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Abstract
Mammary epithelial cells (MEC) secrete fat in the form of milk fat globules (MFG) which are found in milk in diverse 
sizes. MFG originate from intracellular lipid droplets, and the mechanism underlying their size regulation is still elusive. 
Two main mechanisms have been suggested to control lipid droplet size. The first is a well-documented pathway, which 
involves regulation of cellular triglyceride content. The second is the fusion pathway, which is less-documented, especially 
in mammalian cells, and its importance in the regulation of droplet size is still unclear. Using biochemical and molecular 
inhibitors, we provide evidence that in MEC, lipid droplet size is determined by fusion, independent of cellular triglyceride 
content. The extent of fusion is determined by the cell membrane’s phospholipid composition. In particular, increasing 
phosphatidylethanolamine (PE) content enhances fusion between lipid droplets and hence increases lipid droplet size. We 
further identified the underlying biochemical mechanism that controls this content as the mitochondrial enzyme phosphati-
dylserine decarboxylase; siRNA knockdown of this enzyme reduced the number of large lipid droplets threefold. Further, 
inhibition of phosphatidylserine transfer to the mitochondria, where its conversion to PE occurs, diminished the large lipid 
droplet phenotype in these cells. These results reveal, for the first time to our knowledge in mammalian cells and specifically 
in mammary epithelium, the missing biochemical link between the metabolism of cellular complex lipids and lipid-droplet 
fusion, which ultimately defines lipid droplet size.
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Introduction

Lipid droplets are intracellular neutral lipid depots that 
play a pivotal role in energy storage and lipid trafficking, 
and as a source for membrane polar lipids [1]. Essentially 
all cell types can store excess fatty acids as triglycerides 
in lipid droplets. However, specific cells, such as entero-
cytes, hepatocytes and mammary epithelial cells (MEC), can 
also secrete lipid droplets as lipid–protein assemblies (e.g., 

very low density lipoproteins (VLDL) or milk fat globules 
(MFG)). In general, the size of the secreted or intracellular 
lipid–protein assemblies vary within a narrow size range, 
as was demonstrated in VLDL [2], human neuroblastoma 
and medulloblastoma cells, as well as in human hepatocyte 
cell line and Drosophila S2 cells [3–5]. Deviation from the 
normal size range is usually associated with tissue dysfunc-
tion, as has been demonstrated in muscle cell lipid storage 
myopathy [6], hepatocytes in fatty liver [7, 8], or human 
monocytes induced to secrete proinflammatory agents [9]. 
The mammary gland is an exception, as healthy mammals 
secrete lipid–protein assemblies, also known as MFG, in a 
size range that spans over three orders of magnitude [10]. 
A tight association between MFG size and its proteome and 
lipidome has been demonstrated [10–12]. Therefore, reveal-
ing the underlying regulatory mechanisms of MFG size has 
important implications for maternal and infant health in the 
context of human lactation, as well as nutritional, health and 
organoleptic properties of milk and dairy products [13–16]. 
MFG size is determined prior to or during its secretion by 
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the MEC [17] and therefore, mechanisms contributing to the 
regulation of cytoplasmic lipid droplets are relevant to the 
MFG’s size properties.

Two major pathways have been suggested to regulate 
intracellular lipid droplet size. The first has been well-doc-
umented, suggesting that lipid droplet size is a function of 

the triglyceride amount stored in the cell. Metabolic sig-
nals control triglyceride storage by autophagy [18] or by 
regulating the localization of members of PAT (perilipin, 
adipophilin, and tail-interacting protein of 47 kDa, a.k.a. 
perilipin 3(protein family on the lipid droplet surface. Con-
sequently, the lipolytic activity on the surface of the droplet 
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modulates cellular triglyceride content [19]. Accordingly, 
in MEC, deficiency in one of the PAT proteins, adipophilin 
(a.k.a. perilipin 2(, resulted in failure to produce large lipid 
droplets [20]. Taken together, it is reasonable to assume that 
metabolic conditions that change the cell’s energy require-
ments will affect lipid droplet size. Nevertheless, this rela-
tionship does not always hold. For example, in yeast, the 
presence of supersized lipid droplets was not necessarily 
correlated with greater triglyceride content [21]. In addition, 
in Drosophila, knockdown of Cct1, a rate-limiting enzyme 
in the phosphatidylcholine (PC)-synthesis pathway, resulted 
in the formation of very large lipid droplets, but did not 
affect triglyceride content [22]. Similarly, in milk and MEC, 
differences in lipid droplet size are not necessarily associ-
ated with altered triglyceride synthesis or yield [14, 23–26]. 
Taken together, the regulation of lipid droplet size cannot be 
explained merely by the cellular triglyceride content, sug-
gesting that an additional mechanism contributes to the size 
regulation.

A second possible mechanism involved in regula-
tion of lipid droplet size is fusion of intracellular lipid 
droplets. Fusion was demonstrated in various systems, 
like liposomes and artificial lipid droplets [5, 27–29], 
and in organisms like yeast [21], nematodes [30, 31] and 
Drosophila [22]. Fusion was even demonstrated in vivo 
in murine mammary gland [32], however, the regulatory 
mechanisms involved in this process were not assessed. 
Fusion may be regulated by specific proteins on the surface 
of intracellular lipid droplets as was shown for murine 
MEC in vivo [33] and for NIH-3T3 cells [34], or by mem-
brane phospholipid composition which was studied essen-
tially in liposomes. In liposomes and synthetic systems, 
a pivotal role was demonstrated for PC and phosphatidy-
lethanolamine (PE) and their mass ratio in determining 

membrane stability and the extent of fusion [5, 27–29]. 
In yeast, phosphatidic acid was also found to play a role 
in fusion [21], however it is only a minor component in 
mammalian cell membranes, therefore its role in fusion 
in mammalian cells is less established. In living cells and 
organisms, a direct proof of the involvement of phospho-
lipid composition in lipid droplet fusion and size has been 
documented in nematodes [30, 31], Drosophila [22] and 
yeast [21], and even in mouse macrophages [5]. However, 
those studies were performed on mutant strains of yeast, 
RNAi functional genomic screening in Drosophila, and 
recombinant mouse strains, all characterized by the forma-
tion of extremely large lipid droplets that are not necessar-
ily present under physiological conditions. In mammalian 
cells, the potential role of the cellular content of PC and 
PE in regulating lipid droplet size was poorly studied, 
although the synthesis and degradation pathways of PC 
and PE have been well documented [35, 36]. Moreover, the 
contribution of fusion to regulation of lipid droplet size, 
especially in mammalian cells, remains to be elucidated.

