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In Brief
Madsen et. al measured deep
proteomes of visceral and
subcutaneous adipose tissue
and isolated adipocytes in a lean
and obesogenic state. In the lean
state, the adipocyte proteomes
from distinct depots were
remarkably similar. A sustained
obesogenic diet caused the
proteomes to diverge, driven by
the visceral adipocytes which
presented a maladaptive
mitochondrial stress signature.
Comparing dietary changes in
tissue and adipocytes revealed
that changes to the
subcutaneous adipocyte
proteome could not explain
whole tissue changes within the
depot.
Highlights
• Adipocyte proteomes were highly conserved between white depots in lean mice.

• Sustained obesogenic environment caused mitochondrial stress in visceral adipocytes.

• Subcutaneous adipose tissue adaptations could not be detected at the adipocyte level.

• 3T3-L1 total proteome was a good representation of white adipocytes from lean mice.
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RESEARCH
Deep Proteome Profiling of White Adipose
Tissue Reveals Marked Conservation and
Distinct Features Between Different Anatomical
Depots
Søren Madsen1,2,‡ , Marin E. Nelson1,2,‡, Vinita Deshpande1,2,‡, Sean J. Humphrey1,2,
Kristen C. Cooke1,2, Anna Howell1,2, Alexis Diaz-Vegas1,2, James G. Burchfield1,2,
Jacqueline Stöckli1,2, and David E. James1,2,3,*
White adipose tissue is deposited mainly as subcutaneous
adipose tissue (SAT), often associated with metabolic
protection, and abdominal/visceral adipose tissue, which
contributes to metabolic disease. To investigate the mo-
lecular underpinnings of these differences, we conducted
comprehensive proteomics profiling of whole tissue and
isolated adipocytes from these two depots across two
diets from C57Bl/6J mice. The adipocyte proteomes from
lean mice were highly conserved between depots, with the
major depot-specific differences encoded by just 3% of
the proteome. Adipocytes from SAT (SAdi) were enriched
in pathways related to mitochondrial complex I and beig-
ing, whereas visceral adipocytes (VAdi) were enriched
in structural proteins and positive regulators of mTOR
presumably to promote nutrient storage and cellular
expansion. This indicates that SAdi are geared toward
higher catabolic activity, while VAdi are more suited for
lipid storage. By comparing adipocytes from mice fed
chow or Western diet (WD), we define a core adaptive
proteomics signature consisting of increased extracellular
matrix proteins and decreased fatty acid metabolism and
mitochondrial Coenzyme Q biosynthesis. Relative to SAdi,
VAdi displayed greater changes with WD including a pro-
nounced decrease in mitochondrial proteins concomitant
with upregulation of apoptotic signaling and decreased
mitophagy, indicating pervasive mitochondrial stress.
Furthermore, WD caused a reduction in lipid handling and
glucose uptake pathways particularly in VAdi, consistent
with adipocyte de-differentiation. By overlaying the pro-
teomics changes with diet in whole adipose tissue and
isolated adipocytes, we uncovered concordance between
adipocytes and tissue only in the visceral adipose tissue,
indicating a unique tissue-specific adaptation to sustained
WD in SAT. Finally, an in-depth comparison of isolated
adipocytes and 3T3-L1 proteomes revealed a high degree
of overlap, supporting the utility of the 3T3-L1 adipocyte
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model. These deep proteomes provide an invaluable
resource highlighting differences between white adipose
depots that may fine-tune their unique functions and
adaptation to an obesogenic environment.

