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Abstract 

The morphological and functional differences between lipid droplets (LDs) in brown 

(BAT) and white (WAT) adipose tissue will largely be determined by their associated 

proteins. Analysing mRNA expression in mice fat depots we have found that most LD 

protein genes are expressed at higher levels in BAT, with the greatest differences 

observed for Cidea and Plin5. Prolonged cold exposure, which induces the appearance 

of brown-like adipocytes in mice WAT depots, was accompanied with the potentiation 

of the lipolytic machinery, with changes in ATGL, CGI-58 and G0S2 gene expression. 

However the major change detected in WAT was the enhancement of Cidea mRNA. 

Together with the increase in Cidec, it indicates that LD enlargement through LD-LD 

transference of fat is an important process during WAT browning. To study the 

dynamics of this phenotypic change, we have applied 4D confocal microscopy in 

differentiated 3T3-L1 cells under sustained -adrenergic stimulation. Under these 

conditions the cells experienced a LD remodelling cycle, with progressive reduction on 

the LD size by lipolysis, followed by the formation of new LDs, which were subjected 

to an enlargement process, likely to be CIDE-triggered, until the cell returned to the 

basal state. This transformation would be triggered by the activation of a thermogenic 

futile cycle of lipolysis/lipogenesis and could facilitate the molecular mechanism for the 

unilocular to multilocular transformation during WAT browning.  
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Abbreviations  

 LD, lipid droplet;  

 BAT, brown adipose tissue;  

 scWAT, subcutaneous white adipose tissue;  

 gonWAT, periovarian white adipose tissue; 

 mesWAT, mesenteric white adipose tissue; 

 FAs, fatty acids; 

 TAG, triacylglycerol; 

 IBMX, isobutylmethylxanthine; 

 PKA, protein kinase A; 

 NLSD-I, neutral lipid storage disease with ichthyosis; 

 ER, endoplasmic reticulum; 

 ROS, reactive oxygen species; 
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1.  Introduction 

Intracellular lipid droplets (LDs) are ubiquitous organelles present in all types of 

eukaryotic cells such as plants, mammals, algae and yeast [1-3]. Although they have a 

simple structure composed of a neutral lipid core surrounded by a phospholipid 

monolayer, the presence of LD-associated proteins provides a level of complexity and 

the ability to modulate key parameters such as their size, stability, inter-droplet 

interactions as well as regulatable lipid storage. Once considered passive accumulators 

of fat, the growing knowledge of the complexity of LD-based processes means that LDs 

are now emerging as dynamic organelles playing a central role in the regulation of lipid 

metabolism [4]. 

Adipocytes are specialized in the accumulation, storage and mobilization of 

neutral lipids in mammals and their LDs have specific properties not found in other cell 



types. While non-adipocyte cells usually contain tiny LDs (typically <1 m), adipocytes 

accumulate massive amounts of TAG in supersized LDs, which can be in the 100 m 

range [5]. White adipose tissue (WAT) acts as an energy depot, which stores lipids that 

are released into circulation when they are required. In contrast, brown adipose tissue 

(BAT) uses its stored fat to generate heat by oxidation of fatty acids to maintain the 

body temperature [6]. Their different functions are reflected in their morphology, as 

white adipocytes usually contain a single giant LD occupying most of the cytoplasm 

(unilocular), while brown adipocytes, rich in mitochondria, are filled with a number of 

smaller LDs (multilocular). Large LDs offer the more efficient form of fat storage, 

whereas smaller LDs, with higher surface/volume ratio, will facilitate the release of 

their stored lipids given the extensive surface accessible to lipases. 

The recent identification of BAT in adult humans has stimulated the exploration of its 

potential role in obesity or type 2 diabetes therapies [7, 8]. An especially promising 

strategy is based on the promotion of brown fat properties in WAT, in other words, the 

browning of white adipocytes. Following prolonged cold exposure, multilocular UCP1-

positive adipocytes appear in WAT depots [9, 10]. It has been suggested that they 

represent a third kind of adipocyte, named beige or BRITE (brown in white) cells, 

which resemble white cells in basal conditions but acquire a brown phenotype during 

cold acclimatization [11, 12]. An alternative to the presence of a specific subset of 

switchable BRITE cells within white depots is that brown-like cells could originate by 

the transdifferentiation of classic white adipocytes, which would have the inherent 

ability to acquire brown features [13-15]. In any case, the phenotypic transformation 

experienced by WAT cells at cold temperatures will imply profound changes in the 

proteins controlling the LDs. 

In this article we discuss the role of the main LD proteins in adipocytes and 

show their adipose tissue depot-specific expression pattern and regulation after the 

acclimatization of mice to cold temperatures. In addition, using 4D confocal 

microscopy, we have monitored the adipocyte LD dynamics during sustained -

adrenergic stimulation, modelling the phenotypic transformation involved in white to 

brown adipocyte transdifferentiation.  

  

2. Material and Methods 



2.1. Mice treatment and gene expression analysis 

Sv129 female mice (10 week old) were maintained at 28° C, 22° C, or 6° C for 

10 days. Adipose tissues were dissected and either snap frozen or fixed in neutral 

buffered formalin. RNA was prepared from the snap frozen tissue using Tri Reagent 

(Invitrogen) and reverse transcribed to cDNA using M-MLV reverse transcriptase 

(Invitrogen). Quantitative real-time PCR was performed on an ABI 7900HT system 

(Applied Biosystems) using the JumpStart Taq polymerase kit (Sigma-Aldrich). Gene 

expression levels were normalized relative to -tubulin mRNA. The primers used for 

each gene are listed in Supplemental Table 1. 

