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A B S T R A C T

During fasting, the liver increases lipid storage as a mean to reserve and provide energy for vital cellular
functions. After re-feeding, hepatocytes rapidly decrease the amount of triacylglycerol that is stored in lipid
droplets (LDs), visible as the size of hepatic LDs significantly decreases after re-feeding. Little is known about the
changes in the liver LD proteome that occur during the fasting/re-feeding transition. This study aimed to in-
vestigate the hepatic LD proteome in fasted and re-fed conditions in the mouse. Using label-free LC-MS/MS
analysis the relative abundance of 817 proteins was determined in highly purified LDs. Comparative analysis for
differential protein abundance with respect to feeding states revealed 130 with higher abundance in LDs from
fasted mice and 31 in LDs from re-fed mice. Among proteins observed to have higher abundance on LDs in the
fasted state we found perilipin-5, and several mitochondrial and peroxisomal marker proteins, supporting the
role of LDs in the provision of substrates for fatty acid oxidation. Proteins of higher abundance upon re-feeding
included several peroxisomal and mitochondrial marker proteins and expand our understanding of the dynamic
nature of the hepatic LD proteome according to the energetic requirements of the cell.
Biological Significance: Proteomic investigations have been revealing the complexities and dynamics of cellular
LDs from a variety of cell types. As these sub-cellular structures are truly dynamic in nature, our investigations
reveal that simply the feeding state of an animal leads to significant changes to the protein composition of LDs
and suggest a variety of dynamic interactions with other cellular organelles, such as the mitochondria and
peroxisomes. As such, the experimental design for investigations of this cellular structure must consider this
dynamic baseline. Lastly our analysis on global protein abundance has revealed the unforeseen high abundance
of murine major urinary proteins associated with hepatic lipid droplets, which warrants further investigations.

1. Introduction

Lipid Droplets (LDs) are cytoplasmic organelles ubiquitous to all
cells and species [for reviews see Refs. [1, 2]]. LDs have been proposed
to play important roles in many cellular processes including lipid me-
tabolism, signal transduction, protein storage and lipid trafficking [3].
Hepatic LDs contain mainly triacylglycerol (TG), with some cholesteryl
ester and retinyl ester as a neutral lipid core and are central to

abnormal lipid accumulation during hepatic steatosis [4]. This core is
surrounded by a monolayer of amphipathic lipids (phospholipids and
free cholesterol) and LD-associated proteins of the PAT (Perilipin-1,
ADRP/Perilipin-2, TIP47/Perilipin-3) family [for reviews see [1–3,5]].
In addition, proteomic studies have shown that a variety of proteins,
other than PAT proteins, interact with LDs (either embedded or asso-
ciated), thus enabling the multiple functions of this organelle [6–8].
Moreover, based on the characteristics of the identified LD proteins, LDs
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are now known to interact with various other cellular compartments
including the endoplasmic reticulum (ER), mitochondria, peroxisomes,
endosomes and the cytoskeleton [reviewed in [9,10]].

During fasting, the liver enters a state of physiological steatosis,
increasing lipid storage in LDs as a mean to reserve and provide energy
for vital cellular functions. The source of fatty acids for hepatic TG
synthesis are non-esterified fatty acids derived from hydrolysis of TG
stored in the adipose tissue, dietary fatty acids from intestinal chylo-
micron remnants, and fatty acids newly synthesized through de novo
lipogenesis. Because fatty acids exert deleterious effects on cellular
functions when in their free form (biological detergents at neutral pH),
excess fatty acids are esterified into TG. In the liver, TG can be either
stored in LDs or secreted in TG-rich apoB-containing lipoproteins into
the bloodstream. TG can also be hydrolyzed and fatty acids directed
toward mitochondrial β-oxidation. As determined empirically by others
[11], after re-feeding, hepatocytes rapidly decrease the number and size
of LDs; however, little is known about the physiology of this process
and the changes in the proteome during the fasting/re-feeding transi-
tion that allow for this process to occur.

This study aimed to investigate the hepatic LD proteome in fasted
and re-fed conditions in the mouse using gel-LC-MS/MS analysis. Our
findings reveal unexpected changes in the LD proteome in fasting versus
re-fed livers.

2. Experimental procedures

2.1. Animals and feeding conditions

We utilized 4-month-old male C57BL/6 mice, with each individual
LD sample prep comprised of the livers of 3 animals. Mice were fed ad
libitum a chow diet (LabDiet, PICO Laboratory Rodent Diet 20, 23.9%
protein, 5% fat, 48.7% carbohydrates). Mice were randomly split into
two groups: fasted (24 h fast) and re-fed (24 h fast followed by 6 h re-
feeding). All animal procedures were approved by the University of
Alberta's Animal Care and Use Committee and were in accordance with
guidelines of the Canadian Council on Animal Care. Mice, housed three
to five per cage, were exposed to a 12 h light/dark cycle beginning with
light at 8:00 a.m.