In this study, PE and PC metabolism was modulated 
by metabolic and molecular means to study the role of 
polar lipid composition in lipid droplet size and fusion in 
bovine MEC. The results provide first evidence of exten-
sive fusion events in MEC which control lipid droplet size, 
regardless of the total cellular fat content.

Results

Lipid Droplet Size is Associated with Phospholipid 
Composition

In the current study, we found that treating cells with free 
oleic acid (C18:1) increased the number of large lipid 
droplets sixfold compared to free palmitic acid (C16:0) 
treatment (Fig. 1a, b). The distribution of the cells among 
the different phenotypic size groups differed significantly 
between treatments (Fig. 1c, P ≤ 0.0001). The prevalence 
of cells with large lipid droplets (≥ 2.5 µm) was 4% for 
the palmitic acid and 22% for the oleic acid treatment. 
Triglyceride content in cells and medium was 24% and 
100% higher in the oleic acid vs. palmitic acid treatment, 
respectively (Fig.  1d, P = 0.0021; Fig.  1e, P = 0.016). 
Concomitant with the change in lipid droplet size, phos-
pholipid composition differed between the treatments 
(Fig. 1f). Specifically, compared with palmitic acid, treat-
ment with oleic acid increased the content of PE by 63% 
(P < 0.0001), while those of phosphatidylserine (PS) and 
PC decreased by 10% (P = 0.02) and 14% (P < 0.0001), 
respectively.

Fig. 1   Free fatty acids alter lipid droplet size concomitant with 
phospholipid composition. MEC were treated with 100  µM free 
fatty acids for 24  h. a Morphology of lipid droplets in representa-
tive cells. Cells treated with oleic acid showed larger lipid droplets 
relative to palmitic acid treatment. Neutral lipids were stained with 
Nile red (red) and nuclei were stained with DAPI (blue). Scale bars, 
20 μm. b Number of large lipid droplets (> 2 µm) per image. Oleic 
acid-treated cells demonstrated approximately sixfold increase in 
the number of large lipid droplets relative to palmitic acid treatment. 
Droplets were counted in 45–56 cells in each treatment. All lipid 
droplets visualized within the cell were measured. c Greater percent-
age of cells with large droplet phenotype in MEC treated with oleic 
compared to palmitic acid, as determined by Chi square test (large 
droplets = larger than 2.5  µm, P < 0.05). 80–100 cells were analyzes 
for each replicate (240–310 cells/treatment). d Cellular triglyceride 
amount differs slightly between palmitic and oleic acid treatments. e 
Triglyceride concentration in the medium was twofold higher in oleic 
acid vs. palmitic acid treatment. f Phospholipid composition (weight 
%) differs between palmitic and oleic acid treatments. MEC treated 
with oleic acid had greater PE and lower PC content compared to pal-
mitic acid treatment. Data are presented as mean ± SD. *P < 0.05

◂
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Oleic Acid Treatment Increases Fusion Rates

To determine whether the increased size of the lipid droplets 
under oleic acid treatment is a consequence of fusion, MEC 
stained with Nile red were followed by time-lapse confocal 
microscopy. In general, analysis of movies (2 h) revealed 
lipid-droplet fusion events; each fusion of two lipid droplets, 
visualized as a flattened z-stack movie, was recorded and 
verified in a 3D-reconstructed movie (Fig. 2a and Online 
Resource 1). In the oleic acid treatment, the number of fused 
droplets was 7.25-fold higher than with the palmitic acid 
treatment (Fig. 2b, P = 0.0002). In addition, lipid droplet 
number was 1.74-fold higher in the oleic acid treatment 
(Fig. 2c, P = 0.06). Thus, to normalize the extent of fusion 
between treatments, the percentage of lipid droplets engaged 
in fusion out of the total number of lipid droplets was cal-
culated (Fig. 2d). Approximately 20% of all droplets were 
involved in the fusion process in the oleic acid treatment, 
compared to less than 5% in the palmitic acid treatment 
(Fig. 2d, P = 0.006). As oleic acid was shown to increase PE 
content, these results imply that PE content has an important 
role in enhancing lipid droplet fusion rate and consequently 
increase lipid droplet size.

Inhibition of PE Degradation Through 
the Phosphatidylethanolamine N‑methyltransferase 
(PEMT) Pathway Increases the Number of Large 
Lipid Droplets

To elucidate PE’s role in the regulation of lipid drop-
let size, we intervened with its degradation pathway 
via PEMT. Inhibition of PE degradation is expected to 
increase PE content and destabilize the membrane, there-
fore increasing lipid droplet fusion and size. This altered 
membrane properties will be best visualized under treat-
ment that induces the formation of small droplets, a.k.a 
cellular exposure to palmitic acid. Cells were exposed to 
palmitic acid in the presence or absence of 3-deazaaden-
osine (DZA), a PEMT inhibitor, for 24 h (Fig. 3a). To 
reduce PC synthesis even further, we used a choline-defi-
cient medium (in both control and DZA treatments) [37, 
38], which reduces the ability to synthesize PC de novo. 
Exposing the cells to palmitic acid + DZA resulted in a 
higher number of large lipid droplets compared to treat-
ment with palmitic acid alone (Fig. 3b, c). No toxic effects 
were recorded (Online Resource 2). Treatment of palmitic 
acid + DZA did not change the amount of triglycerides 