White adipose tissue is one of the most adaptive tissues in
mammals and can expand to account for greater than 70%
of total body mass in extreme cases of sustained positive
energy balance. Adipose tissue expandability is crucial to
accommodate the storage of excess lipids in times of plenty
and mobilize nutrients for use by tissues throughout the
body in times of limited food availability. However, in the
case of sustained positive energy balance, adipose tissue
stores can be overwhelmed, resulting in spill over and
accumulation of harmful ectopic lipids in other tissues such
as cardiovascular tissue, skeletal muscle, liver, and the
pancreas. Intriguingly, in humans, there is a strong rela-
tionship between visceral adiposity and metabolic disease
risk (1). Conversely, individuals with a preponderance of
subcutaneous fat are often protected from metabolic dis-
ease. Many theories have been proposed to explain these
observations. Subcutaneous fat has higher neural innerva-
tion and, as a consequence, is enriched with “beige” adi-
pocytes, which have elevated thermogenic capacity and so
are protective against excess weight gain (2–4). Visceral fat,
on the other hand, has higher infiltration of immune cells
such as macrophages particularly in response to obesogenic
environments (2, 5), which is associated with systemic
inflammation and insulin resistance in other tissues (6).
Therefore, it will be critical to understand the molecular un-
derpinnings that confer depot specificity.
Gene expression analysis has yielded important insights

into key differences between adipose depots (7, 8); however,
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Deep Proteome Profiling of White Adipose Tissue
mRNA and protein levels display considerable discordance
(9). Thus, it is critical to investigate adipose tissue composition
at the proteome level to uncover depot-specific biology.
Several studies have explored white adipose tissue proteomes
in either humans who display distinct metabolic phenotypes
(10–12) or in mice that were exposed to different environments
such as cold exposure (13), diet (14, 15)), or aging (16).
However, these studies have examined adipose tissue rather
than adipocytes. Recently, two studies interrogated adipocyte
proteomes from distinct anatomical adipose depots in obese
subjects and found protein signatures dictated by depot (17,
18). To our knowledge, our study is the first to examine adi-
pose tissue and adipocytes from distinct depots in both the
lean and obese states in a pair-wise manner.
It is unclear which aspects of the proteome define adipo-

cytes from different depots in a lean, healthy context, or how
different adipocyte proteomes adapt to obesogenic condi-
tions. One possibility is that the proteomes from adipocytes
from different depots are highly conserved and functional
differences may be conferred by interactions with the micro-
environment established by the surrounding stromal vascular
cells. Since adipose tissue is a milieu of many cell types
including fibroblasts and immune cells, it is crucial to compare
both the adipocyte and whole tissue proteomes to link mo-
lecular differences between depots to physiologic conse-
quences. Here we report a deep proteomics analysis of
different depots using both whole tissue and isolated adipo-
cytes from lean and diet-induced obese mice by Western diet
(WD) feeding. In lean mice, we discovered that only 3% of the
adipocyte proteome differs between the two depots, and we
revealed that adipocytes from subcutaneous adipose tissue
(SAdis) had enhanced capacity for catabolic processes, while
adipocytes isolated from visceral adipose tissue (VAdis) were
equipped for lipid storage and cell expansion. WD caused a
greater divergence in the adipocyte proteomes, with the
greatest changes occurring in visceral adipocytes and tissue
compared to subcutaneous, including immune cell infiltration,
downregulation of ‘adipocyte’ processes such as glucose
metabolism, and upregulation of ‘fibroblastic’ processes
including collagen deposition. Furthermore, we uncovered a
pro-apoptotic proteomics signal in the VAdi after WD feeding
pointing to severe mitochondrial dysfunction in these adipo-
cytes. These data provide an invaluable adipose-centric
resource for the metabolic research community by high-
lighting both similarities and key differences that emerge be-
tween the biology of each adipose depot, and how each depot
adapts to overnutrition.
EXPERIMENTAL PROCEDURES

Animals

C57BL/6J male mice were obtained from Australian BioResources
(Moss Vale). Mice were maintained at 23 ◦C on a 12-h light-dark cycle
and ad libitum access to food and water. From weaning, mice were
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fed standard laboratory chow [containing 12% calories from fat, 65%
calories from carbohydrate, 23% calories from protein (‘Irradiated Rat
and Mouse Diet’, Specialty Feeds)]. For WD studies, mice were fed a
diet made in-house containing 45% fat, 35% carbohydrate, and 20%
protein as we have described (19) for 9 months from 11 to 14 weeks of
age. Mice were weighed once per week. Body composition was
analyzed at 43 weeks of age using quantitative magnetic resonance
technology (EchoMRI Body Composition Analyser, EchoMRI). For
glucose tolerance tests, 43-week-old mice were fasted for 6 h and
received an oral bolus of glucose (1 g/kg lean mass). Blood was
sampled from the tail vein at indicated time points using an Accu-
Check II glucometer (Roche Diagnostics). For insulin measurements,
whole blood was collected from the tail vein at basal and 15 min after
oral glucose into wells of commercially available ELISA kit (Crystal
Chem) containing sample buffer, then the assay was carried out ac-
cording to the manufacturer’s specifications. Results were multiplied
by a factor of 2 to estimate the concentration of insulin in the plasma.
For histological assessment of white adipose tissue, 8- to 10-week-
old C57BL/6J mice were fed either chow or WD for 8 weeks.
Experiments were performed in accordance with NHMRC (Australia)
guidelines approved by The University of Sydney Animal Ethics
Committee (#2014/694 ethics protocol covered animal for proteomics
and #2017/1274 for animals used for histology).