2.2. Lipid droplet fractionation

At the end of each feeding period mice were sacrificed by cardiac
puncture, livers were harvested, rinsed in ice-cold PBS and immediately
subjected to homogenization with a motor-driven potter in a hypotonic
lysis medium (HLM, 20mM Tris·Cl, pH 7.4, 1 mM EDTA). All solutions
included protease inhibitors (EDTA-free Complete protease inhibitors,
Roche Diagnostics) and phosphatases inhibitors (PhosSTOP, Roche
Diagnostics). LDs were isolated according to Brasaemle and Wolins,
2006 [12], with some modifications [13]. Homogenates were spun at
500×g for 10min. Supernatants were then spun at 15,000×g for
10min to remove mitochondria and to allow fat cake separation. Fat
cakes were transferred into new tubes and washed twice at same speed
and length of centrifugation. Fat cakes were then diluted 1/3 in 60%
sucrose in order to obtain 20% density adjusted suspensions. These
were layered at the bottom of ultracentrifuge tubes and overlaid with
double the volume HLM-5% sucrose, followed by careful overlay with
same volume of HLM. Samples were centrifuged at 28,000×g for
30min and fat cakes were carefully recovered and analyzed.

2.3. Solubilization of lipid droplet–associated proteins for western blot and
LC-MS/MS analysis

To solubilize LD-associated proteins for subsequent Western blot
and LC-MS/MS procedures, fresh LD fractions prepared from fasted
(n=3) and refed (n= 3) mice were mixed with 10% sodium dodecyl
sulfate (SDS) (1:1, v/v) and incubated for 1 h at 37 °C in a sonicating

water bath with constant agitation. Then, samples were micro-
centrifuged 10min at maximum speed, at room temperature and the
infranatants containing the solubilized proteins were collected from
beneath the floating lipid layer. Equivalent volumes of 2× SDS sample
buffer were added to the samples, which were then boiled for 10min
prior to loading equivalent amounts of total protein onto a dis-
continuous SDS-PAGE gel.

2.4. Sample preparation for mass spectrometry

SDS-PAGE gels were visualized with R-250 coomassie blue protein
stain (SigmaAldrich). Once visualized, protein bands were excised in
segments, as outlined in Supp. Fig. 1. Each gel section was individually
treated to in-gel tryptic digestion as previously described [14].

2.4.1. LC-MS/MS of lipid droplet-associated proteins
Fractions containing tryptic peptides dissolved in aqueous 5% v/v

ACN and 1% v/v formic acid were resolved and ionized by using na-
noflow HPLC (Easy-nLC II, Thermo Scientific) coupled to a LTQ XL-
Orbitrap hybrid mass spectrometer (Thermo Scientific). Nanoflow
chromatography and electrospray ionization were accomplished with a
PicoFrit fused silica capillary column (ProteoPepII, C18) with 100 μm
inner diameter (300 Å, 5 μm, New Objective). Peptide mixtures were
resolved at 500 nL/min using 60min linear ACN gradients from 0 to
45% v/v aqueous ACN in 0.2% v/v formic acid. The mass spectrometer
was operated in data-dependent acquisition mode, recording high-ac-
curacy and high-resolution survey Orbitrap spectra using external mass
calibration, with a resolution of 60,000 and m/z range of 400–2000.
The ten most intense multiply charged ions were sequentially frag-
mented by using collision induced dissociation, and spectra of their
fragments were recorded in the linear ion trap; after two fragmenta-
tions, all precursors selected for dissociation were dynamically ex-
cluded for 60 s. Raw data was processed using Proteome Discoverer
1.4.1.14 (Thermo Scientific) and a reviewed, non-redundant Mus mus-
culus complete proteome FASTA index (UniprotKB – retrieved October
2015) protein database was searched using SEQUEST (Thermo
Scientific). Search parameters included a precursor mass tolerance of
10 ppm and a fragment mass tolerance of 0.8 Da. Peptides were sear-
ched with static modifications as we have previously described [15].
The ‘Precursor Ion Area Detector’ node was implemented in the data
processing workflow to determine relative extracted ion chromato-
grams (EICs) for each protein identified. Processed data was then fil-
tered using a minimum of 2 medium-confidence (FDR < 0.05) pep-
tides per protein, the data from this analysis is listed in Supp. Table 1.
False discovery rate thresholds for peptide confidence were as follows;
Fasted-1: Strict FDR=0.0097; Fasted-2: Strict FDR=0.0097; Fasted-3:
Strict FDR=0.0097; Re-Fed-1: Strict FDR=0.0097; Re-Fed-2: Strict
FDR=0.0097; Re-Fed-3: Strict FDR=0.0092. Protein lists from were
then exported and compared using Microsoft Excel.

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [16] partner repository
with the dataset identifier PXD005977.

2.4.2. Mass spectrometry data analysis and network analysis
To simplify data analysis, notable contaminants (keratins) were

removed from the data set. Likewise, proteins with an observed EIC in
≤1 sample across all n= 6 samples were removed. The remaining data
was corrected by normalizing identified proteins' EICs to the observed
perilipin-2 EIC in a sample-specific manner. The corrected protein
abundances (EIC-corr) for each protein were averaged among samples
within their respective experimental condition (fasted versus re-fed). To
determine relative changes in average protein abundance between ex-
perimental conditions, log2(EIC-corrfasted/EIC-corrrefed) ratios were
generated. To determine the significance of the changes observed, a
two-tailed heteroscedastic Student's t-test was applied to each protein's
EIC-corr array between experimental conditions; once grouped, proteins
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unique and significantly up-regulated (p < 0.05 and/or≥ 6-fold
change in abundance) in each condition were searched using the
STRING 10.0 web-utility and enriched for KEGG pathways and the Gene
Ontologies: Molecular Function, Biological Processes, and Cellular
Components. Output lists were exported to Microsoft Excel and only
ontologies and pathways with an FDR≤ 0.05 were utilized.