Fig. 2   Fusion of lipid droplets is enhanced by oleic acid treatment 
relative to palmitic acid treatment. a Representative fusion event 
of two lipid droplets (indicated by arrows), observed in MEC treated 
with 100  µM free palmitic acid + 10  µM DZA and stained for lipid 
droplets with Nile red. MEC imaged by time-lapse system. Scale bar, 
5 µm. b Number of droplets engaged in fusion process was 7.25-fold 
higher in oleic acid relative to palmitic acid treatment. MEC treated 
with 100  µM palmitic acid or 360  µM oleic acid and stained with 

Nile red. Images were taken for 2  h, starting 1.5  h after the begin-
ning of treatment. c Total lipid droplet number was higher in oleic 
acid relative to palmitic acid treatment. d Proportion of droplets that 
were involved in fusion out of total droplets (%) was fourfold greater 
in oleic acid relative to palmitic acid treatment. Data are presented as 
mean ± SD. *P < 0.05. n = 3 movies for each treatment, 100–150 lipid 
droplets in each movie. See also Online Resource 1
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in the medium (Fig. 3d, P = 0.8), whereas it elevated the 
amount of triglycerides in the cells 3.5-fold compared to 
palmitic acid alone (Fig. 3e, P ≤ 0.0001). Determination of 
phospholipid composition revealed higher amounts of PC, 
PE and PS (P = 0.04, P = 0.08, P = 0.08, respectively) in 
the palmitic acid + DZA treatment compared with palmitic 
acid alone. The greatest change between treatments was 
found in PE level, which was 29% higher in the palmitic 
acid + DZA treatment (Fig. 3f).

Disruption of Phosphatidylserine Translocation 
to the Mitochondria Inhibited the Formation 
of Large Lipid Droplets

To reduce PE synthesis through the phosphatidylserine 
decarboxylase (PSD) pathway, we used sodium azide 
and sodium fluoride (NaN3 + NaF; Fig. 4a), as previously 
demonstrated in baby hamster kidney (BHK)-21 cells 
[39]. Treating the cells for 24 h with oleic acid + 5 mM 

Fig. 3   Increased size of lipid droplets in MEC treated with pal-
mitic acid and methylation inhibitor (DZA). a PE-to-PC conver-
sion was inhibited by administration of DZA, a PEMT inhibitor, to 
cells treated with palmitic acid and incubated in choline-deficient 
medium. b MEC shows larger lipid droplets in palmitic acid + DZA 
treatment relative to palmitic acid alone. Nile red staining for lipid 
droplets (red) and DAPI staining for nuclei (blue) of MEC treated 
with 10 µM DZA or control, in the presence of 100 µM palmitic acid 
for 24 h. Scale bars, 20 μm. c MEC treated with palmitic acid + DZA 
demonstrated approximately threefold increase in the number of 
large lipid droplets relative to palmitic acid alone. Lipid droplets 

were measured in 45–69 cells in each treatment. All lipid droplets 
visualized within the cell were measured. d Triglyceride concentra-
tion in the medium was similar for palmitic and palmitic acid + DZA 
treatments. e Cellular triglyceride amount was greatly increased in 
the palmitic acid + DZA treatment. f Cellular phospholipid amount 
analyzed by HPLC–ELSD shows that palmitic acid + DZA treat-
ment increased the amount of PE, PS and PC. The greatest change 
between treatments was found in the amount of PE, with 29% higher 
content in the palmitic acid + DZA treatment. Data are presented as 
mean ± SD. *P < 0.05. See also Online Resource 2
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NaN3 + 20 mM NaF diminished the large lipid droplet 
phenotype; 100% of the cells under this treatment pre-
sented only small lipid droplets (Online Resource 3a). 
In addition, the phospholipid composition was changed, 
characterized by lower PE and higher sphingomyelin 
contents in cells cultured with oleic acid + NaN3 + NaF 
relative to those cultured with oleic acid alone (Online 
Resource 3b). Given that pronounced cell death (approxi-
mately 50%) was recorded in the oleic acid + NaN3 + NaF-
treated group (Online Resource 3c), another set of experi-
ments was performed with a shorter incubation time 
and lower concentrations of NaN3 + NaF. Incubating 
cells with oleic acid + 2.5 mM NaN3 + 10 mM NaF for 
2 h significantly reduced lipid droplet size (Fig. 4b,c). 
In particular, an eightfold decrease in the number of 
large droplets was observed after 2 h of treatment with 
oleic acid + NaN3 + NaF compared to oleic acid alone 
(P = 0.02). No effect was observed on cell viability (Online 
Resource 3d).

To determine whether the decrease in lipid droplet size 
was due to reduction in triglyceride amounts, we examined 
its cellular content. Interestingly, although lipid droplet size 
was reduced by oleic acid + NaN3 + NaF, no effect on cel-
lular triglyceride content was found after 2 h of treatment 
(Fig. 4d, P = 0.8). Nevertheless, after 4 h, a slight increase 
in triglyceride concentration was observed in this group 
(Fig. 4d, P = 0.0017), which continued to present the small 
droplet phenotype, compared to cells treated with oleic acid 
alone (Online Resource 3e). These findings support our 
assumption that the reduced lipid droplet size observed in 

cells treated with oleic acid + NaN3 + NaF cannot be attrib-
uted to changes in cellular triglyceride concentration.