Tissue Collection and Primary Adipocyte Isolation

Mice were sacrificed by cervical dislocation. The epididymal fat pad
was taken as ‘visceral’ adipose and was excised carefully to avoid the
testes. The inguinal fat pad was taken as ‘subcutaneous’ adipose,
from which lymph nodes were removed following excision. Fat pads
were rinsed in PBS and either snap frozen in liquid nitrogen or stored
in fresh Hepes buffer (120 mM NaCl, 30 mM Hepes, 10 mM NaHCO3,
5 mM glucose, 4.7 mM KCl, 2 mM CaCl2, 1.18 mM KH2PO4, 1.17 mM
MgSO4.7H2O, 1% BSA, pH 7.4) for immediate adipocyte isolation. The
two diet groups were subdivided into three groups each and pooled
for the isolation of primary adipocytes. Each group of mice [chow 1
(n = 4), chow 2 (n = 4), chow 3 (n = 3); WD 1 (n = 5), WD 2 (n = 5), WD 3
(n = 5)] represents one pooled data point for proteomics analysis.
Adipose tissues were minced in HEPES buffer until pieces were
approximately <1 mm2 in size. Collagenase (Type I, Worthington) was
added at 0.5 mg/ml for visceral and 1 mg/ml for subcutaneous adi-
pose tissue and digested for 1 h at 37 ◦C. Samples were passed
through a 250 μm (chow adipocytes) or 300 μm (WD adipocytes) nylon
mesh (Spectrum Labs) and washed three times with HES buffer
(250 mM sucrose, 20 mM Hepes, 1 mM EDTA, pH 7.4). Between
washes, adipocytes were left to float. Lysis buffer [2% sodium
deoxycholate (Sigma), 200 mM Tris HCl, pH 8.5] was added and
stored at −80 ◦C until further processing.

Cell Culture—3T3-L1 Adipocytes

3T3-L1 fibroblasts (a gift from Howard Green, Harvard Medical
School) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS) (Sigma) and 2 mM GlutaMAX
(Gibco) in 10% CO2 at 37 ◦C. For differentiation into adipocytes, cells
were re-seeded and rapidly grown to confluence within 24 h, then
treated with DMEM/FBS containing 4 μg/ml insulin, 0.25 mM dexa-
methasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 100 ng/ml d-
biotin. After 72 h, the differentiation medium was replaced with fresh
FBS/DMEM containing 4 μg/ml insulin and 100 ng/ml d-biotin for a
further 3 days, then replaced with fresh FBS/DMEM. Adipocytes were
re-fed with FBS/DMEM every 48 h and used for experiments 10 days
after initiation of differentiation. Cells were routinely tested for myco-
plasma. Prior to harvesting, 3T3-L1 adipocyte cell monolayers were
washed 5× with ice-cold PBS.
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Sample Preparation—3T3-L1 Adipocytes, Adipocyte, and
Adipose Tissue Proteomes