While the utilization of label-free proteomic quantification is most
effective when comparing the abundance of individual proteins be-
tween samples, as described above, the comparison of proteins' absolute
abundances within a sample can provide valuable information with
respect to total protein composition. Bias exists when comparing pep-
tides from different proteins within a sample due to the different ioni-
zation efficiencies of the various tryptic peptides, in conjunction with a
large dynamic range of protein abundance; while this hinders absolute
quantitative comparisons within a sample, it has been observed that
label-free proteomic quantification methods do correlate with global
protein abundance [17]. As such, in addition to our comparative ana-
lysis using relative ion intensities, we performed compositional analysis
of LD protein abundance across all datasets using normalized peptide
spectral matches (PSMs), relative to Plin2.

2.5. Western blotting and immunostaining of membranes

Proteins were resolved by SDS-PAGE (10%) based either on the
same triacylglycerol or protein concentrations and were transferred
onto PVDF membranes. Specific primary antibodies were incubated
with the membranes overnight after blocking the membrane with 5%
w/v skimmed milk for 1 h at room temperature. The following primary
antibodies, with their working dilutions from the stock solutions ob-
tained from the supplier in 3% w/v BSA in TBST, were used: acyl-CoA
synthetase/ligase 1 (Acsl1) (1:1000, Cell Signaling, #4047), perilipin 2
(Plin2) (1:1000, Abcam #108323), perilipin 5 (Plin5) (1:2000, Progen
#GP31), calnexin (Cnx) (1:1000, Enzo Life Sciences #SPA-865), β-actin
(1:1000, Cell Signaling, #4967), carboxylesterase 1d (Ces1d, also called
Ces3 or TGH) that also reacts with carboxylesterase 1 g (Ces1g, also
called Ces1 or Es-x) (1:30000, generated in-house [18]), major urinary
protein 1 (MUP1*) (1:300, Santa Cruz Biotechnology #SC-66976),
glyercaldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000, Abcam
#ab8245), and phosphatidylethanolamine-N-methyltransferase (Pemt)
(1:1000, generous gift from Dr. Dennis Vance [19]). The following
secondary antibodies, diluted 1:5000 in 5% w/v skimmed milk in TBST,

Fig. 1. Liver LD morphology during fasting and re-feeding. (A) Representative images of hepatic LDs. Bar= 10 μm. (B) Distribution of hepatic LDs from fasted and re-
fed mice. Seven images were taken from four sections of each condition (100× objective at a zoom-factor of 2), sizes and numbers of LDs were analyzed and pooled.
Each data point represents an individual LD. (C) Average area of an individual LD, total area of LDs per image field, and number of LDs per image field. (D) Liver
triacylglycerol concentration in fasted and re-fed states. *P < 0.05, **P < 0.01, ***P < 0.001.
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were incubated for 1 h at room temperature: HRP-labelled donkey anti-
guinea pig IgG (Fitzgerald #43R-ID039hrp) and HRP-labelled goat anti-
rabbit IgG (Invitrogen #31460). Immunoreactive proteins were de-
tected by enhanced chemi-luminescence (GE Healthcare, UK) using
HRP-labelled secondary antibodies.

2.6. Histological analysis

Livers collected from mice from both fasted and re-fed conditions
were embedded in OCT and frozen for further histological analysis.
Frozen liver sections were stained with 2 μg/ml BODIPY 493/503
(Invitrogen, USA) in PBS for 1 h at room temperature to visualize LDs.
Images were collected with a laser scanning confocal microscope (Leica
TCS SP5, software version Leica LAS AF 2.6.0, Leica, Germany).
Quantification of LD number and size was done with ImageJ software
(NIH, USA).

2.7. RNA isolation and real-time qPCR analysis

Liver total RNA was isolated using Trizol reagent (Invitrogen, USA).
First-strand cDNA was synthesized from 2 μg total RNA using
Superscript ΙΙΙ reverse transcriptase (Invitrogen) primed by Oligo
(dT)12–18 (Invitrogen) and random primers (Invitrogen). Real-time
qPCR was performed with Power SYBR® Green PCR Master Mix kit (Life
Technologies, UK) using the StepOnePlus-Real time PCR System
(Applied Biosystems, Canada). Real-time qPCR primers, whose se-
quences are outlined below, were synthesized by Integrated DNA
Technologies (USA). Data were analyzed with the StepOne software
(Applied Biosystems). A standard curve was used to calculate mRNA
abundance relative to that of a control gene, cyclophilin.

Primer sequences: Cyclophilin (F: 5′-TCCAAAGACAGCAGAAAACT
TTCG-3′, R: 5′-TCTTCTTGCTGGTCTTGCCATTCC-3′), Plin2 (F: 5′-CAC
TCCACTGTCCACCTGATT-3′, R: 5′-TCCTGAGCACCCTGAATTTT-3′),
Plin3 (F: 5′-GGAGGAACCTGTTGTGCAG-3′, R: 5′-ACCATCCCATACGT
GGAACT-3′), Plin5 (F: 5′-TGTGTGTAGTGTGACTACCTGTGC-3′, R:
5′-GGCAAGATCATTCACTGTGG-3′), and ACSL1 (F: 5′-CCACCATCTTC
CCTGTGG-3′, R: 5′-GGAAGTGTTTGCTTGTCCAAA-3′).

