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Abstract
Cytosolic lipid droplets (LDs) store excess fatty acids (FAs) in the form of neutral lipids and prevent starvation-induced

cancer cell death. Here we studied the ability of mono- and polyunsaturated FAs to affect LD formation and survival in

HeLa cervical cancer cells. We found that the LD content in HeLa cells increases with cell density, but it decreases in

MDA-MB-231 breast cancer cells. Exogenously-added unsaturated FAs, including oleic (OA), linoleic (LA), arachido-

nic (AA), eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) displayed a similar ability to alter LD formation in

HeLa cells. There was a dual, concentration-dependent effect on neutral lipid accumulation: low micromolar concentra-

tions of LA, AA and DHA reduced, while all FAs induced LD formation at higher concentrations. In serum starved He-

La cells, OA stimulated LD formation, but, contrary to expectations, it promoted cell death. Our results reveal a link bet-

ween cell population density and LD formation in HeLa cells and show that unsaturated FAs may both suppress or sti-

mulate LD formation. This dynamic regulation of LD content must be accounted for when studying the effects of lipids

and lipid metabolism-targeting drugs on LD metabolism in HeLa cells.
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1. Introduction

Tumours have developed different molecular mec-
hanisms that enable their uncontrolled proliferation.1 On-
cogene activation and loss of tumour suppressors lead to
both proliferative and metabolic reprogramming of cancer
cells. The most common metabolic adaptations in cancer
are increased glucose uptake, high rate of anaerobic
glycolysis and increased glutamine consumption, but re-
cent studies have revealed a dependence on elevated de
novo lipid synthesis, internalization of exogenous lipids,
mitochondrial fatty acid (FA) oxidation and lipid media-
tor-induced proliferative signalling.1–4 Lipids and their
metabolites are currently under intense investigation in
cancer-related studies, where new aspects of their role in

cancer signalling, survival and apoptosis are beginning to
emerge.

Lipid droplets (LDs) are now widely recognized as
dynamic cytosolic organelles, present in all eukaryotic
cells, with prominent roles reaching beyond that of inert
energy storage depots.5 LDs are composed of a tightly
packed core of neutral lipids, triacylglycerol (TAG) and
sterol esters, surrounded by a phospholipid monolayer
embedded with proteins and enzymes. At the cellular le-
vel, besides providing energy and building blocks for
biosyntheses, they have important roles in protein quality
control, viral replication and cell signalling, and are impli-
cated in physiological processes ranging from immunity
to neural development.6 Strong evidence suggests that
LDs also control the synthesis of an array of lipid signal-
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ling molecules and that changes in LD metabolism inf-
luence the risk of developing metabolic diseases and can-
cer.7,8

Increased accumulation of LDs has been observed
in cancer cells in vivo and in vitro and LDs have been pro-
posed as markers of cancer aggressiveness.2,4,9-12 The
mechanisms of their involvement in cancer are currently
under intense investigation. LDs are primary cellular
sources of FAs for mitochondrial β-oxidation, which has
been shown to enable cancer cell survival during various
stress conditions.13-15 We have previously shown that se-
creted phospholipase A2-induced release of unsaturated
FAs induces TAG synthesis and LD formation in aggressi-
ve breast cancer cells, thus stimulating proliferation and
preventing cell death during serum starvation.16,17 The
protective effects of LDs are associated with upregulation
of β-oxidation enzymes and may be abolished with eto-
moxir, a potent inhibitor of β-oxidation. Intriguingly, LD
formation is also induced during complete cell starvation,
i.e. in the absence of glucose, amino acids and exogenous
sources of lipid, when LDs become critical for providing
FAs for β-oxidation that enables the survival of different
cells, including HeLa cervical cancer cells.18,19