2.2. Light microscopy and immunohistochemistry 

Immediately after removal, adipose tissues were fixed overnight by immersion at 

4°C in 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). They were then 

dehydrated, cleared, and paraffin-embedded. Sections from 3 different levels (100 µm 

apart) were hematoxylin and eosin stained to assess morphology and for 

immunohistochemistry. UCP1 or CIDEA immunoreactivity was examined as follows. 

For each section level, 3 µm thick, dewaxed sections were incubated with rabbit anti-

UCP1 (1:500 v/v, Abcam, cat # 10983) or rabbit anti-CIDEA (1:200 v/v; Sigma-

Aldrich, cat # C7977), according to the avidin-biotin complex (ABC) method. Briefly, 

endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol; sections 

incubated in normal goat serum (1:75) for 20 min to reduce nonspecific background; 

incubated with primary antibodies against UCP1 or CIDEA overnight at 4°C; incubated 

with goat anti-rabbit IgG biotin conjugated (1:200; Vector Labs); detection with ABC 

kit (Vector Labs) and enzymatic reaction to reveal peroxidase with Sigma Fast 3,3´-

diaminobenzidine (Sigma-Aldrich) as substrate. Finally, sections were counterstained 

with hematoxylin and mounted in Eukitt (Fluka). All observations were performed with 

a Nikon Eclipse 80i light microscope. The images were stored as TIFF files. Brightness 

and contrast of the final images were adjusted using Adobe Photoshop. 

2.3. Cell culture  

3T3-L1 cells were cultured in glass bottom dishes (MatTek Corp.) previously coated 

with gelatin. The undifferentiated cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 4.5 g/l glucose and L-glutamine (Invitrogen) 

supplemented with 10% newborn calf serum (Invitrogen) and antibiotics at 37 ºC and 



5% CO2. Two days after confluence, cell differentiation was initiated with DMEM with 

10% fetal bovine serum (FBS, Invitrogen), 500 M isobutylmethylxanthine (IBMX) 

(Sigma-Aldrich), 0.25 M dexamethasone (Sigma-Aldrich) and 170 nM insulin (Sigma-

Aldrich). After 48 hours medium was changed to DMEM with 10% FBS and 170 nM 

insulin, and replenished every two days for 8-10 days. 

2.4. 4D confocal imaging 

The differentiated 3T3-L1 cells were washed with DMEM and incubated in 

DMEM with HEPES (Invitrogen) containing 0.1 g/ml BODIPY 493/503 (Invitrogen). 

After 10 minutes at 37 ºC, FBS was added to a final concentration of 10% and the dish 

was positioned in a Leica SP5 confocal microscope with a 63× Plan-APO, 1.4 NA oil 

immersion objective and equilibrated at 37 ºC for 30 minutes. The imaging was initiated 

after the addition of IBMX (500 M) and isoproterenol (10 M). The cells were 

recorded during 15 hours on a xyzt configuration, using 5% of the argon laser power on 

the 488 nm excitation channel. Z-stack confocal images were acquired every 1 or 2 

minutes, and the time-lapse series were represented as their maximum projection and 

managed with ImageJ (National Institutes of Health) and Adobe Photoshop. 

  



 

3. Results and Discussion 

 

3.1. LD protein gene expression in mouse white and brown adipose tissue 

depots  

To investigate the importance of the main LD proteins (Table 1) in white and 

brown adipose tissue, we analysed their gene expression in interscapular BAT and three 

WAT depots: subcutaneous (scWAT), gonadal (gonWAT) and mesenteric (mesWAT) 

(Fig. 1). Our results clearly show that for most of the LD proteins, their mRNA levels 

are much higher in BAT than in WAT. This suggests a quantitatively greater 

involvement of LD-associated processes in the brown adipocytes, as well as a major 

complexity in LD dynamics of these cells. The adipose tissues are composed of lipid-

filled mature adipocytes and other non-adipocyte cells, which form the stromal vascular 

fraction that consists of various types of cells, including immune cells, fibroblasts, 

pericytes, endothelial cells, adipocyte progenitors, and stromal cells, as well as 

undefined pool of stem cells. Although all these cells will contain LDs and associated 

proteins, adipocytes will be the predominant site of LD-associated protein gene 

expression in the adipose tissue. Considering that these proteins are coating the LDs, 

and that the total LD surface is higher in multilocular adipocytes, it is not surprising that 

brown fat cells will require higher levels of LD proteins. Among the studied genes, only 

Plin4, Cidec and Cav1 exhibit similar expression levels in BAT, scWAT and gonWAT 

depots, indicating that they are particularly important for WAT function. Mettl7b results 

should be interpreted with caution, as it is poorly expressed in adipose tissue 

(Expression profiling of mouse tissues using Affymetrix Mouse MOE430 2.0 chips, 

data available at http://biogps.org [61, 62]). In contrast, mesWAT expressed the lowest 

levels of all LD protein genes, indicating a more passive role of LDs in the physiology 

of mesenteric adipocytes.  