3. Results

3.1. Liver morphology during fasted and Re-fed states

The liver accumulates TG after 24 h fast due to the high fatty acid
flux from the adipose tissue leading to significant increase in individual
LD size and total area (Fig. 1A–C), reflecting what has been reported
previously [11]. Consequential of re-feeding the animals for 6 h after a
24 h fast, the average area of an individual LD decreased by 66% while
the total LDs area decreased by 27% (Fig. 1A–C). Concurrently, the
number of LDs increased by 126% after re-feeding (Fig. 1C), possibly
due to the increased nascent LDs generated from induced de novo li-
pogenesis. Accordingly, hepatic TG levels were 1.5-fold lower after re-
feeding the animals for 6 h compared with fasted mice (Fig. 1D).

3.2. Preparation and purity of LDs

Livers from fasted and re-fed animals were manually dissected, and
LDs were released from the tissue and subsequently purified by sucrose
density centrifugation. LD-associated proteins were delipidated, re-
solved by SDS-PAGE, where gel sections were individually treated to in
gel tryptic digestion and analyzed by LC-MS/MS as outlined in Supp.
Fig. 1. The purity of LDs was evaluated by immunoblot analysis. As
shown in Fig. 2, LD-associated protein perilipin-2 (Plin2) was found in
LD fractions from all samples. Calnexin (Cnx), a resident ER protein,
was also present in all the studied samples. One particular interest is the
partition pattern of ER carboxylesterases. Carboxylesterases Ces1d [also
called triacylglycerol hydrolase, previously annotated as Ces3] and

Ces1g [also called esterase-x, previously annotated as Ces1] are related
carboxylesterases present in the lumen of the ER. Interestingly, Western
blot analysis revealed Ces1d (lower band) visibly partitioned to LDs,
while Ces1g (upper band) was absent (Fig. 2). To additionally verify the
identity of the lower band being Ces1d, LDs isolated from Ces1d
knockout mice [20] were included for comparison (Fig. 2). An ER re-
sident polytopic membrane protein phosphatidylethanolamine N-me-
thyltransferase (Pemt) was essentially absent from isolated LDs (Fig. 2).

3.3. LD-associated proteins in the liver

The lipid droplets purified from the livers of nine fasted mice and
nine ref-fed mice were then analyzed by gel-LC-MS/MS and the data
was refined as described in the Materials and Methods. From this
analysis (Supp. Table 2), 810 proteins were identified in the LDs iso-
lated from the fasting mice and 784 were identified in the LDs from the
re-fed mice (Fig. 3A). Of these, 7 were unique to the re-fed LDs and 33
unique to the fasted LDs. In comparison to previous investigations of
the liver LD proteome have identified associated proteins ranging from
1520 [21] to only 134 [22].

To further investigate the quality of the data set, all the proteins
observed were queried by gene ontology (GO) analysis using the
PANTHER database [23]. For this analysis, an enrichment is de-
termined by comparing the ontological frequency of identified proteins
to that of the entire mouse proteome. GO analysis of all the proteins
observed in the fasted and fed states revealed an enrichment for pro-
teins that have been annotated to various organelles such as the ER,
mitochondria, nuclear envelope, and peroxisomes, while being depleted
for nuclear and plasma membrane proteins (Fig. 3B). While several
proteins observed may reflect molecular contaminants resulting from
purification procedure limitations, many of the enrichments observed
in our data reflect the current perception of the dynamic nature of LDs;
there is an increasing understanding of LD association to the various
organelles within a cell [10]. Further GO analysis for biological func-
tions of the identified proteins using Cytoscape v3.5.1 [24] with the
ClueGO plugin [25] reflects the diversity observed with respect to the
cellular localization of the annotated proteins. As summarized in Supp.
Fig. 2, in addition to the major expected networks of metabolism and
macromolecular complex assembly, significant numbers of proteins
have been annotated for a variety of RNA metabolic processes such as
heterocycle and aromatic biosynthesis, nucleoside phosphate metabo-
lism and gene expression.

Quantitative analysis of the EIC intensities of the proteins identified
in both the fasted and re-fed LD datasets revealed changes in proteins
abundance upon re-feeding, the resulting data of which is summarized

Fig. 2. Analysis of protein markers in purified LDs. Purified LDs from livers of
four wild type mice or 2 Ces1d knockout mice were analyzed by Western
Blotting for the indicated proteins. Liver homogenate from wild type mice
(Liver) was used as a control.
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in the volcano plot depicted in Fig. 3C. To facilitate the depiction of
proteins uniquely observed in a single experimental condition on the
log scale plot and provide an estimate of their minimal fold change,
proteins with an average EIC=0 for an experimental condition were
deemed to be missing not at random (MNAR) and assigned values of the
global minimum observed within their dataset. The abundance and
distribution of all identified LD-associated proteins are listed in Suppl.
Table 2 and those observed to change in abundance following data
refinement are listed in Supp. Table 3.

3.4. Pathway analysis of dynamic LD-associated proteins

Utilizing STRING 10.0, KEGG pathway analyses [26] of the 130 LD
proteins determined to be significantly more abundant in the fasted
experimental condition revealed thirteen distinct pathways (excluding
KEGG ID: 1100 – “Metabolic Pathways”) to be up-regulated; these in-
clude: ER protein processing, peroxisomal proteins, propanoate meta-
bolism, valine/leucine/isoleucine degradation, fatty acid metabolism,
TCA cycle, carbon metabolism, peroxisome proliferator-activated re-
ceptor (PPAR) signaling pathway, pyruvate metabolism, arginine and
proline metabolism, microbial metabolism in diverse environments,
antigen processing and metabolism, and fatty acid degradation. The
complete list of these pathways and the proteins identified within these
pathways are listed in Table 1. A complete list of all proteins observed
to change in abundance are in Supp. Table 3. Interestingly, significantly
less pathways were identified using this technique for the 31 proteins
determined to be significantly more abundant during the re-fed state;
only two pathways were observed (excluding KEGG ID: 1100 – “Me-
tabolic Pathways”); peroxisomal proteins and primary bile acid bio-
synthesis (Table 2). While several of the pathways in both feeding states
are populated by individual proteins, we believe this provides addi-
tional evidence of the diverse functions these organelles are capable of
within the cell.