The effect of treatment on phospholipid composition 
was also investigated. In general, the amount of all phos-
pholipids was reduced by either time or treatment, with 
no significant effect for the time-by-treatment interaction 
(Fig. 4e, P > 0.15). PE was the only phospholipid whose con-
centration was affected by treatment alone (P = 0.01), and 
its content was reduced by 19% in the oleic acid + 2.5 mM 
NaN3 + 10 mM NaF treatment compared to that with oleic 
acid alone. PC concentration was affected by both treatment 
(P = 0.0003) and time (P = 0.03) and was reduced by 30% 
in the oleic acid + NaN3 + NaF vs. oleic acid treatment. PS, 
phosphatidylinositol (PI) and sphingomyelin concentrations 
were not affected by the treatment (P = 0.17, 0.17 and 0.09, 
respectively).

Given that metabolic inhibitors such as NaN3 + NaF may 
reduce the cell’s secretion capacity, triglyceride concentra-
tion was determined in the culture medium. Our findings 
revealed 50% lower triglyceride concentration in the medium 
when the cells were treated with oleic acid + NaN3 + NaF 
compared to oleic acid alone (Fig. 4f). This effect was 
reflected by the slower movement (0.005 ± 0.003 µm/min) 
of lipid droplets in this treatment (Online Resource 4) com-
pared to that with oleic acid alone (0.020 ± 0.023 µm/min, 
P = 0.01, Online Resource 5). It should be noted that lipid 
droplet size was smaller, although triglyceride amount was 
greater, in the presence of NaN3 + NaF, demonstrating the 
absence of a positive correlation between lipid droplet size 
and triglyceride content in the cells.

Taken together, the results imply a central role for PE 
in regulating lipid droplet size. Nevertheless, NaN3 + NaF 
might also affect droplet fusion directly; droplet movement 
on the cytoskeleton, which induces fusion, has been shown 
to be ATP-dependent [34]. NaN3 + NaF might inhibit ATP 
production and therefore affect droplet fusion directly, rather 
than through its inhibitory effect on PE synthesis.

PSD Knockdown Inhibits Biosynthesis of Large Lipid 
Droplets

Knockdown by siRNA designed to reduce PSD gene expres-
sion was employed as an additional strategy to reduce the 
conversion of PS to PE. Specifically, cells were incubated 
with oleic acid to induce large lipid droplet formation, and 
transfected with siRNA designed to knock down PSD expres-
sion or with negative control siRNA (Fig. 5a). PSD expres-
sion was reduced by 25% (Fig. 5b, P = 0.005), resulting in 
a threefold lower number of large lipid droplets (Fig. 5c, 
d, P = 0.056). In addition, a 35% decrease in cells present-
ing large lipid droplets was found when PSD was knocked 
down compared to controls (Fig. 5e, P < 0.0001). In terms 
of phospholipid composition (Fig. 5f), treatment increased 

Fig. 4   Inhibition of PSD pathway by NaN3 + NaF reduces the 
number of large lipid droplets. a PE synthesis was inhibited by 
addition of NaN3 + NaF to oleic acid-treated cells. b MEC treated 
with 360 µM oleic acid + 2.5 mM NaN3 + 10 mM NaF or with oleic 
acid alone, show smaller lipid droplets in oleic acid + NaN3 + NaF 
after 2  h of treatment. Neutral lipids were stained with Nile red 
(red) and nuclei were stained with DAPI (blue). Scale bars, 20 μm. 
c Number of large lipid droplets (> 2  µm) per image. Cells treated 
with oleic acid + NaN3 + NaF exhibited a sharp, eightfold decrease 
in the number of large lipid droplets relative to oleic acid alone 
(*P ≤ 0.05). Droplets were counted in 54–72 cells in each treat-
ment. All lipid droplets visualized within the cell were measured. d 
Treatment duration affected cellular triglyceride amount in MEC 
with no effect of treatment in itself. Graph indicates the triglycer-
ide concentration in MEC treated with oleic acid + NaN3 + NaF or 
with oleic acid alone, for 2 and 4  h (*P ≤ 0.05 between oleic acid 
and oleic acid + NaN3 + NaF treatments, #P ≤ 0.05 between 2 and 
4  h of treatment (n = 4 for each replicate, 2 replicates). e Cellular 
phospholipid amount analyzed by HPLC–ELSD showed that treat-
ment with oleic acid + NaN3 + NaF decreases the amount of PE and 
PC compared to oleic acid alone (*P ≤ 0.05 between oleic acid and 
oleic acid + NaN3 + NaF treatments, #P ≤ 0.05 between 2 and 4 h of 
treatment). f Triglyceride concentration in the medium was reduced 
twofold when MEC were treated with 360  µM oleic acid + 2.5  mM 
NaN3 + 10 mM NaF relative to oleic acid alone, after 2 h of treatment. 
Data are presented as mean ± SD. See also Online Resource 3 (Fig-
ure) and Online Resources 4 and 5 (Movies)

◂



242	 Journal of Mammary Gland Biology and Neoplasia (2017) 22:235–249

1 3

Fig. 5   PSD knockdown inhibits large lipid droplet biosynthesis in 
MEC. a PSD siRNA transfection of MEC treated with oleic acid was 
used to inhibit PS-to-PE conversion by PSD. b PSD gene expression 
decreased by 25% following transfection of PSD siRNA compared 
to control siRNA. c Reduced lipid droplet size in MEC transfected 
with PSD siRNA compared to negative control siRNA. Neutral lipids 
were stained with Nile red (red) and nuclei were stained with DAPI 
(blue). Scale bars, 20 μm. d Number of large lipid droplets (> 2 µm) 
per image. Cells exhibited a threefold decrease in the number of large 
lipid droplets following PSD knockdown compared to control siRNA. 