Adipocytes were processed according to the in-StageTip protocol
(20). Briefly, samples were lysed in an equal volume of SDC lysis buffer
(2% sodium deoxycholate (Sigma), 200 mM Tris HCl, pH 8.5) with
boiling at 95 ◦C for 5 min with mixing at 1000 rpm on a ThermoMixer
(Eppendorf), cooled on ice, sonicated using a tip probe sonicator (1 ×
20 s, 90% output), then spun at 21,000g for 15 min at 4 ◦C. For tissue
samples, 100 to 600 mg tissue was added to 1.5 ml lysis buffer, lysed
using a tip probe sonicator (4-5 × 20 s, 90% output), and spun at
21,000g for 30 min at 4 ◦C. After centrifugation, fat layers were
carefully removed and discarded, and an aliquot was taken from which
protein quantification performed using the Pierce BCA Protein Assay
(Thermo Fisher Scientific). 60 μg of protein was extracted into clean
tubes and samples topped with lysis buffer to obtain equal volumes.
Proteins were reduced and alkylated with the addition of TCEP
(Thermo Fisher Scientific) and CAA (Sigma) to final concentrations of
10 mM and 40 mM respectively at 95 ◦C for 5 min at 1000 rpm on a
ThermoMixer. Trypsin (Sigma) and LysC (Wako) were added in ratio of
1 μg enzyme to 50 μg protein, and samples digested at 37 ◦C over-
night for 18 h with mixing at 2000 rpm on a ThermoMixer. Digested
peptides were diluted 1:1 with water and then desalted on SDBRPS
StageTips as follows. Samples were diluted 50% with 99% EA (ethyl
acetate)/1% TFA (trifluoracetic acid), vortexed thoroughly, and loaded
onto StageTips packed with 2× disks SDBRPS material (3M Empore).
StageTips were washed 1× with 100 μl 99% ethyl acetate/1% TFA,
and 2× with 100 μl 0.2% TFA, then eluted with 5% ammonia/80%
ACN (acetonitrile) and dried in a vacuum concentrator (Eppendorf)
prior to fractionation.

Offline Peptide Fractionation by StageTip-Based SCX (Adipocyte
and Adipose Tissue Samples)

Peptides derived from mouse adipocyte and adipose tissue sam-
ples were separated into three fractions using StageTip-based SCX
fractionation (21). Briefly, approximately 30 μg of peptides were
resuspended in 1% TFA and loaded onto StageTips packed with 6×
disks of SCX material (3M Empore). Peptides were eluted and
collected separately with increasing concentrations of ammonium
acetate (150 mM and 300 mM) in 20% ACN, followed by 5%
ammonia/80% ACN. Collected peptide fractions were dried in a
vacuum concentrator (Eppendorf) and resuspended in MS loading
buffer (2% ACN/0.3% TFA).

Offline Peptide Fractionation by High pH Reversed-Phase HPLC
(3T3-L1 Adipocytes)

Peptides derived from 3T3-L1 adipocytes were separated into 24
fractions using concatenated high pH reverse phase fractionation, as
previously described (22). Briefly, peptides were fractionated using an
UltiMate 3000 HPLC (Dionex, Thermo) with a XBridge Peptide BEH
C18 column, (130A◦, 3.5 mm 2.1 3250 mm, Waters). 30 μg of peptides
were resuspended in buffer A and loaded onto the column that was
maintained at 50 ◦C using a column oven. Buffer A comprised 10 mM
ammonium formate/2% ACN and buffer B 10 mM ammonium formate/
80% ACN, and buffers were adjusted to pH 9.0 with ammonium hy-
droxide. Peptides were separated by a gradient of 10 to 40% buffer B
over 4.4 min, followed by 40 to 100% buffer B over 1 min. Peptides
were collected for a total duration of 6.4 min, with 72 fractions
concatenated directly into 24 wells of a 96-well deep-well plate (three
concatenated fractions per well) using an automated fraction collector
(Dionex, Thermo) maintained at 4 ◦C. After fraction, samples were
dried down directly in the deep-well plate and resuspended in MS
loading buffer (2% ACN/0.3% TFA) prior to LC-MS analysis.
Mass Spectrometry Analysis—Adipocyte and Adipose Tissue
Proteomes

