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We investigated nuclear neutral-lipid (NL) composition and organization, as NL may represent an alternative
source for providing fatty acids and cholesterol (C) to membranes, signaling paths, and transcription factors
in the nucleus. We show here that nuclear NL were organized into nonpolar domains in the form of
nuclear-lipid droplets (nLD). By fluorescent confocal microscopy, representative nLD were observed in situ
within the nuclei of rat hepatocytes in vivo and HepG2 cells, maintained under standard conditions in cul-
ture, and within nuclei isolated from rat liver. nLD were resistant to Triton X-100 and became stained with
Sudan Red, OsO4, and BODIPY493/503. nLD and control cytosolic-lipid droplets (cLD) were isolated from
rat-liver nuclei and from homogenates, respectively, by sucrose-gradient sedimentation. Lipids were
extracted, separated by thin-layer chromatography, and quantified. nLD were composed of 37% lipids and
63% proteins. The nLD lipid composition was as follows: 19% triacylglycerols (TAG), 39% cholesteryl esters,
27% C, and 15% polar lipids; whereas the cLD composition contained different proportions of these same
lipid classes, in particular 91% TAG. The TAG fatty acids from both lipid droplets were enriched in oleic,
linoleic, and palmitic acids. The TAG from the nLD corresponded to a small pool, whereas the TAG from the
cLD constituted the main cellular pool (at about 100% yield from the total homogenate). In conclusion, nLD
are a domain within the nucleus where NL are stored and organized and may be involved in nuclear lipid
homeostasis.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Cellular nuclei are an evolutionary development of the eukaryotic
cell that enables a critical compartmentation of the processes of rep-
lication, transcription, pre-mRNA splicing, and ribosome assembly
among other fundamental cellular functions.

Nuclear lipids play an active role in cell proliferation, differentia-
tion, and apoptosis and are essential structural and functional compo-
nents of the nucleus. The lipids, however, represent only 16% of the
nuclear composition, with the remaining nuclear constituents
consisting of proteins and nucleic acids [1,2].

In liver cells, the location of the nuclear lipids is not restricted to
the nuclear membranes alone since the membrane-depleted nuclear
matrix (Mx) constitutes a second lipid pool. The nuclear polar lipids
(PL), particularly glycerophospholipids (GP)—though also found
within the Mx—are, however mainly located in the nuclear membranes
[3–5]. Moreover, Albi et al. determined that 10% of nuclear PL were
associated with chromatin [4].

Up to now, since nuclear-lipid research has focused on PL, the infor-
mation on neutral lipids (NL) is scarce. In 1970 Kleinig characterized
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triacylglycerols (TAG), cholesterol (C), and cholesteryl esters (CE) in
the nuclei from pig liver [6], while Keenan et al. determined the compo-
sition of these same NL in nuclear membranes from bovine liver [7].
Later, TAG as well as CE and C were analyzed in nuclei from bovine
and rat liver [8,9].

The aim of this work was to study nuclear-NL organization since
those lipid species may represent alternative sources of nuclear
fatty acids (FA) and signaling lipids to the nuclear membranes within
locations for ready availability. Our hypothesis was that nuclear NL
are organized within the nucleus in domains homologous to those
of the cytosolic lipid droplets (cLD).

2. Materials and methods

2.1. Materials

Silica gel G precoated 20×20 cm thin layer chromatography (TLC)
plates with or without a concentrating zone of 2.5×20 cm were from
Merk (Buenos Aires, Argentina) and lipid standards from Nu-Chek Prep
Inc. (Elysian, MN, USA). All chemicals and solvents were of analytical and
HPLC grade, respectively. Rabbit polyclonal antibodies against ACAT-1
and Na+/K+−ATPase α, goat polyclonal antibodies against Lamin A,
PLIN1 (perilipin) and SC-35; horseradish-peroxidase-conjugated (HRPc)
rabbit anti(goat-IgG) antibody; and HRPc goat anti(mouse IgG) antibody
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were purchased from Santa Cruz, Biotechnology, Inc. (Santa Cruz, CA,
USA). Rabbit antibody against the voltage-dependent–anion-channel pro-
tein (VDAC) was obtained from Thermo Scientific (Rockford, IL, USA),
monoclonal antibodies against LAP2β and p54[nrb] from BD Biosciences
(San Jose, CA, USA), HRPc goat anti(rabbit IgG) antibodies from Thermo
Scientific (Rockford, IL, USA), Alexafluor-594-labeled chicken anti(mouse
IgG) from Invitrogen (Buenos Aires, Argentina), and Cy3-labeled monkey
anti(goat IgG) from Jackson ImmunoResearch (West Grove, PA, USA).
The TAG Color Kit™ was from Wiener Laboratories (Rosario, Santa
Fe, Argentina); DAPI, Sudan Red, and osmium tetroxide (OsO4)
from Sigma-Aldrich (St. Louis, MO, USA); and the BODIPY 493/503
from Invitrogen (Buenos Aires, Argentina).

2.2. Dye preparation

Solutions of BODIPY 493/503 stock (1 mg/ml), Sudan Red
(0.5 mg/ml), and osmium tetroxide 2.5% [w/v] were prepared by dis-
solution in absolute ethanol, 70% [v/v] ethanol, and buffer A (1.4 mM/l
NaH2PO4, 8 mM Na2HPO4, and 150 mM NaCl; pH 7.40); respectively.