The role of different unsaturated FA species in sup-
porting LD accumulation and cell survival in different
cancer cell types in different environmental conditions is
not clear. In general, LDs prevent FA lipotoxicity by ac-
ting as transient buffers for excess endogenous and exoge-
nous FAs. Saturated FAs are particularly toxic to the cell
and induce ER-stress and apoptosis, while monounsatura-
ted FAs, such as oleic acid (OA; 18:1, ω-9), are generally
regarded as cytoprotective.20 The supplementation of un-
saturated FAs may even avert lipotoxicity by syphoning
saturated FAs to inert TAGs stored in LDs.21 A number of
studies have demonstrated that polyunsaturated FAs
(PUFAs) have distinct and contrasting effects in cancer,
with ω-6 PUFAs, such as arachidonic acid (AA; 20:4, ω-
6), mostly displaying pro-tumorigenic effects and ω-3
PUFAs, such as eicosapentaenoic (EPA; 20:5, ω-3) and
docosahexaenoic acid (DHA; 22:6, ω-3), showing anti-tu-
morigenic, anti-inflammatory and pro-apoptotic effects in
cancer cells.22,23 However, the association between LD
metabolism and individual FA species in the context of
cancer cell survival and metabolism is unknown. Here we
studied the ability of different exogenous unsaturated FA-
s, namely OA, linoleic acid (LA; 18:2, ω-6), AA, EPA and
DHA to induce LD formation and affect cell death in He-
La cervical cancer cells.

2. Experimental

2. 1. Materials
HeLa cervical adenocarcinoma cells (HeLa H2 clo-

ne) were obtained from John V. Moran, Howard Hughes
Medical Institute, USA. MDA-MB-231 breast adenocar-

cinoma cells and RPMI-1640 culture medium were from
ATCC (USA). DMEM, foetal bovine serum (FBS) and
Dulbecco’s phosphate buffered saline (DPBS) were from
Gibco, USA. Nile Red, tetramethylrhodamine, methyl es-
ter (TMRM), LA, EPA, DHA, AA, fatty acid-free bovine
serum albumin (FAF-BSA) were from Sigma-Aldrich
(USA), YO-PRO-1 iodide, TrypLE Select were from Life
Technologies (USA), while OA and DMSO were from
Merck (Germany).

2. 2. Cell Lines and Culture Conditions

HeLa and MDA-MB-231 cells were cultured in
DMEM and RPMI-1640 medium, respectively, supple-
mented with 10% FBS. In experiments with serum-depri-
ved cells, FBS was replaced by 0.02% FAF-BSA to ren-
der cells quiescent. Exogenously added FAs were com-
plexed with 0.5% FAF-BSA or 10% FBS in culture me-
dium for 1 h at room temperature before addition to cell
culture.

2. 3. Flow Cytometry Analysis of Cellular LD
Content
LD analysis was performed as described previ-

ously.16 Briefly, cells were seeded in complete medium in
24-well culture plates, left to attach for 24 h, and treated
with different concentrations of FAs for 48 h. Prior to
treatment, FAs were complexed as described above. Cells
were harvested, the pellet resuspended in 500 μl of 1
μg/ml Nile Red solution in DPBS, incubated in the dark
for 10 min and analysed by flow cytometry on a BD
FACSCalibur system (BD Biosciences, USA). Logarith-
mic fluorescence signals were collected using the FL1 fil-
ter (530/30) from at least 2 × 104 events per sample. 

2. 4. TMRM/YO-PRO-1 Apoptosis Assay 

Cell death was determined by measuring mitochon-
drial and plasma membrane integrity using the
TMRM/YO-PRO-1 assay and flow cytometry as descri-
bed prevoiously.17 Cells were seeded in complete medium
in 24-well plates at a concentration of 3 × 104 cells/well.
24 h later, the medium was replaced by serum-free
DMEM containing 0.02% FAF-BSA and the cells pre-
starved for 24 h. Medium was replaced, cells treated with
different concentrations of FAs (pre-complexed with
DMEM containing 0.5% FAF-BSA) and incubated for
168 h. Cells were harvested, the pellet resuspended in 100
μl of 150 nM TMRM in DPBS and incubated in the dark
for 15 min. Finally, 1 μl of 20 μM YO-PRO-1 in DMSO
was added and cells incubated for additional 10 min. TM-
RM and YO-PRO-1 signals from 5 × 104 cells per sample
were measured by flow cytometry using the FL1 (530/30)
and FL3 (650LP) filters. TMRM negative and YO-PRO-1
positive cells were considered apoptotic. 
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2. 5. Statistical Analysis