For the mouse adipocyte and adipose tissue proteomes, peptides
were analyzed by mass spectrometry using a Dionex Ultimate 3000
UHPLC coupled to a Q Exactive Plus benchtop Orbitrap Mass
Spectrometer (Thermo Fisher Scientific). Peptides were loaded onto
an in-house packed 75 μm ID x 50 cm column packed with 1.9 μmC18
material (Dr Maisch, ReproSil Pur C18-AQ) and separated with a
gradient of 5 to 30% ACN containing 0.1% FA over 95 min at 300 nl/
min, and column temperature was maintained at 60 ◦C with a column
oven (Sonation). MS1 scans were acquired from 300 to 1650 m/z
(35,000 resolution, 3e6 fill target, 20 ms maximum fill time), followed
by MS/MS data-dependent acquisition of the top 15 ions using high-
energy dissociation, with MS2 fragment ions read out in the Orbitrap
(17,500 resolution, 1e5 AGC, 25 ms maximum fill time, 25 NCE, 1.4 m/
z isolation width).

Mass Spectrometry Analysis—3T3-L1 Adipocyte Proteomes

For the 3T3-L1 proteome samples, peptides were analyzed by
mass spectrometry using a Dionex Ultimate 3000 coupled to a Q
Exactive HF-X mass spectrometer (Thermo Fisher Scientific). Pep-
tides were loaded onto an in-house packed 75 μm ID x 50 cm
column packed with 1.9 μm C18 material (DrMaisch, ReproSil Pur
C18-AQ) maintained at 60 ◦C with a column oven (Sonation).
Peptides were eluted with a gradient of 5 to 30% buffer B (80%
ACN/0.1% formic acid) over 40 min at a flow rate of 300 nl/min and
analyzed by data-dependent acquisition with one full scan
(350–1400 m/z; R = 60,000 at 200 m/z) at a target of 3e6 ions,
followed by up to 20 data-dependent MS2 scans using high-energy
dissociation (target 1e5 ions; max. IT 28 ms; isolation window
1.4 m/z; NCE 27%; min. AGC target 1e4), detected in the Orbitrap
mass analyzer (R = 15,000 at 200 m/z). Dynamic exclusion (15 s)
was switched on.

Data Processing

Raw data were processed using MaxQuant (version 1.5.9.1) (23).
The built-in Andromeda search engine scored MS2 spectra
against fragment masses of tryptic peptides that were derived
from a mouse reference proteome containing 58,268 entries
including isoforms (UniProt January 2016/01 release) and a list of
245 potential contaminant proteins. The search space was
restricted to peptides with a minimum length of seven amino
acids, a maximum peptide mass of 4600 Da, and two missed
cleavage sites. Carbamidomethylation of cysteine was specified as
a fixed modification, and methionine oxidation and acetylation at
protein N termini as variable modifications. MaxQuant uses indi-
vidual peptide mass tolerances, while initial maximum precursor
mass tolerances were 20 ppm in the first search, and fragment ion
mass tolerances were set to 20 ppm. False discovery rate was
controlled using a target-decoy approach at <1% for peptide
spectrum matches and <1% for protein group identifications.
Match between runs was enabled to facilitate the transfer of MS/
MS identifications between equivalent and adjacent fraction
measurements. The MaxLFQ algorithm was employed for label-
free protein quantification as described (24) and MS/MS was
required for all LFQ comparisons.

Intensity values were normalized using total reporter area sum
normalization. Data were filtered to remove contaminants and proteins
that were not quantified in any sample (supplemental Tables S1 and
S2). Protein intensities were median normalized to account for differ-
ences between protein loading of tissue and cell-based samples
(supplemental Fig. S1A).
Mol Cell Proteomics (2023) 22(3) 100508 3
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Network Analysis

To find associations between lipolysis, lipids synthesis, and glucose
uptake, STRING: Pubmed query in Cytoscape (v3.8.2) was used to
identify the top 50 proteins within each term with a confidence score
of 0.7 or greater. These three networks were then merged and filtered
for differentially regulated protein for both VAdi and SAdi.

Estimating Cell Type Proportions in Whole Adipose Tissue
Proteomics

The R package BisqueRNA (25) was used for reference-based
decomposition of the whole tissue proteomics data with ‘marker =
NULL’ and ‘use.overlap = FALSE’. As reference, we utilized murine
single RNA sequencing data (26). Seurat formatted data were down-
loaded (https://gitlab.com/rosen-lab/white-adipose-atlas), and data
from all male mice were selected as input for cell type estimation.