Despite most of the analysed genes showing higher mRNA levels in BAT than 

WAT, two factors stand out as expressed at much greater levels in BAT compared to 

WAT: Cidea and Plin5. This BAT-specific expression highlights them as markers for 

brown adipocytes. CIDEA is a multifunctional protein that is involved in apoptosis and 

transcriptional regulation but its most clearly defined role in adipocytes is the promotion 

of LD enlargement [33, 35]. Its molecular mechanism is the same as for CIDEC, 

http://biogps.org/


inducing LD growth through a slow transference of fat between LDs [37], and both 

proteins seem to be responsible for the formation of the large LDs found in brown and 

white adipocytes. Despite the similarity in the sequence and function of CIDEA and 

CIDEC, the specific expression of Cidea in BAT indicates a differential role of these 

proteins. During adipocyte differentiation, LD enlargement is likely to be produced by 

the CIDE-triggered transference of fat [63]. However, while this slow LD fusion will 

continue indefinitely in white adipocytes until only one single giant LD remains in the 

cell, in brown adipocytes the LDs must stop its fusion-like events once they have 

achieved a certain size, in order to maintain their multilocular morphology. It is 

reasonable to consider that, among other factors, this disparate behaviour of WAT and 

BAT in relation to LD growth may be regulated by the relative levels of CIDEA in 

relation to CIDEC. The elevated Cidec expression in mature WAT, where the unilocular 

LDs are already formed, may support LD-LD lipid transfer events in this tissue, either 

for LD growth in differentiating adipocytes or for the integration of newly formed LDs 

to the unilocular LD in mature adipocytes.  

3.2. Effect of cold exposure on LD protein gene expression 

WAT depots can respond to a long term cold stimulus by specific genetic and 

morphological changes that result in a more BAT-like appearance [9, 64]. The 

regulation of acute changes in LD dynamics and metabolism in adipocytes, is largely 

achieved by postranslational modifications of LD-proteins such as the phosphorylation 

of PLIN1 or changes in protein stability. However, the adaptation to long-term 

environmental variations may also involve the regulation of the adipocyte LD proteins 

at the transcriptional level. To study the alterations in LD-proteins induced by 

prolonged cold exposure, we compared their mRNA levels in selected fat depots of 

Sv129 mice maintained at thermoneutrality (28 °C) or 6 °C for 10 days. 

Comparing the different WAT depots, we observed that both gonWAT and scWAT 

react to cold temperature by increasing the expression of several LD-protein genes, 

indicating a potentiation of LD-based processes (Fig. 2A). In contrast mesWAT shows a 

weaker response, demonstrating that it is less sensitive to temperature than other fat 

depots. While fat depots are heterogeneous and may simultaneously contain white and 

brown cells [65], the mesenteric depot seems to be especially rich in white unilocular 

adipocytes and less prone to acquire brown features [66], which may explain both its 

low expression levels of LD proteins and resistance to cold-induced changes (Fig. 1 and 



2A). The gene expression alterations experienced in subcutaneous and gonadal WAT 

show that the mice react to cold temperature by enhancing the lipolytic capacity in these 

WAT depots. This is reflected by increases in the mRNA levels of the lipase ATGL and 

its activator CGI-58, as well as the reduction of its inhibitor G0S2 in the case of scWAT 

(Fig. 2A). These prolipolytic modifications fit with the expected increase in the 

mobilization of FAs in a situation of higher energy demand. In contrast, these genes are 

not greatly affected in BAT, where they are maintained at high expression levels 

independently of the environmental temperature. In addition to these genes, Rab18 and 

the different Cides are also enhanced in WAT at 6 °C, indicating that their cellular roles 

may be required in this prolipolytic state.  

The processes taking place in each LD will be determined by both the absolute 

levels of each LD protein and the relative protein combinations found in their surface. 

The ratios of the PLINs will be especially affected in BAT, where Plin1 and Plin3 

expression was enhanced while Plin2 was highly reduced (Fig. 2A). In contrast, Plin2 

was enhanced in subcutaneous and gonadal WAT depots, showing that the LD 

remodelling processes taking place during cold exposure differs between BAT and 

WAT. The expression pattern of Plin5 resembles the lipolytic machinery, being 

increased in WAT and not affected in BAT. As Plin5 in adipose tissue is largely 

confined to brown cells, its increased expression in WAT is another indicator of the 

acquisition of brown features. In this situation, with enhanced lipolysis in WAT, PLIN5 

could be involved in lipolysis regulation or in protecting the cell against excessive ROS 

produced by FA oxidation [31, 32]. 

The major change observed among all the genes analysed is the increase in 

Cidea mRNA in gonWAT (Fig. 2A). The histological analysis of gonWAT also showed 

an increase on CIDEA immunostaining after cold exposure (Fig. 2B). As Cidea is 

predominantly expressed in BAT, its cold-induced increase in WAT suggests that it 

could be an important effector during the browning process. The gonWAT depot of 

mice kept at 28 °C is predominantly composed by unilocular UCP1-negative 

adipocytes, but it also contains areas rich in brown-like multilocular cells, which can 

express moderate levels of UCP1. As previously described [66], after cold 

acclimatization, both UCP1 expression and the percentage of multilocular cells are 

highly increased in WAT, indicating the browning of the tissue (Fig. 2B). Despite the 

induction of UCP1, the presence of multilocular UCP1-negative cells is clearly 



observed in these conditions, and it has been suggested that they may represent 

intermediates of the transdifferentiation process [15, 66-68]. In contrast, CIDEA 

appears broadly expressed in most of the multilocular cells (Fig. 2B), indicating that its 

induction could be an earlier event in the browning process, probably involved in the 

acquisition of a multilocular morphology. 

