence and absence of 2 µmol/l roziglitazone for a total of 14 days.   

epidemic, yet little is known about the effect of many sub-
stances on LD dynamics. Identifi cation of specifi c interac-
tions between fat storing cells and environmental signals 
will potentially delineate intrinsic mechanisms leading to 
fat depot expansion either through increase cell size or 

numbers ( 62 ). LipiD-QuanT provides a readily applicable 
method to monitor LD formation and growth during adi-
pogeneisis and to study the impact of exogenous factors. 
We have demonstrated here that LipiD-QuanT is a suitable 
approach for measuring LD content and for determining 
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( 69 ). Moreover, on mature 3T3-L1 cells kept in high glu-
cose, 2 day rosiglitazone treatment reduced the measured 
lipid content by 10% ( 70 ). Consistent with this, we have 
demonstrated that prolonged exposure to rosiglitazone 
has an antiadipogenic effect during human adipogenesis, 
and LipiD-QuanT measurements demonstrate that it pre-
vents enlargement of LDs, leading to smaller LD size dis-
tribution ( Fig. 4J ). 

 Although the emphasis of this manuscript has been LD 
dynamics with the specifi c focus on human obesity, the ap-
plication of Lipid-QuanT is not limited to a specifi c cell or 
organism. LDs contain well-conserved features among all 
organisms ( 71 ). Recently, commercial software has been 
used to measure LD dynamics in murine 3T3-L1 cells after 
fi xation and Oil Red O staining ( 72 ). The size distribution 
of LDs in 3T3-L1 cells is very similar to that of SGBS cells 
measured using LipiD-QuanT. Thus, Lipid-QuanT should 
readily be able to be applied to the murine 3T3-L1 adipo-
cyte cell line. Additionally, HepG2 cells are reported to 
contain LDs ranging from 0.2 µm to 1.4 µm ( 73 ). Visual-
ization of the smaller lipid droplets (<0.3 µm) is feasible 
but would require capturing of images at higher magnifi -
cation (2×) than the microscopy set-up that is described. 
Thus, LipiD-QuanT adds further knowledge to previous 
research that investigated LD accumulation and lipid 
metabolism in the context of health and disease or due to 
the infl uence of various treatments during adipogenesis 
( 74–76 ). 

 LipiD-QuanT complements staining and biochemical 
methods for the measurement of lipid content and LD dy-
namics. It has the advantages that it can provide measures 
of LD content and size distribution on a per cell basis, it is 
nondestructive to cells because the cells do not need to be 
fi xed, and it is user friendly. 

 In addition, we believe LipiD-QuanT can be adapted to 
quantify lipid emulsions or lipid research in other systems 
where the contrast of LD contours is maximized and po-
tentially be used for studies of LD biophysical characters 
such as stability, shape, and dynamics.  
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tuna oil; Penny Bean, Meg Evans, and Vijay Vaithilingam for 
assistance with their microscopes; and Michael Gillings, Kim 
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