70–160 cells were counted for each replicate in each treatment, total 
of 3 replicates. e Distribution of MEC phenotype was determined 
by Chi square test (P ≤ 0.05). MEC presenting large lipid droplets 
(> 2 µm) decreased by 35% in PSD siRNA treatment relative to con-
trol. f Phospholipid composition (weight %) analyzed by HPLC–
ELSD showed that PSD knockdown increases PS content relative to 
control. g Cellular triglyceride amount analyzed by HPLC–ELSD was 
not altered due to PSD knockdown. Data are presented as mean ± SD. 
*P ≤ 0.05. See also Online Resource 8
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PS content by 20% compared to controls (P = 0.08). None of 
the other phospholipid concentrations were affected by the 
treatment. The reduced lipid droplet size in the PSD siRNA 
treatment was not associated with changes in triglyceride 
content in the cells (Fig. 5g, P = 0.06).

Discussion

Biosynthesis of large lipid droplets can be attributed to 
greater accumulation of triglycerides in the cell [20, 31, 40], 
or to greater susceptibility to fusion [21, 22, 34, 41, 42]. 
The physiological importance of fusion in regulating lipid 
droplet size is unknown, especially in MEC. In the present 
study, we provide first evidence for the role of fusion in regu-
lating lipid droplet size in bovine MEC, while distinguishing 
between this effect and that of cellular triglyceride content.

Treating MEC with free palmitic or oleic acid resulted in 
substantial differences in lipid droplet size and phospholipid 
composition (Fig. 1), while the differences in intracellular 
triglyceride content between treatments was only marginal, 
albeit statistically significant, (Fig. 1).This result suggests 
that elevated triglyceride accumulation in the cells cannot 
in and of itself explain the altered lipid droplet size. Alter-
natively, the altered PC and PE contents were expected to 
alter the lipid droplet’s susceptibility to fusion [27], as has 
been demonstrated in liposomes [28, 29].

The hypothesis that phospholipid composition is engaged 
in regulating lipid droplet size through fusion was supported 
by our finding of a much greater degree of fusion between 
lipid droplets in the oleic acid treatment (Fig. 2). Demon-
strating lipid droplet fusion is a challenge, both technically 
and from a biological standpoint. Hence, only a few stud-
ies have demonstrated this process in living cells. While 
some of these showed fusion in wild-type 3T3 cells [34, 
41], others used fusogenic reagents to induce fusion [42], or 
mutant yeast strains that produce supersized lipid droplets, 
without concomitant demonstration in the wild type [21]. 
This study is the first to show lipid droplet fusion in bovine 
MEC in culture. This joins the very recent demonstration 
of this process in murine mammary gland in vivo [32]. In 
this regard, it should be noted that capturing fusion in pri-
mary culture of MEC differs from terminally differentiated 
cells in vivo since MEC in culture have reduced ability to 
assemble and secrete milk components in optimal quantities 
relative to copious milk secretion in vivo [43]. In support of 
this, lipid droplet migration rate demonstrated herein was 
slower compared to that described for in vivo lipid droplet 
fusion in MEC [32]. The slower movement may be attrib-
uted to random movements in non-polarized cells in culture 
compared with directed movement towards the apical pole 
of the cell in the in vivo model.

The hypothesis that regulation of phospholipid composi-
tion is sufficient to induce phenotypic changes in lipid drop-
let size was further tested by disrupting PE- and PC-synthe-
sis and degradation pathways. To reverse the phenotype of 
small lipid droplets under the palmitic acid treatment, which 
was characterized by high PC content, we used the PEMT 
inhibitor, DZA, which inhibits cellular methylation activity 
[44] (Fig. 3). Although the PEMT pathway has been shown 
to account for only 30% of PC synthesis in hepatocytes [45], 
and even less in other cell types [46], it may be significant 
in regulating the content of its substrate, PE. Moreover, in 
cell culture, PE- to- PC conversion may play a significant 
role in determining PE content since ethanolamine—which 
is required for de novo synthesis of PE—is absent from 
commercial culture media. In this experiment we also used 
choline-deficient medium, to prevent de novo synthesis of 
PC [37, 38] and further increase the effect of the PEMT 
inhibition on PC content.

The larger lipid droplets in the DZA treatment (Fig. 3b,c) 
is in agreement with the formation of supersized lipid drop-
lets in a yeast mutant deleted for the cho2 gene (functional 
homologue with mammalian PEMT) [21] and with previous 
studies showing biosynthesis of large lipid droplets associ-
ated with lower cellular PC content [5, 22, 31].

Nonetheless, the use of DZA as a methylation inhibitor 
had some limitations. For example, the increased PE con-
tent was accompanied by elevated concentrations of PS and 
PC, as precursors for the PE-synthesis cycle (Fig. 3f). These 
results are in agreement with a previous study showing coor-
dinated regulation of PE and PS content in adipose tissue of 
PEMT-knockout mice [47]. In addition, the effect of DZA 
was not specific, as adding it to the culture media elevated 
triglyceride content in the cells (Fig. 3e), which probably 
contributed to the formation of larger droplets.