Overall, the changes in LD-protein gene expression suggest that LDs experience 

a different adaptation to cold exposure in WAT and BAT cells. It is likely that the 

transcriptional regulators that change upon cold exposure determine the dynamic 

expression of LD-associated proteins. Factors central to the adaptation to cold include 

PGC-1, which functions as a co-activator for NRs including PPARs and ERRs, which 

are themselves induced by low temperatures [69, 70]. PLIN5, which is regulated by 

PPAR and PPAR [27], may be elevated in BAT and induced following cold exposure 

due to the increased levels of PPAR and its co-regulator PGC-1. Similarly, CIDEA is 

regulated, at least in the liver, by PPAR [71], although in adipose tissue ERR and the 

balance between the coregulators PGC-1 and RIP140 is more likely to be important 

for determination of its expression level [34]. PPAR seems to be most important for the 

expression of CIDEC [72] and ATGL [73, 74]. Furthermore, a positive feedback loop 

may be facilitated by the products of lipolysis, due to ATGL, acting as ligands for 

PPARs [75]. Further studies are required to determine the full repertoire of 

transcriptional regulators that control expression of LD-associated proteins. 

3.3. LD dynamics during sustained -adrenergic stimulation 

Adipose tissue is innervated by the sympathetic nervous system, which during cold 

exposure will trigger thermogenesis through the stimulation of -adrenergic receptors in 

adipocytes [6]. This acute stimulus will activate lipolysis in adipocytes, liberating FAs 

for -oxidation and heat generation in BAT, or for exportation in the case of WAT. 

Over time, the prolonged exposure to cold temperatures will promote an adaptive 

change in WAT, leading to the acquisition of a BAT-like phenotype, with the 

appearance of multilocular UCP1-positive adipocytes [9, 10]. The origin of these cells 

is still being debated, although increasing data supports that rather than derived from 

preadipocytes present in WAT, they originate from mature adipocytes, which would 

undergo a phenotypic transformation to acquire brown-like features [15]. This 

transdifferentiation process could be restricted to a subset of adipocytes, the so-called 



BRITE cells [11], or be an inherent feature of any kind of white adipocyte [14]. 

Independent of their cellular lineage, it requires a morphological transformation in 

which, alongside changes in Ucp1 expression and mitochondria number, a unilocular 

adipocyte is ultimately transformed into a multilocular cell.  

This transformation is triggered by prolonged cold exposure or chronic -adrenergic 

stimulation, but the mechanism leading from unilocular to multilocular is still unknown 

and must require profound changes in the LD cell biology. To monitor in vitro the 

changes experienced by adipocytes during prolonged -adrenergic stimulation we 

applied 4D confocal microscopy to differentiated 3T3-L1 adipocytes stimulated with 

isoproterenol and IBMX, which promote a sustained elevation of cAMP levels and thus 

a continuous activation of lipolysis [76]. The LDs were stained with a low dose of 

BODIPY 493/503 (0.1 g/ml) and a low laser power was used for their confocal 

analysis, so that toxicity was reduced, allowing the recording of LD dynamics at small 

time-lapse intervals (1-2 min) during a relatively long period of time (up to 15 hours).  

A progressive reduction in the size of LDs was observed after the addition of 

IBMX and isoproterenol due to the sustained activation of lipolysis (Fig. 3A and 

supplemental movie S1). Shortly after the start of the -adrenergic stimulation, a 

number of small LDs or microLDs (mLDs) appeared throughout the cytoplasm, 

increasing in number during the next hours. This postlipolytic appearance of mLDs has 

previously been attributed to the fission of the pre-existing large LDs [76]. However, 

current evidence indicates that they are de novo synthesized LDs, produced throughout 

the cell with close association with the ER [63, 77]. 

Simultaneously following the progression of different cells in each experiment, 

we observed that after the first stages of sustained lipolysis and mLD production, during 

which the cytoplasm was filled with tiny mLDs, the cells could proceed in 3 alternative 

ways (Fig. 3A). In some adipocytes the lipolysis progressed until only a few mLDs 

remained present, indicating that most of the fat initially contained in the LDs was 

efficiently exported or consumed (Fig. 3B). A small fraction of cells died a few hours 

after the beginning of lipolysis, probably because they were unable to process the toxic 

amounts of FAs produced. However, the most striking behaviour was observed 4-6 

hours after the start of lipolysis (in over 40% of cells recorded) wherein the newly 

formed mLDs were subjected to a continuous enlargement process, returning the cell to 

its initial state (Fig. 3C and supplemental Movie S1). This cycle of LD remodelling has 



been recently observed by the Parton group using a similar approach, although in their 

experimental system the postlipolytic LD enlargement was only achieved after the 

removal of the lipolytic stimulus and the addition of insulin [77]. Here, we show that 

during sustained lipolytic stimulation, leading to massive mLD production, a fraction of 

the adipocytes are able to use these newly synthetized mLDs to form large LDs without 

changing the culture conditions. In these cells, the lipolysis-driven reduction in the size 

of the initial LDs continues even when the mLDs have started their enlargement process 

(Fig. 3D), revealing that both processes can take place simultaneously in a single cell. 