2.3. Animals

Experiments were performed on 180 to 200 g 60 to 70 day-old
male Wistar rats. The rats were housed in rooms with 12:12 h light–
dark diurnal cycle (midnight being the midpoint of the dark period),
and the experiments were performed in accordance with the Guide
for Care and Use of Laboratory Animals (1996, National Academy
Press). The animals were maintained on a commercial standard pellet
diet (50% [w/w] Cargill mouse and rat chow, (Pilar, Buenos Aires, Ar-
gentina) and 50% [w/w] ACAI mouse and rat chow (San Nicolás,
Buenos Aires, Argentina)) plus tap water ad libitum. The diet
contained (by weight) 20% proteins and 4% total lipids with a FA com-
position of 15.6% 16:0, 1.1% 16:1, 6.3% 18:0, 26.9% 18:1 (n−9), 1.6%
18:1 (n−7), 42.7% 18:2 (n−6), 5.7% 18:3 (n−3), and trace amounts
of 14:0, 20:4 (n−6), and 22:6 (n−3).

2.4. Preparation of rat-liver homogenates and nuclear fractions

Highly purified nuclei were isolated from liver homogenates by
sucrose-gradient ultracentrifugation after the method of Blobel and
Potter [10], as modified initially by Kasper [11], and then slightly fur-
ther as follows: all rats were killed at 8 a.m. to equalize
circadian-rhythm effects [12]. After decapitation, the animals were
bled out freely and the excised livers first rinsed in cold buffer B
(50 mM Tris–HCl, 2.5 mM KCl, 5 mM MgCl2; pH 7.5) containing
0.25 M sucrose (buffer B-sucrose) and then immersed in ice before
removal of connective tissue and weighing. The tissue was finely
minced with scissors and washed two times with buffer B-sucrose.
After addition of two volumes of this same solution per g liver and
transfer to a 24-ml Potter–Elvehjem homogenizer equipped with a
Teflon pestle, the tissue was homogenized at ca. 1,700 rpm. After
about 15 up-and-down strokes to release the nuclei, the homogenate
was filtered through four layers of cheesecloth. Of the collected fil-
trate, 8 ml were transferred to each of six 38.5-ml polyallomer
tubes followed by 14 ml of 2.3 M sucrose in buffer B and the contents
mixed by inversion. The homogenate was gradually underlayered
with 3 ml of 2.3 M sucrose in buffer B. The nuclei were pelleted by
centrifuging at 106,750×g and 4 °C for 1 h. The heavy brownish-red
plaque at the top of the tube was loosened by rimming with a small
spatula and removed. The supernatant was decanted off by a quick in-
version of the tube and then allowed to drain thoroughly. The residu-
al sucrose solution was removed by squirting distilled water against
the wall of the inverted tube without contacting the white nuclear
pellet. After wiping the inside wall of the tube with an absorbent tis-
sue, this wash was repeated followed by a final wash with buffer B.
The nuclear pellet was then resuspended in 3 ml of 1.0 M sucrose in
buffer B by agitation with a plastic stirring rod and the resuspension
transferred to a 15-ml Dounce tissue grinder with a glass pestle.
After homogenization and transfer to a 15-ml Corex centrifuge tube,
the nuclei were sedimented at 4,100×g and 4 °C for 10 min; the su-
pernatant was discarded; and after resuspension in buffer B-sucrose,
the nuclei were washed by a final centrifugation at 900×g and 4 °C
for 10 min.

In order to obtain the Mx, a quantitative removal of the nuclear
envelope was effected by disruption of the nuclear-envelope with a
low concentration (0.08%) of the nonionic detergent Triton X-100
followed by separation of the Mx on a sucrose gradient after the
method of Vann et al. [13], slightly modified as follows [3]: after
resuspension of the above pellet in 0.25 M sucrose in buffer C
(10 mM Tris–HCl, 2 mM MgCl2; pH 7.5) to give a final concentration
of 8 mg protein/ml, a 0.5-ml aliquot was mixed with 20 ml of ice-cold
0.29 M sucrose in buffer D (5 mM Tris–HCl, 5 mMMgCl2, 1.5 mMKCl,
1 mM EGTA; pH 7.4; containing 0.08% [v/v] Triton X-100) and incu-
bated on ice for 20 min. The Mx were sedimented at 165×g and
4 °C for 6 min, the supernatant removed, and the pellet resuspended
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5 min with buffer I and incubated for 1 h at room temperature under
gentle shaking with the following secondary-HRPc-antibody dilutions
in buffer I containing 1% (v/v) nonfat milk: anti(rabbit IgG) 1:5,000,
anti(goat IgG) 1:3,000, and anti(mouse IgG) 1:5,000. Membranes
were washed 6 times with buffer I, 5 min each. The peroxidase activ-
ity was revealed by means of the Pierce ECL Western-blotting sub-
strate (Pierce, Rockford, IL, USA) before chemiluminescence image
acquisition with an ImageQuant 350 (GE Health Care, Buenos Aires,
Argentina).

2.7. Lipid analysis

Lipids, extracted by the procedure of Folch et al. [21], were recov-
ered from the chloroform layer and separated into different classes by
TLC on plates precoated with silica gel G without concentrating zones.
Samples were resolved up to half of each plate, with 80:20:1 (v/v/v)
hexane/diethylether/acetic acid being used as mobile phase to sepa-
rate the NL [22]. After visualization of the lipid species by exposure
to iodine vapor, PL, diacylglycerides (DAG), C, free FA, TAG, and CE
were located by comparison to the corresponding positions of
known standards with respective retention factors of 0.06, 0.13,
0.18, 0.27, 0.60, and 0.96.