Therefore, we used another approach to modify PE bio-
synthesis, this time on the background of oleic acid treat-
ment, aiming to increase membrane stability and reduce 
the extent of the large lipid droplet phenotype in MEC. PE 
synthesis by the PSD pathway is inhibited by NaN3 + NaF, 
which inhibits the transport of PSD substrate, PS, into the 
mitochondria [39]. Indeed, treatment with NaN3 + NaF 
reduced PE content, which eliminated the large lipid drop-
let phenotype from MEC culture (Fig. 4b,c,e and Online 
Resource 3a). That treatment also decreased PC content, in 
agreement with a previous study that showed a direct effect 
of NaN3 + NaF on choline metabolism in PC12 (neuron-like) 
cells [48]. However, while the results of the present study 
show that reduced PC content was associated with decreased 
lipid droplet size, various studies demonstrated the oppo-
site association [5, 21, 22, 31]. This inconsistency can be 
attributed to either inhibited fusion attributed to the reduc-
tion in PE content under the NaN3 + NaF treatment (Fig. 4e) 
or reduced ATP synthesis capacity by NaN3 + NaF as was 
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shown in BHK-21 cells [39]. ATP shortage may reduce bind-
ing of lipid droplets to SNAP receptor (SNARE) proteins 
which are required for lipid droplet fusion [34]. This possible 
inhibition is supported by our findings of slower movement 
of the lipid droplets of the oleic acid + NaN3 + NaF treatment 
compared with oleic acid alone, as visualized in the time-
lapse microscopy (Online Resources 4 and 5, respectively). 
Reduced ATP synthesis capacity does not necessarily lead 
to the formation of small droplets, as was demonstrated in 
liver cells [49]. Under starvation and sub optimal ATP syn-
thesis two distinct mechanisms can change lipid droplet size 
- lipolysis and autophagy. While lipolysis is known to reduce 
lipid droplet size, it was shown in starved mouse embryonic 
fibroblasts that autophagy increases lipid droplet size [18]. 
Taken together, these data suggest that lipid droplet size is 
determined by a complex regulatory mechanisms includ-
ing, but not exclusive to, cellular energy requirements [18], 
expression of proteins on the surface of lipid droplets as 
PAT and CIDEA proteins [19, 50], phospholipid membrane 
composition and the interplay between them.

To affect PE synthesis more specifically, we used PSD 
knockdown which resulted in the biosynthesis of smaller 
droplets (Fig. 5) and was not associated with change in tri-
glyceride content in the cell (Fig. 5g). Therefore, this meth-
odology enabled us to distinguish between the metabolic 
pathways responsible for phospholipid composition in the 
cell and the cellular triglyceride content. In addition, these 
results provide evidence that triglyceride content in the cell 
is only a part of the regulatory mechanism underlying the 
regulation of lipid droplet size. Other crucial regulators of 
lipid droplet size are proteins located on the envelope of 
the lipid droplet or recruited from the cytoplasm [33]. For 
example, CIDE proteins regulate lipid droplet fusion and 
growth in various tissues including adipose tissue, liver, 
skin and mammary glands (reviewed in [50]). Specifically, 
in murine mammary glands of CideA deficient mice, smaller 
cytosolic lipid droplets and decreased milk lipid secretion 
was found [51]. Additional example for the role of proteins 
in regulation of size is xanthine oxidoreductase which has 
a major role in regulation of lipid droplet and MFG size 
as was shown in mammary-specific xanthine oxidoreduc-
tase knockout mice [33]. Though the role of these proteins 
in regulating fusion is established, the role of membrane 
lipidome, as additional level of regulation in these study 
models, was not addressed.

Regulation of lipid droplet size in MEC has important 
implications for maternal and infant health in the context of 
human lactation. Lipid droplet size is also important for the 
quality of milk and dairy products, which are major sources 
of lipids in the western diet. The size of the intracellular 
lipid droplet formed by MEC prior to its secretion into the 
milk-collecting ducts will determine the size of the secreted 
MFG. The size of the MFG is tightly linked to its lipid, 

fatty acid [11] and protein [12] contents, and therefore deter-
mines the composition of the milk. In particular, the content 
of phospholipids in milk is determined by MFG size, with 
greater content in milk enriched with small globules [11]. 
Higher phospholipid content in the general population’s diet 
is desirable due to its health effects. In young animals, the 
polar lipid envelope of the MFG has been found to affect 
neurodevelopment [52]. It has also been found to provide 
health and cognitive benefits at 12 months of age in human 
infants [53, 54]. With respect to maternal health, mastitis has 
been found to be associated with MFG size and therefore, 
the ability to control MFG size may represent an important 
therapeutic target to ameliorate the prevalence of mastitis 
[13].

In summary, our findings reveal a defining role for lipid 
droplet fusion in determining lipid droplet size in MEC. We 
identified a regulatory mechanism of lipid droplet size that 
is independent of cell triglyceride content. This mechanism 
involves the metabolic pathways and intracellular compart-
ments responsible for controlling specific phospholipid 
content in the cellular membranes (Fig. 6). These pathways 
can now be targeted by a variety of molecular and meta-
bolic means. The fact that changes in lipid droplet size can 
be achieved independently of cellular triglyceride content 
implies that lipid droplet size can be manipulated without 
reducing milk fat yield. This mechanism thus points directly 
to new approaches in which milk composition and quality 
are controlled without compromising its overall value.

Materials and Methods

Materials

The basic culture medium used for the experiments was 
DMEM/F12 (Biological Industries, Beit Haemek, Israel), 
which is ethanolamine deficient. DMEM/F12 without cho-
line, fetal bovine serum (FBS), penicillin, streptomycin, 
amphotericin B, L-glutamine solution and trypsin–EDTA 
solution C were purchased from Biological Industries (Beit 
Haemek, Israel). Bovine insulin, hydrocortisone, ovine prol-
actin, bovine serum albumin (BSA) solution, hyaluronidase, 
DNase I, heparin, sodium azide, sodium fluoride and DZA 
were purchased from Sigma Aldrich Israel Ltd. (Rehovot, 
Israel). Collagenase type II was purchased from Worthington 
Biochemical Corporation (Lakewood, NJ).

Primary Culture

Primary culture of MEC was isolated from mammary 
biopsies according to a protocol established in our labo-
ratory [23] with minor modifications. Briefly, udder tis-
sue was collected from lactating cows in a commercial 
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slaughterhouse and immediately submerged in ice-cold 
growth medium with 1000 U/ml penicillin, 1 mg/ml strep-
tomycin, 2.5 μg/ml amphotericin B mixture, and 0.02 mg/
ml heparin supplementation to prevent cell clotting after 
digestion. Study protocols were in compliance with the 
regulations of the Israeli Ministry of Health.