As pathway analysis revealed an enrichment of different peroxi-
some-associated proteins in both fasted and re-fed datasets (Tables 1 &
2), in addition to peroxisomal proteins exhibiting the highest fold-en-
richment in the entire dataset (Fig. 3B), we further evaluated the data
for these protein changes. The quantified data from the replicate ana-
lysis of the 12 peroxisomal proteins identified by KEGG pathway ana-
lysis, in addition to the mitochondrial protein Acsl1 involved in fatty
acid oxidation [27,28], as shown in Fig. 4, reveals the magnitude of
change for each proteins' observed LD-association upon fasting and re-
feeding. While Acsl1 exhibited an approximately 30% decrease in
abundance upon re-feeding, this did not meet the cut-off criteria used to
list proteins that significantly change. This apparent dichotomy of dif-
ferential peroxisomal protein association is suggestive of unique roles
for LD-peroxisome interactions during fasting or feeding. It must also be
noted that while the analyses revealed an enrichment for peroxisomes
based on these proteins' annotations, many are not exclusively perox-
isomal and have additional sub-cellular localizations as well.

3.5. Global protein abundance

A challenge arising from proteomic investigations of sub-cellular
purified components is determining what proteins are most relevant
from those that are likely contaminants that undoubtedly remain even
after purification. To address this, at least in part, we next investigated
the proteomic data with respect to PSMs for all proteins across all data
sets to obtain estimates of the most abundant proteins in the LD samples
and less likely to be low abundance contaminants. The PSMs, normal-
ized to protein length to compensate for the increased number of po-
tential tryptic peptides generated from longer proteins, were compared
to estimate which proteins are most abundant with respect to LD
composition. From the raw data, Supp. Table 1, it is noted that Plin2 is
the protein which makes up the largest fraction of the normalized PSMs,
indicating this to be one of, if not the most abundant protein(s) in the

Fig. 3. Distribution of hepatic LD proteins during
fasting and re-feeding. (A) Venn diagram showing
the cross-correlation of identified hepatic LD-asso-
ciated proteins in fasted (green) and re-fed (red)
mice. Numbers enclosed in boxes represent proteins
unique (not in central overlap) or determined to be
more abundant, by comparison of the ion intensities
of the peptides derived from the proteins (within
central overlap), to a specific feeding condition. (B)
GO analysis enrichment for cell localization for all
proteins identified on LDs in both the fasted and re-
fed datasets. (C) Volcano plot of proteins identified
among both energetic states. The x-axis represents
the fold-change in average protein abundance ob-
served between fasted and re-feeding conditions as
the function log2 of the corrected extracted ion
chromatograms. The y-axis plots the statistical sig-
nificance of the fold-difference observed between the
states as the function -log10(P-Value). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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purified LDs. The average normalized spectral counts across all datasets
were then plotted in Fig. 5A in decreasing abundance relative to Plin2.
The data reveals that only 57 proteins of the 817 identified make up
50% of the spectral counts in the experiment, which leads to an esti-
mate that these proteins make up half of the protein abundance in the
samples. Correspondingly, 314 and 633 proteins make up 90% and 99%
of the spectral counts, respectively. The proteins that comprise 50% of
the normalized spectral counts likely represent the most abundant
proteins in the purified LDs and their identities are summarized in
Fig. 5B.

The unexpected observation of the murine specific secreted major
urinary proteins (Mups) populating the list of the 57 most abundant
proteins, led to validation experiments of the association of these pro-
teins in the hepatic LDs. Fractions from a sucrose gradient purification
of LDs from the livers of fasted mice were resolved by SDS-PAGE and
analyzed for total protein abundance by coomasie staining or im-
munoblotting for Plin2 or Mups (with an antibody specific for a range
of Mup isoforms). As seen in Fig. 6, while much of the observed Mup
isoforms we observed in the high density heavy membrane associated
fraction of the gradient, a significant amount of the Mups are also ob-
served in the low-density fraction containing the LDs.

With the spectral counts and ion intensities observed ranging over
several orders of magnitude for the different proteins identified in
purified LDs, we evaluated proteins that were determined to sig-
nificantly change in abundance upon fasting and re-feeding; if only very
low abundance proteins were observed to significantly change, it would
suggest many of our observed differences may simply reflect statistical
noise as a result of proteins being at or near the limit of their detection.
The data representing LD-associated proteins that significantly change
in abundance during fasting and feeding with respect to their relative
ion intensities is overlaid on the plot in Fig. 5A. While there is a trend
for proteins with low normalized PSMs to be more frequently observed
significantly changing in abundance between feeding states using re-
lative ion intensities, a large proportion of proteins with high normal-
ized PSMs are also observed to significantly change based on their re-
lative ion intensities (Fig. 5A). Acadvl, Cpt2, and Hspa5, identified to
significantly change in abundance between feeding states, populate
within the list of 57 proteins that make up 50% of the normalized
spectral counts.