The PL (GP+sphingolipids [SP]) were scraped off the plate for
quantification by the spectrometric determination of phosphorus
[23]. To separate and quantify the C and CE, the sample was developed
on TLC plates along with different concentrations of pure standards,
the lipid spots revealed after spraying with acidic ferric-chloride solu-
tion, and the staining densities quantitated through the use of ImageJ
software (National Institutes of Health, Bethesda, MD, USA) [24].

The TAG scraped off the plates were quantified by means of a kit
assay procedure based on the liberation of glycerol through lipase-
catalyzed hydrolysis (TAG Color, Wiener Lab., Rosario, Santa Fe,
Argentina).

2.8. Analysis of fatty acid composition of total triacylglycerols

The TAG scraped off the TLC plates were extracted with chloro-
form and FA methyl esters prepared according to the method of Mor-
rison and Smith [25] and analyzed by gas–liquid chromatography in a
Hewlett-Packard HP 6890 apparatus (Wilmington, DE, USA). Samples
were injected into a 30-m Omega Wax 250 (Supelco, Bellefonte, PA,
USA) capillary column of i.d. 0.25 mm and a 0.25 μm film and the
temperature programmed to obtain a linear increase of 3 °C/min
from 175 to 230 °C. Chromatographic peaks were identified by com-
parison of their retention times with those of authentic standards.

2.9. Liver squash

After fixation of a slice of liver tissue by overnight incubation with
4% (v/v) formaldehyde in buffer B at 4 °C, a small piece was deposited
onto a microscope slide, washed with 0.25 M sucrose in buffer B, and
stained at 4 °C. The squash was done by applying minimal pressure
from above with a coverslip, and the excess liquid was then removed.

2.10. Cell culture

HepG2 cells from American Type Culture Collection (ATCC
HB-8065) were maintained and grown at 37 °C in surface culture at-
tached to 95-cm2

flasks, in Eagle's minimal essential medium
containing 2 mM L-glutamine, 2.2 g/l sodium bicarbonate, 0.1 mM
nonessential amino acids, 1.0 mM sodium pyruvate, and 10% (v/v)
heat-inactivated fetal-bovine serum (Gibco, Grand Island, NY, USA)
plus 0.1 g/l streptomycin. The cells were plated on coverlips and cul-
tivated as previously described [26].
2.11. Bright-field microscopy

Ten microliters of sample suspensions were transferred to cover-
slips and kept on ice. Three alternative fixation methods were used:
(1) air drying for 10 min, (2) incubation with OsO4 solution for
10 min in the dark, or (3) incubation in 4% (v/v) formaldehyde in
buffer A for 10 min at room temperature. Samples from the isolated
bands were always fixed by method (1). Two alternative methods
of staining were used. Samples were covered with Sudan-Red solu-
tion and incubated for 10 min, or with osmium-tetroxide solution
and incubated on ice in the dark for 10 min, before analysis. Samples
were examined by bright-field microscopy under an Olympus BX51
epifluorescence microscope (Shinjuku, Tokyo, Japan) through the
use of the Image-Pro plus version 5.1 software (Media Cybernetics
Inc, Bethesda, MD, USA).

2.12. Confocal laser-scanning microscopy

Coverslips with nuclei, Mx, HepG2 cells, or rat-liver squash were
kept on ice and fixed by overnight incubation with 4% (w/v) parafor-
maldehyde in buffer J–sucrose (1.5 M KCl, 1.6 mM N-acetylcysteine,
4.7 mM potassium phosphate, 0.25 M sucrose; pH 7.4). Samples
were washed 3 times with buffer J-sucrose after incubating sequen-
tially for 10, 10, and 5 min per wash. Permeabilization was effected
by incubation with 0.08% (v/v) Triton X-100 in buffer J-sucrose for
20 min. Samples were washed 4 times with buffer J-sucrose after incu-
bating sequentially for 10, 10, 10, and 5 min per wash. For immunoflu-
orescence, samples were incubated for 48 h with the respective
primary-antibody dilutions (1:25 for anti-SC-35, 1:250 for anti-p54
[nrb], 1:100 for anti-LAP2β) in 1% (w/v) bovine-serum albumin in buff-
er J. After three washes of 10 min each, samples were incubated with
DAPI (final concentration, 1 μg/ml) or BODIPY 493/503 (final concen-
tration, 1 μg/ml) and the respective secondary-antibody dilutions
(1:250 for both chicken anti[mouse IgG] alexa594 and monkey anti
[goat IgG] Cy3) for 1 h. After three 10-minwasheswith buffer J-sucrose,
the samples were mounted and observed. Images of fixed nuclear sam-
pleswere examinedwith anOlympus (Shinjuku, Tokyo, Japan) confocal
laser-scanningmicroscope (Fluoview FV1000, software version 1.7.3.0)
mounted on an Olympus BX61 upright frame microscope, equipped
with a 405-nm, a 473-nm, and a 559-nm diode laser and containing a
UPLSAPO 40× (0.95 NA) objective. Ten representative fields containing
several nuclei were selected. For nuclear-domains, Z-planes of 0.20- or
0.68-μm thickness were acquired. Z-plane cross-sections across the
central position of a nucleus were obtained and the different planes
reconstructed.

2.13. Image analysis

For determination of the diameters of nuclei, Mx, nLD, and cLD we
used Image-Pro plus version 5.1 software (Media Cybernetics Inc.,
Bethesda, MD, USA) and for 3D reconstructions ImageJ (National
Institutes of Health, Bethesda, MD, USA) and Amira ResolveRT 4.0
(Visaje Imaging Inc., San Diego, CA, USA) software.