After transfer to the laboratory, tissue was minced and 
digested by shaking in growth medium supplemented 
with collagenase (1 mg/ml), hyaluronidase (1 mg/ml) and 
0.02 mg/ml heparin, at 100 rpm for 3 h at 37 °C. After 
incubation, the suspension was filtered through a metal 
mesh (250 μm) and the filtrate was centrifuged at 350 g 
for 5 min. The sediment was treated with trypsin–EDTA 
and 0.04% (w/v) DNase. The cells were then washed with 
growth medium supplemented with heparin and treated 
with DNase alone, filtered through a 100-μm cell strainer 
(BD Falcon, Bedford, MA) and washed with the growth 
medium.

Cells were grown in plastic culture dishes with DMEM/
F12 supplemented with 10% (w/v) FBS, 100 U/ml penicillin, 
100 μg/ml streptomycin, 0.25 μg/ml amphotericin B, 1 μg/
ml insulin and 0.5 μg/ml hydrocortisone.

Experimental Design

Primary MEC were plated at 150,000 cells per 60-mm plas-
tic dish for cellular lipid extraction and RNA extraction, at 
50,000 cells per well in 6-well plates on glass cover slips 
for Nile red staining, or at 4,250 cells per plate in an 8-well 
chambered coverglass system (Nunc, Roskilde, Denmark) 
for live cell imaging. After overnight incubation, the medium 
was replaced with DMEM/F12 without serum, containing 
0.15% (w/v) free fatty acids–free BSA and insulin (1 μg/
ml), hydrocortisone (0.5 μg/ml) and prolactin (1 μg/ml) for 
48 h to induce milk lipid and protein synthesis. Treatment 
medium included free palmitic acid (C16:0) or free oleic 

Fig. 6   Simplified model of coupling of phospholipid metabolic 
pathways in mammary cells and regulation of lipid droplet size. 
Phospholipid biosynthetic pathways in mammalian cells. The three 
major phospholipids found in mammalian membranes, PE, PS and 
PC, are linked through an enzymatic sequence. We incubated MEC 
in a choline- and ethanolamine-deficient medium to prevent de novo 
synthesis of PC and PE. Therefore, we isolated the activity of PEMT 
and PSD as determinants of PC and PE cellular content. Further, we 

modulated MEC phospholipid composition by metabolic and molecu-
lar means to elucidate the phospholipid contribution to the fusion 
process, and hence to lipid droplet size. Lipid droplet (LD) size was 
found to be regulated by fusion, through phospholipid envelope com-
position, regardless of triglyceride concentration in the cell. The final 
outcome of this fusion process is the cellular lipid droplet size phe-
notype
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acid (C18:1), palmitic acid + DZA, oleic acid + NaN3 + NaF, 
or oleic acid + siRNA, all dissolved in DMEM/F12 supple-
mented with 0.5% (w/v) free fatty acids–free BSA, insulin 
(1 μg/ml), hydrocortisone (0.5 μg/ml) and prolactin (1 μg/
ml).

The experiments described herein required multiple prep-
arations of MEC primary culture. Due to individual varia-
tions between the animal origins of the MEC, the culture 
might differ in responsiveness to free fatty acid concentra-
tions in relation to lipid droplet size (see Online Resource 
6). For standardization of primary culture responsiveness 
to the basic treatments, dose-dependent studies with 100 
to 1000 µM of either palmitic or oleic acid were carried 
out, followed by Nile red staining and visualization under a 
fluorescence microscope. Concentration of free fatty acids in 
the treatment medium was set according to the lipid droplet 
size phenotype induced upon treatment with free palmitic or 
oleic acid, and is indicated for each experiment.

Phospholipid‑synthesis Inhibition

To inhibit PS to PE conversion, through the mitochon-
dria PSD pathway, MEC were incubated with 2.5  mM 
NaN3 + 10 mM NaF for 2 or 4 h (modified from [39]) in the 
presence of 360 µM oleic acid. To reduce PC synthesis, we 
used the PEMT inhibitor DZA and choline-free medium. 
MEC were incubated for 24 h with 10 µM DZA (modi-
fied from [44]) in the presence of 100 µM palmitic acid in 
medium without choline.

Lipid Extraction and Analysis

After treatment, cells were harvested with trypsin (0.05%), 
washed with 0.9% (w/v) NaCl and stored at -20 °C until 
lipid extraction. Total lipids were extracted from the intact 
cells by cold-extraction procedure developed by Folch et al. 
[55] with few adaptations [23]. Briefly, a 5-ml aliquot of 
methanol:chloroform solution (2:1, v/v) was added to each 
sample. After incubation at room temperature, 1 ml of dou-
ble-distilled water was added. After overnight incubation at 
4 °C, the upper phase was discarded and the lower phase was 
filtered through a Pasteur pipette with glass wool. Samples 
were then dried under a nitrogen stream at 65 °C, diluted 
in 100 μl of chloroform:methanol (97:3, v/v) and stored at 
-20 °C until injection for HPLC. Separation of polar and 
neutral lipids was performed on a silica column (Zorbax 
RX-SIL, 4.6 × 250 mm, Agilent Technologies) by HPLC (HP 
1200, Agilent Technologies, Santa Clara, CA) with an evap-
orative light-scattering detector (1200 series ELSD, Agilent 
Technologies). The separation protocol consisted of a gra-
dient of dichloromethane, methanol:ammonium mix (99:1, 
v/v), and double-distilled water (see Online Resource 7). The 
separation process was managed by ChemStation software 

(Agilent Technologies) for the acquisition of data from the 
ELSD detector. The separated lipids were identified using 
external standards (Sigma Aldrich). Quantification was per-
formed against external standard curves and expressed as 
µg/106 live cells or as weight % out of total phospholipids 
(µg) in the sample. Live cell number was determined with a 
hemocytometer after Trypan blue staining.