Gene Set Enrichment Analysis

Gene set enrichment was performed with the web-based GEne SeT
AnaLysis Toolkit (27) with the minimum number of genes in a pathway
specified as 15 and maximal as 200 within the Gene Ontology
Resource or using the Reactome database (reactome.org). Pathways
with p < 0.05 false discovery rate were considered to be significantly
overrepresented.

Experimental Design and Statistical Rationale

The aim of this study was to examine adipose depot adaptations to
a sustained obesogenic challenge. To this end, the duration of feeding
was selected based on prior time course data in C57Bl6/J fed similar
diets (28). Adiposity reached a plateau at approximately 40 weeks
(10 months) of WD feeding without changes to lean mass, indicating
the time at which adipose storage capacity is exceeded. Therefore, we
selected 9 months of WD feeding for this study to maximize WD
expansion but before complete exhaustion of adipose fat storage
capacity. To achieve measurement of the adipocyte proteome, the
biological replicates analyzed comprised pooled isolated adipocytes
from three to five mice. Pooling was necessary to ensure sufficient
protein yields for proteomics analysis. “Enrichment” was considered
at a fold change of ±2 and p < 0.05 unless otherwise stated. For
histology, each group contained five animals, except for visceral ad-
ipose tissue (VAT) from chow fed animals, which contained three
animals.

General Data Analysis

Bioinformatics, statistical analyses, and plot generation were per-
formed within the R statistical environment. Differential expression
analysis was performed using the LIMMA package (29). Two-way
ANOVAs were performed using a standard linear model function. All
p values were adjusted for multiple testing using the Benjamini &
Hochberg or Tukeys HSD method.

Adipose Tissue Histology and Adipocyte Area

Formalin-fixed epididymal adipose tissue was paraffin embedded,
sectioned, mounted on coverslips, and stained with H&E. Coverslips
were scanned to digital images using an Aperio ScanScope. Adipo-
cyte cell area was then analyzed in ImageJ version 1.51 as described
in (19) with the following modifications. Images were converted to
8 bit, and the threshold was adjusted so cell membranes were iden-
tified as signal, and cell contents were identified as background in
ImageJ, version 1.51. Identification of cell membranes was performed
in Ilastik (version 1.3.3) using supervised machine learning-based
image segmentation. A sample of the images to be analyzed were
selected as the training set and the object classification workflow was
4 Mol Cell Proteomics (2023) 22(3) 100508
used to label regions of the images as object types (cell membrane,
cytoplasm, or artifact). Using the uncertainty overlay, areas of high
uncertainty were defined until the prediction layer showed satisfactory
identification of the object types. The trained classifier was then run on
all images, and the object classification data were saved as simple
segmentations of the original image in black (cytoplasm) and white
(cell membranes). In ImageJ, the “Analyze Particles” built-in function
was then applied to calculate cell areas with a defined size range of
400 to 80000 μm2 and a circularity range of 0.40 to 1.00. An entire
cross section for each mouse was analyzed so that >5000 adipocytes
were quantified per mouse.
RESULTS

Comprehensive Deep Proteome Analysis of Depot Specific
Adipose Tissue and Adipocytes