2.14. nLD isolation

In order to isolate nLD, we adapted the standard procedure for cLD
isolation by separation on a sucrose gradient after the method of
Ontko et al. [27]. Thus, for nLD, isolated nuclei from 8 to 10 livers
(200 mg of nuclear proteins) were pooled and resuspended in buffer
B containing 1 M sucrose at a final volume of 2.5 ml. PMSF at a final
concentration of 1 mM was added to inhibit proteolysis, and the
pooled nuclei were kept on ice and sonicated in a Branson 450
Sonifier (Danbury, CT, USA) at a duty cycle of 50% and a setting 6.0,
for 10 pulses 10 times followed by 20 pulses 5 times. Sonicated nuclei
were then mixed with buffer B containing 2.3 M sucrose to give a



final sucrose concentration of 1.9 M in a final volume of 7.5 ml. As a
control of the nLD-isolation method, liver cLD were isolated under
the same conditions. Liver homogenate, obtained in buffer B-sucrose
(cf. Section 2.4), was mixed with buffer B containing 2.3 M sucrose
to give—as with the nLD—a final concentration of 1.9 M sucrose in
7.5 ml. A discontinuous sucrose gradient was prepared as follows:
1.5 ml of double-distilled water was added to a thick-walled polycar-
bonate ultracentrifuge tube. Then 2.5 ml of 0.3 M sucrose, 2.5 ml of
0.7 M sucrose, 3 ml of 1.0 M sucrose, 3 ml of 1.3 M sucrose, and
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Fig. 2. Analysis of nuclear-lipid droplets from rat liver by microscopy. (A) Isolated whole nuclei and (B) Nuclear matrix (membrane-depleted nuclei) were stained and examined by
bright-field microscopy. Sudan Red (S) and osmium tetroxide (O, OsO4) were used as dyes. Staining was carried out over fixed (by formaldehyde (F) or O) and unfixed samples.
Arrows point to the nLD. Inserts show detailed regions. The photographs correspond to representative observations.
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having different sizes and characterized by a high proportion that
were smaller than the median value.

In order to obtain further information about the localization and
distribution of the nLD, we performed confocal microscopy (Fig. 3).
As observed in the orthogonal views and 3D reconstructions, nLD
were localized within the nuclei and were furthermore confined to
the Mx domains (Fig. 3A and Video 1).

We also first labeled the liver nuclei and the Mx with DAPI and
LAP2β (the latter binding to nuclear lamina) and subsequently
stained the nLD with BODIPY 493/503 (Fig. 3B and C). Merge images
revealed the nLD to be localized within the nucleus beneath the
LAP2β and thus interacting with the nuclear lamina. The two analyses
indicated that nLDwere both endonuclear and confined to the Mx do-
main: this localization in the Mx once again pointed to their resis-
tance to Triton X-100.

In order to analyze the spatial relationship between nLD and other
domains within the nucleus, nuclei were stained with speckles- and
paraspeckles-marker proteins (SC-35 and p54[nrb], respectively)
and visualized by immunofluorescence microscopy (Fig. 4). As
expected from the literature [35,36], many speckles and paraspeckles
were observed by immunofluorescence within the nucleus, but those
domains were not colocalized with the nLD (Fig. 4). The random dis-
tribution of nLD previously observed in Figs. 2 and 3 was corroborat-
ed here since nLD were recorded both in a central localization
(Fig. 4A) and close to the nuclear membrane (Fig. 4B).

To further corroborate our findings, nLD were visualized both in
hepatocytes from the livers of rats maintained on a standard diet
(Fig. 5) and in HepG2 cells cultured under standard conditions
(Fig. 6). Cells from each source were labeled with DAPI and the nLD
as well as the cLD subsequently stained with BODIPY 493/503. In
both preparations cLD were observed as well by confocal microscopy
(Figs. 5 and 6). Merge images showed the nLD to be localized within
the nucleus and randomly distributed (Figs. 5 and 6).

Both of these cell types were also stained with Sudan Red and
OsO4 (data not shown), where the LD, though clearly visible, failed
to stand out in bold relief because of the stained background; but in
spite of that background staining within the cell, the diameter mea-
surements were nevertheless found to be comparable to those indi-
cated by BODIPY staining (fluorescence microscopy), where no
background is present (Supplementary Table 2). As stated above
with respect to LD in isolated nuclei and Mx, the true size of nLD
and cLD observed in the hepatocytes in vivo or the HepG2 cells in cul-
ture (Figs. 5 and 6) could not be determined since both types of LD
could only be visualized after staining (Supplementary Table 2).
Nonetheless, we can consider that the diameter of nLD was between
0.57 and 0.90 μm (median) and was comparable to that estimated
for nLD in isolated nuclei (Fig. 2 and Supplementary Table 1). In
both of these cell types, cLD were a larger-sized population than
nLD with maximum diameters at between 2.39 and 3.67 μm as op-
posed to 0.84 – 1.49 μm. As expected, nLD and cLD had the same ap-
parent minimum diameter since the smallest LD that can be observed
is limited by the resolution of the microscope. For this reason, howev-
er, the true minimum diameter of each type of lipid droplet cannot be
determined with certainty given the technology available. As ob-
served for nLD from isolated nuclei (Fig. 2, Supplementary Table 1),
the results of quartile analysis of nLD and cLD diameters from these
whole cells in all stained samples indicated that both of these LD
were characterized by a heterogeneous droplet population with dif-
ferent sizes and a high proportion of LD smaller than mean value
(Supplementary Table 2).