3.6. Immunoblot validation of LD associated proteins

To confirm the LD-association of some of the identified proteins,
and their changes upon feeding state, we assessed their abundance in
purified LDs and whole liver homogenates by immunoblotting. To
control for equal loading of isolated LDs between feeding states, sample
loading was normalized to the LDs' TG content. Whole liver homo-
genates were used to evaluate whether the changes observed in proteins
associated with LDs is a result of changes in a protein's global cellular
abundance, or a change in LD-association; whereas LD loading was
normalized to TG content, whole liver homogenates were normalized to
total protein.

Plin2 and Plin5 are well characterized LD-associated proteins that
play an important role in the regulation of LD turnover by preventing
adipose triglyceride lipase (ATGL) - catalyzed lipolysis [29,30]. Plin2/
TG ratio did not significantly change in the purified LDs isolated from
livers of fasted/refed mice (Fig. 7A). In agreement with our mass
spectrometry data for Plin5 (Supp. Table 2), LDs purified from fasting
livers contained higher Plin5 abundance compared to those from re-fed
livers, consistent with diminished lipolysis and increased TG storage
(Fig. 7A). Furthermore, both Plin2 and Plin5 exhibit larger increases in
abundance, relative to total protein, in the whole liver homogenate
upon fasting (Fig. 7B) consistent with increased expression of Plin2 and
Plin5 mRNAs during fasting (Fig. 7C). In contrast, Acsl1 revealed an
increase in abundance by mass spectrometry (Fig. 4) and Western blot
analysis (Fig. 7A), but no changes were observed in the whole liverTa
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homogenates (Fig. 7B), indicating a change in protein localization and
not protein abundance in the cell. Interestingly, the expression of Acsl1
mRNA was decreased during refeeding (Fig. 7C) but this change was
not translated into lower protein abundance suggesting a long half-life
of the protein.

4. Discussion

4.1. Fasted and Re-fed liver LDs

The study presented here was designed to systematically identify
the LD-associated proteome from the mouse liver during fasting and re-
feeding. Two key issues when analyzing organelle proteomes are as-
sessing the purity of the preparations, as well as how to correct datasets
to reduce between-sample variability upon comparison. With respect to
sample purity, we expectedly found the canonical LD-marker proteins
in our LD preparations, including Plin2 and Plin3. Cnx, an ER-localized
protein was present in all studied LD fractions (Fig. 2B); although the
presence of this protein on the LD surface was previously reported [31],
we analyzed the presence of another ER membrane protein Pemt in
order to evaluate LD purity and possible ER contamination. Pemt was
nearly completely absent from the isolated LD fractions (Fig. 2B),
suggesting minimal contamination of our LD preparations with the ER.
Luminal ER proteins (Bip, Pdi) have been previously found in LD pre-
parations from various cells and tissues and a possible mechanism how
such proteins could be targeted to LDs has been proposed [32,33].

Ces1d (Ces3/TGH) and Ces1g (Ces1/Es-x) are ER luminal resident
lipid hydrolases containing the C-terminal ER-retrieval motif –HVEL
[34–36]. Interestingly, we found by immunoblotting that Ces1d

partitioned to the LDs, while its close family member Ces1g did not. The
mechanism for such selectivity is unclear because both Ces1d and Ces1g
were identified via LC-MS/MS on purified LDs from both fasted and
refed conditions. Our studies showed that hepatocytes lacking Ces1d
contain an increased number of smaller LDs compared to wild-type
hepatocytes, suggesting that Ces1d plays a role in LD maturation [20].
The role of Ces1g in LD growth and maturation has not been evaluated,
however; unlike Ces1d, lack of Ces1g leads to increased size and
number of cytosolic LDs [37], showing functional differences between
these two ER-localized carboxylesterases.

4.2. Global proteome analysis of liver LDs

Shotgun proteomics was used to characterize the murine hepatic LD
proteome of fasted and re-fed mice. Our analysis identified a complete
set of 817 proteins that are associated with purified with LD in both
energetic states (Fig. 3A). GO analysis for cellular localization of the
entire data set revealed a significant enrichment for proteins that have
been annotated to a variety of sub-cellular localizations (Fig. 3B). The
greatest enrichment observed was for peroxisomal proteins, in agree-
ment with previous work demonstrating a close association between
LDs and peroxisomes [38]. As both LDs and peroxisomes are key
players in the lipid metabolic flux, their close interactions have been
proposed to be key for bidirectional lipid trafficking [39]. As predicted,
a depletion of nuclear and plasma membrane proteins was also ob-
served. The enrichment of peroxisomal, ER, mitochondrial, and Golgi
proteins was expected as there is a growing appreciation of the inter-
action and function of LDs with these organelles [9,10]. At first glance,
other observed enrichments may appear to be contaminants, such as
ribosomal proteins (Fig. 3B) and proteins involved in RNA metabolism
(Supp. Fig. 2); however, these have been previously reported to be
associated to the LD proteome [40,41] and have been verified by ul-
trastructural investigations [41]. The role of ribosomes in LDs is still
unclear and remains an open question in LD biology [42]. However,
early investigations with model organisms have suggested that LDs may
also function as protein storage organelles [6]. Alternatively, the pre-
sence of highly abundant proteins in LDs may simply be an artifact of
these proteins being trapped in LDs during their rapid formation and
growth in the cell. Nonetheless, the agreement of our hepatic LD dataset
with previous studies only strengthens these observations.