As the different LDs in a single cell can be coated with different LD-proteins, this 

opposing behaviour indicates a selective protein sorting among old and newly formed 

LDs. 

The observed LD growth process take place through a transfer of fat between 

LDs, in which one LD grows by absorbing the lipid content of its neighbour LD until 

this slow and controlled fusion is completed (Fig. 3E). This unexpected mechanism has 

been recently described by two independent groups in postlipolytic and in 

differentiating adipocytes [63, 77], and it is analogous to the newly revealed mechanism 

of action for CIDEC and CIDEA in LD enlargement [37]. According to this, both 

CIDEC and CIDEA can promote the complete transference of lipids from a donor LD to 

an acceptor one. During this enlargement process we observed that the mLDs, which 

showed a random motion pattern, acquired a more organized behaviour, displaying a 

directed displacement from the periphery, where they were continuously formed, to the 

cell centre, where they were absorbed by the growing LDs (Supplemental movie S1). 

Interestingly, during the transition period between the mLD production and enlargement 

phases, a dramatic increase in cell motility was observed, involving continuous changes 

in cell shape and motility. This phenomenon, together with the requirement of 

microtubule integrity for postlipolytic LD enlargement [77], indicates that the LD 

growth process is facilitated by a reorganization of the adipocyte cytoskeleton and the 

molecular machinery responsible for LD motion. 

Recording the LD enlargement at short time-lapse intervals (1-2 min), we 

observed that while the complete transference of fat among large LDs is a slow process, 

it can be completed in few minutes when it involves smaller LDs (Supplemental movie 

S1). Thus, the apparent LD fusion process observed using longer frame intervals (15 

min) [77] may in reality be a lipid transfer event. The ectopic expression of CIDE 



proteins in virtually any cell line induces the appearance of large LDs, formed by the 

combination of the tiny mLDs found in these cells [35, 40]. This reveals that CIDE-

dependent transfer of fat is not only effective on relatively large LDs but it is enough to 

induce the enlargement of mLDs. In our opinion, despite other growth mechanisms such 

as LD fusion, in situ TAG synthesis or TAG import from the ER, could contribute to the 

early stages of mLD enlargement, the main mechanism involved in the formation of the 

characteristic adipocyte macroLDs is the slow and regulated LD-LD transference of 

lipids controlled by CIDE proteins. 

3.4. Role of LD remodelling in adipocyte transdifferentiation 

The cycle of lipolysis, mLD formation and their later enlargement observed in 

cultured adipocytes exposed to sustained -adrenergic stimulation (Fig. 3C) may have a 

physiological role during cold acclimatization. The re-esterification of released FAs and 

accumulation in newly formed mLDs is cytoprotective against the toxic effects of 

excessive FAs produced during periods of enhanced lipolysis [78]. However, adipocytes 

may clear the lipolysis-derived FAs by other mechanisms, such as -oxidation or FA 

exportation (Fig. 5A), so mLD formation could be related to other aspects of the 

adipocyte physiology. 

The low LD surface/volume ratio in unilocular adipocytes hinders lipolysis, so 

an alternative function of post-lipolytic mLD formation could be to raise lipolysis 

efficiency by increasing the total surface area accessible to lipases. In fact, it has been 

suggested that in white adipocytes lipolysis is mainly performed in a subset of small 

LDs in the periphery of the large unilocular droplet [79]. This model implies that TAG 

has to be transferred from the main store to the lipolytically active smaller LDs to 

facilitate TAG breakdown. Interestingly, the existence of TAG traffic between LDs has 

been recently demonstrated in a paper showing how CIDE proteins accumulate at the 

LD-LD contact site and promote TAG transfer among them [37]. The presence of these 

TAG-permeable CIDE-enriched domains in the LD-LD contact sites could constitute an 

interconnected LD network, where the TAG hydrolyzed at the mLDs could be 

continuously replenished with TAG from larger LDs (Fig. 5B). This could explain why 

the expression of CIDE proteins is enhanced in WAT after cold exposure despite the 

primary function of these proteins is to promote LD enlargement (Fig. 2). In addition, if 

the cell could control the preferred direction of the CIDE-dependent TAG transference 



among LDs, it would determine the acquisition of a unilocular morphology (small LD 

to large LD transfer) or multilocular (large to small transfer). 

Using a approach similar to our time-lapse experiments, Paar et al., 

demonstrated that postlipolytic mLD biogenesis can be prevented by the addition of 

BSA to sequester the FAs exported to the extracellular medium or by the inhibition of 

FA activation with triacsin C [63]. This observation indicates that the mLDs originated 

after sustained -adrenergic activation are formed by the recycling into TAG of the FA 

molecules simultaneously released by lipolysis. In adipocytes, this futile cycle of TAG 

hydrolysis and re-synthesis can be prevented by suppressing the expression of glycerol 

kinase (Gyk), the activity of which is required for the recycling of glycerol and FAs to 

form TAG (Fig. 5A). PPAR ligands such as thiazolidinediones (TZDs) have been 

described to promote this cycle by inducing the expression and activity of GYK in 

adipocytes, which may contribute to their antidiabetic properties by reducing excessive 

circulating FAs [80]. To assess if the lipolysis/lipogenesis cycle observed in our in vitro 

studies is also favoured in WAT during cold acclimatization, we measured the 

expression levels of Gyk in the adipose depots of mice kept at 28 ºC and 6 ºC (Fig. 4A). 