In conclusion, nLD could be visualized within the nucleus as dis-
crete spheres with a random distribution and representing an ex-
tremely small nuclear domain. nLD were smaller than cLD, were
fewer in number, and could be observed not only within isolated
rat-liver nuclei and Mx but also within the nuclei from intact
rat-liver hepatocytes and whole HepG2 cells.

3.4. Isolation of nLD from isolated rat-liver nuclei

nLD were isolated from a sample of intact nuclei by an adaptation
of a standard procedure for cLD isolation based on separation by
means of a sucrose-density gradient [27]. As a control for the method,
cLD were isolated in parallel from a liver homogenate. Whereas 6
bands became equilibrated in layers within the gradient from the
liver homogenate, only one band (α) was resolved at the top of the
tube when the sample from whole nuclei was centrifuged in the den-
sity gradient (Fig. 7).

Although this single band (α) was detected in the sucrose gradi-
ent from the nuclear sample (nLD), we cannot discard the possibility
that within the nucleus, LD populations of different compositions are
also present as in the cytosol; but because of the low concentration of
NL components, they were impossible to be visualized as bands or
quantify by this procedure.

When the nuclear α band and the cytosolic A band were qualita-
tively analyzed by transmission electron microscopy, in both samples
clusters of spherical droplets with diameters ranging from 30 to
80 nm were visualized (Fig. 8A). Moreover, in both α and A bands,
we observed Sudan-Red-positive spherical LD of different sizes with
diameters ranging from 0.5 to 27 μm (Fig. 8B). In this regard, the ob-
servation of α and A bands should be done immediately after staining
since isolated LD usually cluster into fewer and larger-sized droplets
(not shown). This clustering would explain the differences observed

image of Fig.�2


Fig. 3. Analysis of isolated nuclei from rat liver by confocal laser-scanning microscopy. (A) Nuclei (N) and nuclear-lipid droplets (nLD) were stained with DAPI (blue) and BODIPY
493/503 (green), respectively, and observed by confocal laser-scanning microscopy. Nuclei were also observed with the transmitted-light channel of the confocal microscopy (DIC,
differential interference contrast). The nLD localization in (B) nuclei and (C) the nuclear matrix (Mx) was analyzed by immunofluorescence. The nuclear lamina was stained with
antibodies against LAP2β (in red). Z-plane cross-sections through the central position of a nucleus were obtained and the different planes reconstructed to give XZ and YZ orthogonal projec-
tions. Three-dimensional reconstructionswere performed and the nLD and nuclear lamina visualized through isosurface rendering (green and red, respectively) and through outline rendering
by DAPI (blue). The photographs correspond to representative observations. Nu, nucleolus.
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between LD diameters present in the bands from isolated nuclei or
the homogenates and the original intact structures (i.e., nuclei, Mx,
hepatocytes, and HepG2 cells) since after fixation no such clustering
had been present (cf. Figs. 2–6). Moreover, methyl and ethyl alcohols
routinely used in fixation and staining have been seen to modify both
the number and size of cLD [34,37].

Based on these results and the above considerations, we conclude
that nuclear α band consisted in spherical droplets (i.e., nLD) that can
be stained by Sudan Red in the same manner as cLD.
3.5. nLD lipid composition

For the determination of the lipid classes, isolatedα band containing
nLD was extracted and lipids separated by TLC along with standards
(Fig. 9). These lipids were composed of TAG, C, and CE along with low
amounts of free FA and PL (GP+SP). In a similar fashion, cLD lipids
were extracted from the sucrose-density-gradient A band (Fig. 7).
Table 2 shows the NL composition along with PL and protein content
of nLD and cLD.

image of Fig.�3


Fig. 4. Spatial relationship of nuclear-lipid droplets to known nuclear domains. Spatial relationship of nuclear-lipid droplets (nLD) to nuclear domains was analyzed by immuno-
fluorescence and observed by confocal laser-scanning microscopy. The (A) speckles and (B) paraspeckles were stained with antibodies against SC-35 and p54[nrb], respectively
(shown in red). Z-plane cross-sections through the central position of a nucleus were obtained and the different planes reconstructed to give XZ and YZ orthogonal projections.
Three-dimensional reconstructions were performed and the nLD and nuclear domains visualized through isosurface rendering by the antibodies (green and red, respectively)
and outline rendering by DAPI (blue). Photographs correspond to representative observations. N, Nucleus; Nu, nucleolus.
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nLDwere composed of 38% lipids and 62% proteins byweight (μg/g
liver). nLD lipids and proteins represented an exceedingly small pro-
portion of the total cell components, as the yields of these species
from the homogenate were lower than 0.002%. nLD lipids consisted
in mainly NL (85%) along with a small proportion (15%) of PL (Fig. 10).

nLD total PL were quantified by the phosphorus content of the cor-
responding TLC spot but were not further separated into different GP
or SP classes because of the low amounts of these components in the
samples. These nLD PL are probably composed of GP as well as SP,
since those lipid classes had been found to be the PL components of
the Mx [3].

nLD from liver exhibited an NL composition rich in TAG (23%), CE
(45%), and C (32%) (Table 2). Fig. 10 illustrates that nLD-lipid compo-
sition was markedly different from that observed in liver homoge-
nates, whole nuclei, Mx, and cLD A band. Table 2 shows cLD lipid
composition and protein content. Of the six sucrose-gradient bands
isolated from total liver homogenate, only the A band was analyzed
since this band had an equivalent position and thus a comparable
density to that of α band isolated on the sucrose gradient of the nu-
clear sample (Fig. 7). As expected, the cLD A band had a total-lipid
composition equivalent to that reported previously [27].