Data are presented as means ± SEM. Graphpad
Prism (GraphPad Software, USA) was used for statistical
analysis, using one-way ANOVA with Bonferroni adjust-
ment for multiple comparisons. P values lower than 0.05
were considered statistically significant.

3. Results and Discussion

In the course of our flow cytometry assay optimiza-
tion for the detection of LDs in HeLa cells, we observed
significant changes in their LD content depending on the
number of cells seeded. In order to determine whether cell
density affects LD accumulation, HeLa cells were seeded at
different densities, grown for 48 h in complete medium and
the average LD amount in the cell population was determi-
ned by flow cytometry. We found that the LD content in
HeLa cells increased proportionally with cell density (Fig.
1a). On the contrary, the average LD amount in MDA-MB-
231 breast cancer cells, a cell line with high propensity for
LD formation from exogenous FAs,16 decreased with cell
density (Fig. 1b). Namely, rapidly proliferating cancer cells
grown in complete medium are highly metabolically active
and they take up and metabolize glucose and amino acids to
support biosynthesis, cell growth and proliferation.1 Lipids
may be synthesized de novo or are taken up from exoge-
nous sources, and are necessary for the maintenance and
synthesis of cell membranes and thus a prerequisite for cell
proliferation.4 Therefore, we expected that LD content will
decrease with increasing cell density, since there is an in-
creasing number of cells competing for the fixed supply of
exogenous lipids found in serum. The increase in LD

amount in HeLa cells suggests that with increasing cell
density, and in the absence of contact inhibition, HeLa cells
either gradually increase the rate of exogenous lipid uptake
or significantly upregulate de novo lipid synthesis. In both
cases, LDs may be necessary for supporting cell growth
and proliferation processes characteristic of HeLa cells. In
support of our finding, a similar relationship between LD
amount and cell density has been reported for C6 rat glioma
cells in culture,24 and, interestingly, an increase in the
amount and size of LDs is characteristic of adipogenic dif-
ferentiation, which may occur also in cancer cells, inclu-
ding cancer stem cell subpopulations of HeLa cells.25,26 Alt-
hough the role of LDs in cell growth and proliferation is not
clear, it may be easily envisaged that LDs act as master re-
gulators of cellular lipid homeostasis, finely tuning the ba-
lance between lipid requirements and supply during cell
growth. Additionally, LDs may be necessary to alleviate
ER-stress that occurs in cancer cells undergoing oncogene-
driven, uncontrolled proliferation.27,28

We next asked whether different exogenous unsatura-
ted FA species vary in their abilities to induce LD accumula-
tion in HeLa cells. We found that all tested FAs displayed a
similar ability to modulate LD accumulation in HeLa cells
(Fig. 2a–e). As expected, high micromolar concentrations of
FAs, which are regularly used to induce LD formation in va-
rious cell types, stimulated LD accumulation in HeLa cells.
This is in accordance with the conserved mechanism of pre-
vention of FA lipotoxicity by their incorporation into TAG
and LD formation.20,21 Surprisingly, a slight decrease in neu-
tral lipid levels was observed when cells were exposed to
low concentrations of FAs (10 μM and below; Fig. 2a–e). A
statistically significant reduction for LA, AA and DHA,
which reduced LD amounts by 20, 15 and 19%, respecti-
vely, was indeed confirmed in a separate experiment using

a) b)