The expression of Gyk, as well as the mRNA levels of the adipocyte glycerol 

transporter Aquaporin7 (Aqp7), were increased in WAT after cold exposure, indicating 

that the cells enhance both recycling and exporting mechanisms to process the 

metabolites released under sustained lipolysis. Comparing the expression of these genes 

in BAT and WAT of mice kept at 22 ºC, we observed that Gyk is most highly expressed 

in BAT (Fig. 4B). These results reveal that the futile metabolic cycle of TAG facilitated 

by GYK activity could be important for BAT physiology as well as for the browning of 

WAT. As the chemical energy expended in this lipolysis/lipogenesis cycle will be 

ultimately released as heat (Fig. 5A), it may constitute a thermogenic process like other 

ATP-consuming futile cycles [81]. The observed viability of Ucp1 knockout mice when 

acclimatized to the cold reveals the presence UCP1-independent thermogenic 

mechanisms [82-84]. Interestingly, in the Ucp1 knockout mice, Cidea was dramatically 

induced in WAT by cold exposure, indicating that it may participate in cold 

acclimatization mechanisms independent of UCP1 [82]. 

While in vitro adipocyte models like the 3T3-L1 cells used in this study present 

a multilocular morphology, it is reasonable that the observed cycle of mLD formation 

and enlargement can occur in vivo by unilocular WAT cells submitted to persistent 



lipolysis stimulation. This possibility has important implications for the understanding 

of the cellular mechanism responsible for the phenotypic transformation experienced by 

unilocular adipocytes during WAT browning. Thus, after sustained -adrenergic 

stimulus induced by cold, the unilocular white or BRITE adipocytes may undergo a 

continuous lipolytic process leading to the formation of mLDs that would grow by the 

lipid transfer process triggered by CIDE proteins (Fig. 5C). In addition, this 

enlargement process may be accelerated by CIDE-dependent transference of TAG from 

the unilocular LD to the growing ones. Ultimately, this LD remodelling would produce 

a multilocular adipocyte that would acquire further brown features, including UCP1 

expression and increased mitochondrial number. Among the changes involved in WAT 

browning, an early modification will be the increase in CIDEA and CIDEC expression 

(Fig. 2), which will be required for the enlargement of the newly formed mLDs. The 

presence of CIDEA-positive, UCP1-negative multilocular adipocytes in WAT depots of 

mice kept at 6 ºC supports this model, indicating that the LD remodelling is an early 

stage on adipocyte transdifferentiation (Fig 2 B). Considering that the formation of a 

multilocular adipocyte from a unilocular one by this mechanism requires an almost 

complete hydrolysis of the unilocular LD and the re-synthesis of massive amounts of 

TAG, this process will represent a substantial release of energy which may significantly 

contribute to the thermogenic activity of the browning WAT.  

4. Conclusions 

Understanding the molecular cell biology of WAT browning during cold exposure is 

necessary for the development of its therapeutic potential in obesity and diabetes. Given 

our results in relation to LD dynamics and the expression of LD-associated proteins, we 

consider that the transdifferentiation of white unilocular adipocytes could involve 

among other changes, a thermogenic cycle of TAG hydrolysis and resynthesis to form 

mLDs, which will subsequently be enlarged until the cell achieves the multilocular 

morphology of brown adipocytes. This process will be promoted by the sustained 

activation of the lipolytic machinery, the recycling of FAs and glycerol into TAG 

favoured by Gyk expression, the packaging of this TAG in new mLDs and their 

successive enlargement by CIDE proteins.  
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Figure Legends 

Figure 1. LD-protein gene expression in white and brown adipose tissue. 

The mRNA levels of LD-proteins were measured by qPCR in selected adipose tissue 

depots of mice maintained at 22 °C. The bars show the relative mRNA levels in 

interscapular (BAT, ■), subcutaneous (scWAT, ■), periovarian (gonWAT, ■) and 

mesenteric (mesWAT, ■) adipose tissue depots, normalized to mesWAT. The analysis 

was performed in triplicate and represented with the means ± S.E.M. One-way ANOVA 

with Bonferroni post-test was performed to determine significant differences with BAT 

(*P < 0.05; **P < 0.01; ***P < 0.001).  

Figure 2. Effect of cold exposure on LD-protein gene expression in adipose tissue. 

Sv129 female mice were maintained at 28 °C or 6 °C for 10 days and adipose tissue 

samples were collected for RNA extraction and histological analysis. (A) Changes 

induced by cold temperature on the expression of LD-proteins in the selected adipose 

tissue depots. Results were expressed as the normalised mRNA levels relative to 28 °C. 

Means ± S.E.M., with asterisks indicating significant changes induced by cold exposure 

(*P < 0.05; **P < 0.01; ***P < 0.001). (B) Immunohistochemical analysis of UCP1 

and CIDEA in periovarian adipose tissue of mice maintained at 28 °C or 6 °C. The 

representative images show the heterogeneity of the WAT depot, and the cold-induced 

increase in UCP1 and CIDEA immunoreactive cells as well as in the number of 

multilocular adipocytes. 

Figure 3. LD dynamics in differentiated 3T3-L1 cells under sustained -adrenergic 

stimulation. 