These cLD—consisting of 78% lipids and 22% proteins by weight
(μg/g liver)—had a very different overall composition from that of the
nLD (Table 2) and furthermore contained almost exclusively NL
(99.4%) along with an extremely low proportion (0.6%) of PL (Fig. 10).
The NL of the cLD, in turn, consisted principally in TAG (88%) with low
amounts of CE (5%) and C (7%). The composition of the 6 bands of cLD
isolated from rat liver by Onko et al. were all different from that of the
present nLD α band [27]. This observation is highly relevant to the
issue of the uniqueness of the nLD.
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Fig. 5. Microscopical analysis of nuclear- and cytosolic-lipid droplets from rat hepatocytes. Rat-liver squashes were stained and analyzed by confocal laser-scanning microscopy.
Staining was carried out on fixed samples. Nuclei (N) and nuclear- and cytosolic-lipid droplets (nLD and cLD) were stained with DAPI (blue) and BODIPY 493/503 (green), respec-
tively. Z-plane cross-sections through the central position of a nucleus were obtained and the different planes reconstructed to give XZ and YZ orthogonal projections.
Three-dimensional reconstructions were performed and the LD visualized through isosurface rendering by BODIPY (green) and outline rendering by DAPI (blue). Photographs cor-
respond to representative observations.
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The cytosolic TAG from cLD constituted the main hepatocyte TAG
pool since the yield from homogenate was about 100%. In contrast, nLD
TAG consisted in a quantitatively small overall cellular pool along with
the different subcellular localization. Supplementary Table 3 shows the
composition of TAG FA from rat-liver nLD and cLD. FA composition of
TAG from nLD was in agreement with previous results from an analysis
of the TAG from whole nuclei [38]. In both of those LD fractions, the
TAG FA were composed of equivalent proportions of saturated (30%),
monounsaturated (MUFA), and polyunsaturated FA (PUFA). MUFA and
PUFA from the series n−9 (30–32%) and n−6 (28–30%) were the
most prevalent unsaturated fatty acids present. Finally, within nLD the
main fatty acids esterified to TAG were oleate (18:1 n−9) and linoleate
(18:2 n−6) plus to a lesser extent palmitate (16:0).

In conclusion, our findings have indicated that the nLD are a su-
pramolecular nuclear structure mainly composed of TAG, C, and CE
along with a low percentage of PL and proteins.
4. Discussion

We have demonstrated that nuclear NL are organized in discrete
nonpolar domains within the nucleus analogous to the cytosolic
lipid droplets, the nuclear-lipid droplets (nLD). This nuclear domain
was furthermore found to be constituted by a few number of small
droplets randomly distributed within the nucleus with a spatial local-
ization that differed from those of the lamina, speckles, paraspeckles,
and nucleolus—as visualized by immunofluorescence microscopy.
nLD were moreover resistant to the nonionic detergent Triton X-100.

nLD were observed in isolated nuclei from rat liver as well as in
rat-liver hepatocytes and HepG2 cells maintained under standard nu-
tritional conditions (with respect to diet or culture medium, respec-
tively) and normal (not pathological) states. nLD from both rat
hepatocytes and HepG2 cells were smaller in size than the cLD, in
agreement with the nLD–composition data. If we consider that nLD
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Fig. 6. Microscopical analysis of nuclear- and cytosolic-lipid droplets from HepG2 cells. HepG2 cultured cells were stained and analyzed by confocal laser-scanning microscopy.
Staining was carried out on fixed samples. Nuclei (N) and nuclear- and cytosolic-lipid droplets (nLD and cLD) were stained with DAPI (blue) and BODIPY 493/503 (green), respec-
tively. Z-plane cross-sections through the central position of a nucleus were obtained and the different planes reconstructed to give XZ and YZ orthogonal projections.
Three-dimensional reconstructions were performed and the LD visualized through isosurface rendering by BODIPY (green) and outline rendering by DAPI (blue). Photographs cor-
respond to representative observations.
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were organized around a hydrophobic core of TAG and CE surrounded
by a monolayer of PL, C, along with the associated proteins—as in cLD
[33]—then, from data of Table 2 (expressed as μg/g liver), we can cal-
culate the proportion of the monolayer and of the hydrophobic-core
components that are present in each of the two LD types. The nLD
monolayer constituents (proteins, PL, and C) would represent 80% of
the total LD components, whereas these species constitute only 24% in
cLD. Therefore, a greater proportion of the surrounding monolayer in
nLD would indicate that within the nucleus the nLD should be smaller
than cLD since a greater fraction of monolayer would be necessary to
cover a much smaller volume of each hydrophobic core. Interestingly,
nLD are apparently surrounded by a monolayer organization similar
to that of cLD—it composed of 80–90% proteins and 10–20% lipids, the
latter being 20–30% PL and 70–80% C. Smaller LD than the cLD have
also been reported within other organelles, such as the endoplasmic re-
ticulum and the Golgi apparatus [39].