Figure 1. LD content in HeLa cells increases with cell density. (a) HeLa and (b) MDA-MB-231 cells were seeded in 24-well plates at the stated

cell densities in complete medium. After 24 h the medium was replaced and cells were cultivated for another 48 h in complete medium. Cells were

collected, stained with Nile Red and LD content was determined by flow cytometry. The resulting values are means ± SEM of at least two experi-

ments performed in duplicate.
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only 10 μM FAs (Fig. 2f). The negative effect on LD accu-
mulation may be a consequence of stimulated LD break-
down or suppressed LD formation, and is reminiscent to the
anti-adipogenic effect of unsaturated FAs, in particular ω-3
PUFAs, in differentiating adipocytes.29 The relevance of this
finding for cancer cell biology remains to be established.

We have shown recently that OA induces LD forma-
tion in MDA-MB-231, MCF-7 and T-47D breast cancer
cells, but it suppresses starvation-induced cell death only
in MDA-MB-231 cells.16 To find out whether OA promo-
tes LD accumulation and suppresses the death of HeLa
cells, we treated starving HeLa cells with a range of con-
centrations of OA. Interestingly, we observed that OA in-
duced significant LD accumulation only at the highest
concentration used and it did not reduce, but it rather pro-
moted cell death at higher concentrations (Fig. 3). Thus,
in contrast to the highly invasive MDA-MB-231 cells,16

and despite the well-known cytoprotective effect of OA,20

our results suggest that serum-deprived HeLa cells cannot
use exogenous OA to support cell survival. It is possible
that starved HeLa cells are either not efficient in packa-

ging exogenous OA into TAGs for transient storage in
LDs or their LD breakdown pathways are overly active,
thus leading to lipotoxicity of the unesterified OA.3,31

4. Conclusions

We show that LD content in HeLa cells is proportio-
nal with cell culture density, that unsaturated FAs have
differential effects on LD accumulation, and that OA can-
not support the survival of starved HeLa cells. These inte-
resting novel features of LD metabolism in HeLa cells
may be useful for future studies providing fresh insights
into cancer LD metabolism, in particular the relationship
between cancer cell proliferation and lipid metabolism.
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Povzetek
Citosolne lipidne kapljice shranjujejo prese`ne ma{~obne kisline (MK) v obliki nevtralnih lipidov in prepre~ujejo smrt

rakavih celic tekom stradanja. V tem delu smo preu~ili vplive mono- in polinenasi~enih MK na tvorbo lipidnih kapljic

in pre`ivetje celic raka materni~nega vratu HeLa. Pokazali smo, da vsebnost lipidnih kapljic v celicah HeLa nara{~a z

gostoto celi~ne kulture, v celicah raka dojke MDA-MB-231 pa pada. Eksogeno dodane nenasi~ene MK, oleinska (OK),

linolna (LK), arahidonska (AK), eikozapentaenojska (EPK) in dokozaheksaenojska kislina (DHK) so imele podobne

vplive na tvorbo lipidnih kapljic v celicah HeLa. Opazili smo dvojni, od koncentracije odvisen u~inek na kopi~enje nev-

tralnih lipidov: nizke mikromolarne koncentracije LK, AK in DHK so zni`ale koli~ino lipidnih kapljic, medtem ko so

pri vi{jih mikromolarnih koncentracijah vse MK inducirale njihovo tvorbo. OK je spodbudila tvorbo lipidnih kapljic v

stradanih celicah HeLa, a je, nasprotno od pri~akovanj, spodbudila tudi celi~no smrt. Na{i rezultati razkrivajo povezavo

med gostoto celic v populaciji in tvorbo lipidnih kapljic pri celicah HeLa in ka`ejo, da lahko nenasi~ene MK tako zavi-

rajo kot tudi stimulirajo tvorbo lipidnih kapljic. To dinami~no regulacijo vsebnosti lipidnih kapljic je potrebno

upo{tevati pri {tudijah u~inkov lipidov in u~inkovin, ki ciljajo lipidni metabolizem, na metabolizem lipidnih kapljic v

celicah HeLa.