(A, C, E) Time-lapse imaging of LD dynamics in 3T3-L1 adipocytes. Cells were stained 

with BODIPY 493/503 and treated with IBMX (500 M) and isoproterenol (10 M). Z-

stack images were acquired every 2 min for 15 hours, and are showed as maximum 

intensity projections of selected time points. (A) Depletion of the neutral lipid stores in 

a cell exposed to persistent lipolysis due to prolonged -adrenergic stimulation. The 

formation of mLDs (< 1m) is observed throughout the cytoplasm during the first 

stages and they are later consumed. (B) Quantification of the different cellular responses 

observed during the sustained -adrenergic stimulation (n = 45 cells in 6 independent 

experiments). (C) Cell experiencing a LD remodelling cycle with LD size reduction by 

lipolysis followed by mLD formation and their later enlargement by lipid transference. 



The LDs monitored in (D) are indicated by numbers. Green arrows highlight a selected 

LD under lipolysis and red arrows a growing LD. (D) Quantification of the changes in 

the diameter of LDs undergoing lipolysis (1, 2 and 3) or growth (4 and 5). LD reduction 

by lipolysis continues long after the initiation of the LD enlargement process. (E) Detail 

of the LD enlargement process by slow transfer of lipids among adjacent LDs. Most of 

the cells produced mLDs, which were later depleted by lipolysis (A) or enlarged by 

lipid transference (C, E). (E)  

Figure 4. Glycerol kinase and Aquaporin 7 gene expression in adipose tissue. 

The glycerol released by lipolysis can be exported through its transporter Aqp7 or 

recycled into TAG. GYK promotes the recycling of lipolysis products into TAG, being 

indicative of the existence of post-lipolytic mLD formation. (A) Increase in Gyk and 

Aqp7 expression in WAT depots during cold acclimatization. The mRNA analysis 

represented as means ± S.E.M., P indicates significance vs 28 ºC (*P < 0.05; **P < 

0.01; ***P < 0.001). (B) Gyk and Aqp7 mRNA levels in brown and white adipose 

depots of mice kept at 22 ºC. (***P < 0.001 significance vs BAT). 

Figure 5. Proposed model of adipocyte LD remodelling during cold acclimatization 

(A) The FAs release during prolonged lipolysis stimulation in adipocytes can be 

exported to the extracellular medium, consumed by -oxidation or re-esterified into 

TAG or other lipids. The futile cycle of TAG hydrolysis and re-synthesis is favoured by 

the expression of Gyk, which promotes the recycling of glycerol and FAs for TAG 

synthesis and mLD formation. The full cycle involved in post-lipolytic mLDs formation 

involves the transformation of chemical energy into heat. (B) A hypothetical role for 

CIDE proteins in lipolysis. By promoting TAG traffic between LDs, CIDE proteins 

might constitute a network of LDs were the TAG efficiently hydrolyzed in small LDs 

would be continuously replenished from larger LDs. The control of the TAG transfer 

direction could be important for the acquisition of a unilocular or multilocular 

phenotype. (C) Schematic representation of a potential mechanism for unilocular to 

multilocular transformation during white adipocyte transdifferentiation. Prolonged cold 

exposure would induce the LD remodelling cycle observed during sustained -

adrenergic stimulation, with the formation of mLDs from lipolytically-released FAs and 

their later enlargement until the multilocular morphology is achieved.  



Supplemental movie S1. Lipid droplet dynamics in differentiated 3T3-L1 cells 

under sustained -adrenergic stimulation. 

Differentiated 3T3-L1 cell stained with BODIPY 493/503 and treated with IBMX and 

isoproterenol. Z-stack images were acquired every 2 min for 15 hours, and are 

represented as maximum intensity projections. The initial LDs are consumed by 

lipolysis, while newly synthesized mLDs (< 1m) appear throughout the cytoplasm. 

After 4-6 hours the mLDs undergo an enlargement process by lipid transference 

between neighbour LDs, likely to be triggered by CIDE proteins. In the upper left side 

of the cell, mLD motion during the LD growing phase can be observed. 



Gene Description Refs. 

Plin1 

(Perilipin) 

Expressed in adipose tissue. Subcellular localization restricted to LDs. 

Regulates lipolysis. -adrenergic stimulus promotes PKA-mediated 

phosphorylation of PLIN1, stimulating ATGL and HSL lipase activity on 

LDs.  

[16-19] 

Plin2 

(ADRP, 

ADFP) 

Ubiquitously expressed. Subcellular localization restricted to LDs. 

Essential role in LD formation and maintenance in non-adipocyte cells. 
[20-23] 

Plin3 

(TIP47) 

Ubiquitously expressed. Involved in early stages of LD formation. 

Progressively substituted by PLIN2 and later PLIN1 during LD maturation 

in adipocytes. 

[24, 25] 

Plin4 

(S3-12) 
Highly enriched in adipose tissue. Coats newly formed LDs. [25, 26] 

Plin5 

(Oxpat, 

Lsdp5, 

MLDP) 

Expressed in highly oxidative tissues like heart and BAT. Possible 

regulation of ATGL-mediated lipolysis. Suggested protective role against 

excessive production of reactive oxygen species by controling FA 

mitochondrial oxidation and their incorporation to LDs. 