All nuclear TAG were found to be localized in the Mx, and orga-
nized in the form of nLD. Since the molar ratio of PL to TAG in nLD
was 0.75 (expressed as nmol per g liver) and the Mx TAG content
was 1.7 nmol per g liver, then about 1.3 nmol of PL per g liver
would constitute the monolayer required to surround that total
amount of TAG within nLD. Since the total PL content of the Mx was
4.3 nmol per g liver, approximately one third of Mx PL were located
in nLD monolayer with the remaining two thirds of the PL being asso-
ciated with another endonuclear-lipid domain. Furthermore, the PL
clearly represent a greater proportion of the lipids in the Mx (at
58%) than in the nLD (at only 15%). Nuclear speckles constitute a pos-
sible endonuclear domain where the remaining two-thirds of Mx PL
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Fig. 7. Isolation of nuclear-lipid droplets from rat liver. Photograph of tubes following 30 min of discontinuous sucrose-gradient centrifugation of whole nuclei, the empty-gradient
control, and liver homogenate. Bands were photographed with ordinary top lighting and a black background. Under these conditions, 6 bands that equilibrated in layers within the
gradient are visible in the liver homogenate (the uppermost being the A band) and only one band (α) at the top of the tube in the sample of whole nuclei. The sample residue and a
pellet remain at the bottom of the tube (with the homogenate or whole nuclei). Schematics of the tubes along with the flotation locations of the bands are also represented on both
sides.
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could be located since these speckles have been recently found to be
involved in the synthesis nuclear phosphatidylcholine (PC). More-
over, the enzymatic activity of the nuclear CTP-phosphocholine
cytidylyltransferase is regulated by a translocation of the enzyme be-
tween speckles and the nuclear membrane [40].

Within the nucleus, PL were also found to be associated with chro-
matin [41]; with the principal subclasses being PC, phosphatidyletha-
nolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS)
and sphingomyelins (SM).

The nLD PL classes could not be determined because of the small
amount of PL; but as quantified in the Mx, PC and PE were the most
abundant classes, followed by equivalent proportions of PI, PS, SM,
Fig. 8. Analysis of isolated nuclear-lipid droplets from rat liver by microscopy. Lipid dro
sucrose-density gradients as indicated in Fig. 7 were analyzed by (A) transmission elec
100 nm) and (B) bright-field microscopy after Sudan-Red staining (scale bar, 10 μm). The
from several fields obtained at the same magnification showing the wide degree of size hete
to color in this figure legend, the reader is referred to the web version of this article.)
and lysoPC [3]. GP along with the SP of the Mx might well be compo-
nents of nLD monolayer [3]. Barts et al. [42] characterized the PL com-
position of cLD isolated from different cell lines and determined that
PC was the most abundant PL class followed by PE, PI, and
ether-linked PC, lysoPC, lysoPE, with only very low levels of SM and
PS being present.

C has also been described as associated with chromatin in the nu-
cleus [41]—there both in a soluble pool and linked to a complex
formed by SM and proteins. On the basis of our results, we believe
that at least part of the nLD-monolayer components were those of
the complex already described by Cascianelli et al. for rat-liver nuclei
and composed of C, SM, and proteins [43]. In this regard, the C in the
plets (LD) isolated from nuclei (α band) and from liver homogenate (A band) by
tron microscopy after negative staining with sodium phosphotungstate (scale bar,
photographs were taken from representative observations. Inserts correspond to LD
rogeneity present in a representative preparation. (For interpretation of the references
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Fig. 9. Composition of nuclear-lipid droplets from rat liver. Lipids from α (nLD) and A
(cLD) sucrose-gradient bands were extracted and separated into different classes by
thin-layer chromatography with hexane/diethylether/acetic acid [80:20:1, v:v:v] as
the mobile phase and visualized after FeCl3-H2SO4-acetic acid charring. PL, polar lipids;
C, cholesterol; FA, free fatty acids; TAG, triacylglycerols; and CE, cholesteryl esters.
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monolayer of nLD would presumably be in the nonesterified form
and, as such, involved in nuclear-lipid metabolism; whereas the CE
in the nLD hydrophobic core would function as a storage molecule.
Proteins involved in C and SM metabolism as well as those in the
SM-signaling processes could likewise be associated with the nLD
monolayer. At all events, the cLD monolayer has been reported to
have very low proportions of SM and PS [42].

Exogenous FA, either free or bound to L-FABP, have been previous-
ly reported to be esterified into nuclear and Mx PL and NL (TAG and
Fig. 10. Comparative lipid composition of rat-liver homogenates, nuclei, nuclear matri-
ces, and nuclear- and cytosolic-lipid droplets. The data plotted were calculated from
the results in Tables 1 and 2 that are expressed as nmol per g liver. Lipid classes are
shown as a percent of the total: polar lipids (GP+SP)+neutral lipids (TAG, CE, and
C). H, liver homogenate; N, nucleus; Mx, nuclear matrix; nLD, nuclear-lipid droplets;
cLD, cytosolic-lipid droplets; PL, polar lipids; GP, glycerophospholipids; SP, sphingolipids;
TAG, triacylglycerols; C, cholesterol; and CE, cholesteryl esters.
DAG) [38] by an acyl-CoA-dependent mechanism [44–46]. Since the
present findings indicate the Mx TAG to be located exclusively in
the nLD, we now know that in those previous experiments the nLD
TAG were being labeled. On the basis of these observations, nLD can
thus be regarded as a domain with an active lipid metabolism.

Since PI was found to be a component of the cLDmonolayer [42], PI
could also be present in nLD and would represent an endonuclear
source of that phospholipid for the nuclear signal-transduction system
that has been previously described [47]. Moreover, because the pro-
tein and lipid components of the nuclear-PI–signal-transduction sys-
tem were seen to be either associated with or anchored to the Mx
[48–50], those constituents could be located in the nLD monolayer.

Despite different subcellular localizations, the TAG from nLD and
from cLD have similar FA compositions, with both being characterized
by oleate and linoleate as the unsaturates and palmitate as the princi-
pal saturated FA. Moreover, TG (18:1/18:2/16:0) molecular species
have been identified in cLD isolated from different cell lines [42].