With ongoing proteomic studies of hepatic LDs, there is an in-
creasing number of proteins identified as being LD-associated
[21,22,43,44]. A challenge with these growing lists, as there is when
performing proteomics on any organelle, is the analysis and follow-up
of the data. As mass spectrometers become more sensitive, the limits of
detection will continue to decrease to a point that far exceeds the or-
ganelle's biochemical purity. As a result, the instrument's high

Table 2
KEGG pathway identifiers populated from the proteins enriched in LDs isolated from livers of re-fed mice with an FDR < 0.01. Proteins identified in each pathway
are listed.

Protein Protein name Metabolic pathways Peroxisome Val, Leu and Ile degradation

Idh2 Isocitrate dehydrogenase [NADP], mitochondrial + +
Baat Bile acid-CoA:amino acid N-acyltransferase + + +
Ndufb9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 +
Adk Adenosine kinase +
Atp6v1e1 V-type proton ATPase subunit E 1 +
Amacr Alpha-methylacyl-CoA racemase + + +
Dhcr24 Delta(24)-sterol reductase +
Sgpl1 Sphingosine-1-phosphate lyase 1 +
Echs1 Enoyl-CoA hydratase, mitochondrial +
Aox3 Aldehyde oxidase 3 +
Ftcd Formimidoyltransferase-cyclodeaminase +
Dhrs4 Dehydrogenase/reductase SDR family member 4 + +
Dpm1 Dolichol-phosphate mannosyltransferase subunit 1 +
Prdx5 Peroxiredoxin-5, mitochondrial +

Fig. 4. Relative abundance of peroxisomal proteins associated with LDs isolated
from the livers of mice after fasting (black) or re-feeding (light grey).
Quantification is the average relative EICs, relative to Plin2, for each indicated
protein from triplicate analysis.
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sensitivity can detect the low abundant contaminants that are un-
doubtedly present in the sample. To address this, we evaluated the data
to identify the most abundant proteins in the LD proteome with respect
to composition (Fig. 5). This perspective is reminiscent of early in-
vestigations of the LD proteome, where samples were resolved by SDS-
PAGE and individual bands were excised and identified by mass

spectrometry [45,46]. The identification of the most abundant proteins
in the organelle proteome is predicted to validate well-known proteins
already associated with the organelle or identify major components that
have been previously overlooked. The 57 proteins that are estimated to
make up 50% of the LD proteome (Fig. 5B) fall within both groups. In
addition to the expected proteins such as the PAT domain family

Fig. 5. Analysis of LD-associated proteins by spectral count abundance. A) All proteins detected are sorted by abundance, as determined by normalized spectral
counting, relative to Plin2, the protein observed with highest number of normalized PSMs in the experiment. The number of proteins that make the total quantified
signal, as determined by spectral counting, are indicated. Green horizontal bars indicate proteins with higher abundance in the hepatic LDs of fasted mice, while red
bars indicate protein that are higher in abundance in re-fed mice. B) A graphic depiction and classification of the 57 proteins that make up 50% of the normalized
spectral counts are shown. Green arrows indicate the proteins that are lower in abundance in the liver LDs of re-fed mice. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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member, Plin2, and the most abundant group of proteins involved in
metabolism (such as Acsl1), several other protein families are observed
in high abundance. These include a series of Rab proteins which have
been well described with respect to LD trafficking [45,47–54], in ad-
dition to a number of other enzymes also observed in high abundance
from cell culture models such as a series of mitochondrial proteins [55].
Cytochrome P450 proteins have not historically been considered to be
associated with LDs, nor were they significantly observed in LDs from
hepatic cell lines [46]. However, they have been observed in multiple
reports from liver-derived LDs and have been observed to increase in
abundance in liver LDs during diet-induced hepatic steatosis
[21,22,43].

The most unexpected protein family in our dataset observed in high
compositional abundance were the murine specific Mups, a family of
rodent specific proteins with roles in the transport and excretion of
pheromones and other lipophilic molecules [56]. With the complexities
of the metabolic reactions carried out by LD-associated enzymes, it is
not surprising to observe an abundance of these lipophilic carrier pro-
teins; the LD-association of Mups may potentially be where they are
loaded with their cargo prior to secretion from the liver. Our observa-
tion of Mups being associated to LDs is not the first; supplemental data
from other proteomic investigations of murine liver-derived LDs have
also identified these proteins [21,22], but they were not discussed as
they were not observed to change in abundance between experimental
conditions. With our analysis, the Mups only stood out when we
queried the data for the most compositionally-abundant proteins in the
liver LD proteome. Being so highly abundant, the role of Mups' asso-
ciation with LDs warrants further investigation.

4.3. Dynamics of the LD Proteome Upon Feeding

As the focus of our investigations was on the dynamics of the he-
patic LD proteome upon fasting and feeding, the quantitative analysis of
the data was explored in greater detail. Analysis of our collected da-
tasets (Supp. Table 2) revealed that 130 and 31 proteins were found to
be more abundant in the fasted and re-fed LDs, respectively (Fig. 3A).

Of these changes, it is noteworthy that the catabolic proteins on LDs
(Table 1) change between fasting and re-fed states, in agreement with
the fact that lipid accumulation decreases after re-feeding (Fig. 1).