Triglyceride Quantification in the Culture Medium

After treatment, medium was collected and centrifuged at 
500 g for 10 min. The supernatant was transferred to a fresh 
tube and kept at 4 °C until analysis. Medium triglyceride 
content was quantified with a Triglyceride Quantification 
Kit (Abcam, Cambridge, UK). The concentration of triglyc-
erides in the medium was calculated per 106 cells and pre-
sented as fold change between treatments.

Lipid Droplet Staining

Cells grown on glass cover slips were rinsed three times with 
PBS and fixed with 4% paraformaldehyde in PBS for 20 min 
at room temperature. Then the cover slips were rinsed four 
times with PBS and stained with Nile red (200 nM, Sigma, 
St. Louis, MO) for 15 min. Cover slips were then rinsed 
three times with PBS and stained with DAPI (Sigma) for 
5 min. Finally, cover slips were rinsed four times with PBS 
and mounted with fluorescent mounting medium (Dako, 
North America Inc., Carpinteria, CA).

Fluorescence Microscopy and Lipid Droplet Size 
Measurements

Slides were visualized with an Olympus BX40 fluorescence 
microscope equipped with an Olympus DP73 digital camera 
using CellSens Entry software (version 1.7, Olympus). Lipid 
droplet diameter was measured using ImageJ software (ver-
sion 1.48, NIH, Bethesda, MD). Cells with at least one lipid 
droplet larger than 2.5 μm (or 2 μm in Fig. 5) were desig-
nated “large lipid droplets”. Cells with droplets at maximum 
diameter of 2.5 μm were designated “small lipid droplets”. 
Cells with no visualized lipid droplets were designated “no 
lipid droplets”. Values represent the mean size of all droplets 
in the cells.

Live Cell Imaging and Analysis of Droplet Fusion

Nile red was added directly to the treatment medium at a 
concentration of 64 ng/ml. Then cells were placed in an envi-
ronmental chamber set at 37 °C and supplied with CO2 on a 
Leica TCS SP8 confocal microscope. The microscope was 
equipped with a hybrid detector and resonant scanner. Cells 
with several clear droplets were targeted. Pictures of 14–18 
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confocal planes through the cell (z stack of 6–7.5 µm) with 
a step size of 0.42 µm were taken with a 63X oil-immersion 
objective lens every 5 min for 2–3 h, using Leica LAS AF 
software. The laser wavelength was set to 488 nm and emis-
sion to 600 (585–625) nm. Flattened z-stack movies of MEC 
stained with Nile red were viewed by two independent exam-
iners and lipid droplets that were suspected of fusion were 
marked. Then a 3D reconstruction of the relevant frames was 
conducted and visualized to validate fusion.

PSD Knockdown

Cells were transfected with PSD siRNA (sense: 5′-GCC​
UGU​ACA​UCU​GGA​CUU​U[dT][dT]-3′) or negative con-
trol siRNA (SIC001, Sigma) at 30 nM concentration with 
the N-TER™ Nanoparticle siRNA Transfection System 
(Sigma) in the presence of 150 µM oleic acid for 24 h; 
siRNA sequences were designed by Sigma–Aldrich experts 
and the oligos were purchased from Sigma as well.

Gene‑expression Analysis

To estimate PSD knockdown, real-time PCR analysis was 
performed on RNA isolated from primary mammary cells by 
GenElute™ Mammalian Total RNA Miniprep Kit (Sigma). 
Total RNA (1 μg) was reverse-transcribed using the qScript 
cDNA synthesis kit (Quanta Biosciences). Primers used 
for real-time PCR analysis were synthesized by Sigma 
(Rehovot, Israel), with the following sequences: PSD gene 
(NM_001024475.1) F – ACA​TCT​GGA​CTT​TCG​GGG​TG, 
R – GAG​GGG​CTG​ATC​ACG​CTG​ (giving a 142-bp PCR 
product) (designed by Primer-BLAST software, National 
Center of Biotechnology Information [NCBI], http://www.
ncbi.nlm.nih.gov/tools/primer-blast/index, based on cDNA 
sequences published by the NCBI database and validated by 
PCR product sequencing, Online Resource 8); UXT (normal-
izing) gene (BQ676558) F – TGT​GGC​CCT​TGG​ATA​TGG​
TT, R – GGT​TGT​CGC​TGA​GCT​CTG​TG (101-bp product) 
[56]; β2-microglobulin (normalizing) gene (NM_173893) 
F – CAT​CCA​GCG​TCC​TCC​AAA​GAT, R – CCC​CAT​TCT​
TCA​GCA​AAT​CG (131-bp product) [57]. Real-time PCR 
was performed with platinum SYBR Green qPCR super-
mix–UDG without ROX (Invitrogen Corporation, Carlsbad, 
CA) in a LightCycler96 Real-Time PCR System (Roche, 
Basel, Switzerland). Analysis was performed by LightCy-
cler96 software version 1.1.0.1320 (Roche). The efficiency 
of the reaction and the initial mRNA quantity in the sample 
were determined using DART-PCR software version 1.0. 
Expression data were normalized by geometrical means of 
the two housekeeping genes UXT and β2-microglobulin, and 
presented as fold change relative to control.

Statistical Analysis

All statistical procedures were performed using JMP 
software version 12.0.1 (SAS Institute, Cary, NC). All 
reported data are means ± SD. All dependent variables 
were checked for homogeneous variance by unequal vari-
ances in JMP software and if the variance was not homo-
geneous, a Welch–ANOVA test was performed. Com-
parisons were made by Student t test. The distribution of 
cell phenotypes based on lipid droplet size categories was 
compared by Chi square test. In the NaN3 + NaF experi-
ment, the effects of time, treatment and their interaction 
were determined using the mixed ANOVA model of JMP. 
Treatment was analyzed as a fixed effect and time as a con-
tinuous effect. Time-by-treatment interaction was tested 
and found not significant, and therefore excluded from the 
model. Significance probe was set to 0.05.
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