Nuclear lipids play an active role in cell proliferation, differentia-
tion, and apoptosis. nLD could thus be involved in nuclear-lipid ho-
meostasis and serve as an endonuclear buffering system that can
rapidly provide or incorporate lipids involved in these processes.
The ultimate role of the nLD lipids could be the regulation of enzymes
involved in nuclear-lipid metabolism, signaling events, and/or inter-
actions with transcription factors such as the PPAR and the HNF 4 α
that have FA as ligands [51]. Moreover, when these processes are
shut down and the bound lipids (e.g., the FA, DG, phosphoinositides)
are accordingly released from the specific active site and/or receptor,
these lipidic regulatory ligands could become incorporated into nLD.
We cannot discard the possibility that nLD could move within the nu-
cleus and deliver lipids and proteins to different nuclear domains. In
this regard, nuclear actin and myosin, in their function as
cell-motility proteins, could possibly be involved in nLD transport
within the nucleus [52].

We evaluated the size of the FA pool esterified to the different
lipid classes assuming that GP, SP, TAG, and CE contained, 2, 1, 3,
and 1 FA esterified per molecule, respectively. In the Mx, FA were es-
terified to both PL (58%) and NL (42%), Table 1. The FA pools esterified
to TAG (36%) and PC (30%) were greater than the PE-associated pool
(11%) (Table 1 and [3]). Moreover, the FA pool esterified to CE (6%)
was comparable in size to those of PI (9%), PS (5%), and SM (3%). As
expected, NL (TAG and CE) were the main FA pools in nLD. Thus,
within the nucleus, TAG and PC were the lipid classes with the largest
fatty-acyl pool.

Neutral lipids have been shown to be nuclear constituents in a
number of species [6,7,53,54]. Since we found that nuclear NL are or-
ganized in droplets, we propose that nLD are present in most mam-
malian cells. Moreover, we would surmise that, as with rat liver, the
nuclear NL in rat kidney likewise would be organized in nLD since ar-
achidonic acid in isolated kidney nuclei was esterified not only to GP,
as with liver, but also to TAG by an acyl-CoA-dependent mechanism
[22].

Almost all cell types—including both prokaryotes and eukaryotes—
have been reported to accumulate NL in cLD [55–58]. In eukaryotic
cells, cLD were seen to be formed on the endoplasmic reticulum, and
several mechanisms have been proposed to explain this process [58].
Because the nuclearmembrane is structurally continuous with the en-
doplasmic reticulum, nLD could well be formed on the nuclear
membrane.

At present, is difficult to determine the origin of nuclear CE stored
in nLD, but two possibilities can be cited: 1) CE could be translocated
from cytosol, where that class is in much greater abundance; 2) alter-
natively, could be synthesized in nucleus by esterification of nuclear C
by an isoform different from ACAT-1 since Western blot failed to re-
veal that specific isoform in liver nuclei (Fig. 1). Accordingly, exoge-
nous 20:4 (n−6) was found to become esterified to C of liver nuclei
to form CE only when the FA had been previously activated as
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arachidonyl-CoA [45]. Because of the low amount of nLD CE, we were
unable to determine the FA composition, but previous analyses of the
CE extracted from whole nuclei, had revealed that that fraction
contained mainly esterified saturated (44%) and monoenoic (34%) FA
alongwith lowproportions of n−6 (17%) andn−3 (6%) polyunsaturates
[38]. We now know that the nuclear CE characterized at that earlier time
is mainly located in nLD.

In 1973 Shuichui Karasaki [59] observed “osmiophilic” nuclear
zones by TEM in histological samples of liver nodules in preneoplastic
rats after 3 to 4 months of a diet with the carcinogenic azo dye “butter
yellow” [60]. He considered that such osmiophilic structures were LD,
but no biochemical determinations or experimental evidence other
than TEM images were presented. We cannot disregard the possibility
that the osmiophilic zones observed in those preneoplastic liver nod-
ules were the characteristic nuclear canaliculi structures of cancerous
cells and tissues consisting of invaginations into the nucleus of either
the inner nuclear membrane alone or the whole nuclear-membrane.
In a transverse section of a histological sample by TEM such canaliculi
structures are observed as round vesicles surrounded by one or two
membranes [61,62].

Furthermore, under normal growth conditions most cell nuclei
have a nucleoplasmic reticulum (NR) comprised of an intranuclear
network of membranes that communicates with the cytosol or the
intermembrane space [63]. The nLD must be a domain entirely differ-
ent from nuclear-envelope invaginations since those droplets had
proved resistant to the Triton X-100 utilized during the isolation of
the nuclear-matrix and were thereafter visualized within that isolate.
By contrast, nuclear-membrane invaginations would have been elimi-
nated together with the rest of the nuclear membrane. Moreover, we
consider that the nLD cannot be cLD trappedwithin a nuclear invagina-
tion since the cLD-marker protein PLIN 1 is absent and the cLD and nLD
have markedly different lipid compositions.

5. Conclusions

nLD are a new class of subnuclear bodies and a nuclear domain
where NL are stored and organized. These droplets would be built
up around a hydrophobic core of TAG and CE enriched in oleic acid
and surrounded by a monolayer of PL along with C and associated
proteins. Thus, within nucleus, the lipidswould have twomain locations:
the double- nuclear-membrane (composed mainly of GP, SP, and C)
and nLD (containing principally TAG, CE, and C). Both of these do-
mains would constitute alternative lipid sources with different
chemical compositions, physical properties, functions, and regulatory
characteristics.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2012.10.005.
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