Previous LD proteomic screens with other cellular systems such as
yeast [57], mammalian tissue culture [45,46] and germline cells [58]
reveal hundreds of proteins with moderate overlap regarding protein
composition. Comparing the LD proteomes originating from different
tissues provides some insight into the core essential LD proteins and
those which may be tissue specific. A comparison of our presented liver
LD proteomes with that from the testes of mice [58] reveals an overlap
of 159 proteins (Supp. Table 4), including the PAT domain family
members Plin2 and Plin3, various lipid metabolizing enzymes, es-
terases, vesicular trafficking-associated proteins of the Rab- and cha-
perone-families. Recent reports on murine liver LDs, focusing on diet
and disease models [22,43,44] such as hepatic steatosis [21] reveal
even higher similarities to our dataset. In the context of these previous
investigations, our presented work clearly highlights the dynamic
changes undergone by the LD proteome simply upon feeding. As such,
our work demonstrates how conditions must be carefully controlled

Fig. 6. Immunoblot analysis of sucrose gradient fractions reveal Mup associa-
tion to LDs. Fractions from a sucrose gradient for the purification of LDs were
resolved by SDS-PAGE and analyzed by: immunoblotting for Plin2 (upped
panel), total protein by coomasie staining (lower panel) and, immublotting for
Mups with an antibody targeting a range of Mup isoforms. The fractions con-
taining the heavy membranes (HM) and lipid droplets (LDs) are indicated.

Fig. 7. Immunoblot analysis of representative LD-associated proteins from
isolated LDs (A) and whole liver homogenates (B) from fasted and re-fed mice.
Samples were analyzed on the basis of equal triacylglycerol content (A) or equal
protein (10 μg) content (B) from fasted and re-fed mice. (C) RT-qPCR analysis of
representative LD-associated proteins in livers from fasted and re-fed mice
(N=6–7). ***P < 0.001 vs. fasted group, the significance is based on two-
tailed t-tests.
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when investigating the LDs of various model systems. Additionally, it is
interesting to note from these results how the LD proteome changes
during different metabolic states to reflect functions other than fat
storage. This provides a clearer picture of the dynamic nature of these
organelles.

As the proteins that where observed in both higher and lower
abundance upon re-feeding included proteins annotated to be linked to
peroxisomes (Tables 1 & 2), these data were focused on with interest.
Not all peroxisome proteins were observed to change in abundance, as
no significant changes in abundance were observed for Pxmp4 and Pex5
(Supp. Table 2). While at first the increase and decrease of peroxisomal
proteins might seem contradictory, a review of their functions is re-
vealing. For example, Baat is observed to be associated in higher
amounts with LDs upon re-feeding which is consistent with the function
of this enzyme in bile acid synthesis [59].

To validate some of the changes to the LD proteome we observed via
LC-MS/MS, several candidate proteins were validated by Western blot
analysis of purified LDs. In addition, to ensure the changes observed
were due to an increase/decrease in LD-association and a change in
global cellular protein abundance, these proteins were also investigated
in whole liver homogenates. The proteins for these investigations were
Plin5 and Acsl1. In both cases, the changes observed by LC-MS/MS
analysis were mirrored by Western blot analysis; for instance, the
quantified LC-MS/MS data for Acsl1 (Fig. 4) reveals a similar drop in
abundance upon re-feeding as is observed by Western blotting (Fig. 7B).

Here we found that during the fasting state there is enrichment in
Plin5 on LDs, along with an even greater increase in global Plin5
abundance in the liver (Fig. 7). Plin5 is mainly expressed in tissues with
high levels of fatty acid oxidation, including the heart, liver, and ske-
letal muscle. It was recently demonstrated that Plin5 antagonizes lipase
activities in the heart and is essential for maintaining LDs at detectable
sizes [60]. In hepatocytes, Plin5 assists TG accumulation in LDs through
a reduction of lipolysis and therefore release of fatty acids that could be
substrates for β-oxidation [29]. Increased abundance of Plin5 on LDs
during fasting (a catabolic state) is counterintuitive, given that Plin5 is
inhibitory to lipolysis. The plausible explanation is that during fasting
there is increased flux of adipose tissue-derived fatty acids to the liver
with some being directly delivered to mitochondria for oxidation and
the excess being stored in LDs. Plin5 could play a regulatory role of
modulating lipolysis and hence prevent unregulated flux of fatty acids
into mitochondria.

5. Conclusions

To our knowledge, this is the first comprehensive study describing
the changes in the hepatic LD proteome in response to the physiological
demands of fasting and re-feeding. Our analysis of the entire LD pro-
teome adds to the growing understanding regarding the complexities of
LD interactions with other cellular organelles. Analysis of LDs' com-
positional protein abundance has revealed that the major urinary pro-
teins are highly abundant LD-associated proteins in hepatocytes that
have been overlooked in previous studies. Additionally, our quantita-
tive analysis revealed that the identified LD proteome is highly dy-
namic, with 161 proteins, nearly 20% of the observed 817 hepatic LD
proteins, significantly varying in abundance during fasting and re-
feeding. Immunoblotting validation of selected proteins also revealed
that the LD proteome changes occur independent of global cellular
protein abundance; large cellular changes in protein abundance ob-
served for Plin2 and Plin5 were not reflected in the LD proteome, while
Acsl1 was increased in LDs during fasting, even though its cellular
abundance remained unchanged. We believe that the impact of this
work is crucial for understanding the general hepatic physiology and
particularly the complexity of LD metabolism. Our findings reveal the
significance of well-controlled feeding in experimental design when
investigating this cellular organelle.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.jprot.2018.04.024.
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