[27-32] 

Cidea 

Highly expressed in brown adipose tissue. Promotes LD enlargement by 

LD-LD lipid transference. Cide (A, B or C) deficient mice are resistant to 

obesity. 

[33-37] 

Cideb Enriched in liver. Involved in lipoprotein production in hepatocytes. [36, 38, 39] 

Cidec 

(FSP27) 

Expressed in adipose tissue. Promotes LD enlargement through LD-LD 

transference of lipids. Required for unilocular LD formation in WAT. 

[36, 37, 40-

42] 

Pnpla2 

(ATGL) 

Ubiquitously expressed. Cytosolic and LD localizaton. Catalyses the initial 

step of lipolysis by hydrolising the first FA molecule of TAG. 
[43, 44] 

Abhd5 

(CGI-58) 

Interacts with PLIN1 under basal conditions. PKA-mediated PLIN1 

phosphorylation promotes CGI-58 release, which induce lipolysis by 

activating ATGL. Inactive CGI-58 variants cause neutral lipid storage 

disease with ichthyosis. Possesses lysophosphatidic acid acyltransferase 

activity. 

[45-47] 

G0s2 

Ubiquitously expressed. Prevents lipolysis by inhibiting ATGL through a 

direct interaction. Increased WAT expression after feeding. Increased liver 

expression by fasting or PPAR agonists. 

[48, 49] 

Rab18 

Small GTPase involved in membrane trafficking and LD dynamics. 

Localized in the ER and LDs. Possible implication in both lipolytic and 

lipogenic processes. 

[50, 51] 

Cav1 

Essential component of plasma membrane caveolae. Integral membrane 

protein containing a hydrophobic hairpin domain insertable in both 

membrane bilayers or LD monolayers. Localized in LD under certain 

circumstances such as liver regeneration, lipid loading or brefeldin A 

treatment. Lean phenotype in Cav1-KO mice. 

[52-57] 

Mettl7b 

(ALDI) 
Unknown function. Partial homology with S-adenosyl-L-methionine-

dependent methyltransferases. Integral membrane proteins able to bind 

LDs through a hydrophobic hairpin domain. Localized in both ER and LD 

membranes. 

[58] 

Mettl7a1 

(AAMb) 
[59, 60] 

Table 1. Lipid droplet proteins.   

Table 1
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Figure 5
Click here to download high resolution image

http://ees.elsevier.com/bbalip/download.aspx?id=97288&guid=081e47c9-eb17-4c34-b339-c1548b1c7831&scheme=1


Gene Sequence (F, R) 

Plin1 
GGCTCTGGGAAGCATCGA 

GGCCTTGGGAGCCTTCTG 

Plin2 
TGGCAGCAGCAGTAGTGGAT 

AGCTCACCAAGGGCAGGTT 

Plin3 
AAACAGGGTGTGGACCAGAG 

GGCTTAGCTGGGTCCTTTTC 

Plin4 
GCTGACACCAAAACCCTTGT 

ACCACACTCCTCCACTGACC 

Plin5 
TCCTGCCCGTCAAAGGGATCTGA 

GGACATTCTGCTGTGTGGCGCT 

Cidea 
AAGCTTCAAGGCCGTGTTA 

CTGTAGCTGTGCCCTGGTTA 

Cideb 
GCTGGAGCCCCAAGAGTGGGA 

GGTGATGCGGGCGATGTCCT 

Cidec 
GCCCCCATCAGAACAGCGCA 

AGGTTACCCGGGCCACATCG 

Pnpla2 
TGTGGCCTCATTCCTCCTAC 

TCGTGGATGTTGGTGGAGCT 

Abhd5 
TGACAGTGATGCGGAAGAAG 

AGATCTGGTCGCTCAGGAAA 

G0s2 
AGTGCTGCCTCTCTTCCCAC 

TTTCCATCTGAGCTCTGGGC 

Rab18 
CTCTGAAGATACTCATCATCGG 

CCTCTCTTGACCAGCTGTATCCCA 

Cav1 
AACATCTACAAGCCCAACAACAAGG 

GGTTCTGCAATCACATCTTCAAAGTC 

Mettl7b 
GGCCGGGAGGCCTACTGTTCT 

ACTCGCTGCCACAGGAAGGC 

Mettl7a1 
TCCTGGACATTGGTGCGGCCC 

GGAAGCCTGGAACCAGCTCGGA 

Gyk 
TCCAACATCAAAGCCATTGGT 

AGAGGCTCTCCGGTGACCTT 

Aqp7 
AGCACTTCAGAGAACCTACTTCATAAGA 

TGCAGTGCGGAGATGGTAATT 

 

Supplemental Table 1. qPCR primer pairs used in this study.   
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Supplemental movie S1. Lipid droplet dynamics in differentiated 3T3-L1 cells under 

sustained -adrenergic stimulation. 

Differentiated 3T3-L1 cell stained with BODIPY 493/503 and treated with IBMX and 

isoproterenol. Z-stack images were acquired every 2 min for 15 hours, and are 

represented as maximum intensity projections. The initial LDs are consumed by lipolysis, 

while newly synthesized mLDs (< 1M) appear throughout the cytoplasm. After 4-6 

hours the mLDs experience an enlargement process by lipid transference between 

neighbour LDs, likely to be triggered by CIDE proteins. In the upper left side of the cell, 

the reorganization of mLD motion during the LD growing phase can be observed.  
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