We employed a deep proteomic analysis of whole-tissue
and isolated adipocytes from subcutaneous and visceral
white adipose depots of middle-aged C57Bl/6J mice fed chow
or WD for 9 months. WD-fed mice (n = 11) were obese and
glucose intolerant compared to chow fed animals (n = 15)
(supplemental Fig. S1. B–F). The cohort was divided into three
biological replicates from each diet matched by metabolic
parameters, allowing comparison of adipose tissue and
adipocyte proteomes from two white adipose depots across
two diets (Fig. 1A). A total of 7655 protein groups were
quantified in at least one sample, and over half of the prote-
ome (4178 protein groups) was quantified across all 24 sam-
ples (Fig. 1B). After filtering for proteins quantified in 2/3
biological replicates within depot and diet, we quantified 6580
and 5507 proteins groups in the adipocyte or whole tissue
proteomes, respectively. This difference can partly be
explained by a greater missingness in whole tissue pro-
teomes, where missing values ranged from 16 to 28%
compared to 10 to 14% in the adipocyte proteomes
(supplemental Fig. S1G). The overlap between the adipocyte
and tissue proteomes was 5129 proteins (Fig. 1B). We were
initially surprised by this high degree of overlap between the
adipocyte and whole-tissue proteomes, particularly since the
adipocyte fractions were highly enriched as described below.
We reasoned that this might reflect the fact that most cells
express a core set of proteins that encode generic functions,
and such proteins represent a large proportion of all total
cellular proteomes. To address this, we next compared the
adipocyte proteome with deep proteomes from hepatocytes
(30) and pancreatic islets (22). Consistent with our specula-
tion, there was a high degree of overlap between these pro-
teomes and the adipocyte proteome (Fig. 1C) supporting the
notion that distinct cell types do share a substantial proportion
of their proteomes. Protein abundances spanned six orders of
magnitude (Fig. 1D), making this proteome coverage the
deepest reported for adipose tissue or adipocytes. Biological
replicates were tightly correlated, with correlation coefficients
above 0.93 (supplemental Fig. S1H). Principal component
analyses revealed clustering of replicates, which separated by
sample type (whole tissue and adipocytes) in principal

https://gitlab.com/rosen-lab/white-adipose-atlas
http://reactome.org
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component (PC) 1 and by diet in PC2 (Fig. 1E), highlighting a
distinction between the whole tissue and adipocyte pro-
teomes. Adipocyte-specific markers and lipid droplet proteins,
such as PLIN1, perilipin-4, hormone-sensitive lipase, adipose
triglyceride lipase (ATGL), and the insulin-dependent glucose
transporter GLUT4 were enriched in the adipocyte proteome
by up to 5-fold (Fig. 1F). This indicates the high degree of
purity of our adipocyte preparation as previous studies have
suggested that adipocytes comprise only around 30% of all
cells found in adipose tissue (31). Overall, ~1500 proteins
showed >2 fold increase in the adipocyte proteomes. These
proteins were enriched for adipocyte-specific functions such
as lipid and amino acid metabolism, as well as mitochondrial
processes. Furthermore, PLIN1, fatty acid-binding protein
(FABP4), adiponectin (ADIPOQ), and hormone-sensitive lipase
were ranked in the top 3% most abundant adipocyte proteins.

Adipocytes From Different Depots are Strikingly Similar
Under Chow Conditions

In chow-fed mice, we observed striking concordance be-
tween subcutaneous and visceral adipocyte (SAdi and VAdi,
respectively) proteomes (R = 0.98; Fig. 2A). Remarkably, just
3% of the total proteome was different between adipocytes
from the two depots, such that 146 proteins were exclusively
identified in adipocytes from one depot, and an additional 89
proteins were differentially expressed (Fig. 2B). Gene set
enrichment analysis revealed that the most defining depot-
specific features were an enrichment of select mitochondrial
proteins in SAdi, particularly complex I of the electron trans-
port chain and cytochrome complex assembly proteins, and
an enrichment of cytoskeletal proteins in VAdi (Fig. 2C). These
processes likely reflect differences in cell morphology and
metabolic demand between the two depots.
We identified 77 proteins exclusively expressed in SAdi, and

only an additional 38 proteins that were significantly enriched
compared to VAdi. Two proteins involved in calcitonin-like
ligand receptors signaling, receptor activity-modifying protein
2 (RAMP2) and calcitonin gene-related peptide type 1 receptor
(CALCRL), were quantified exclusively in SAdi. RAMP2 is a
membrane-spanning protein that interacts with the receptor
CALCRL enabling higher affinity binding of adrenomedullin
(ADM) over calcitonin (32). We also observed that the orphan G
protein–coupled receptor GPR182, which has been suggested
although not confirmed to be part of the ADM signaling
apparatus (33, 34), was only present in SAdi. These findings
support previous evidence that ADM regulates adipocyte
beiging (35, 36). Consistent with the unique role of SAdi in
beiging, we observed expression of a number of beiging-
related proteins, such as CREB regulated transcription coac-
tivator 3 (37, 38), exclusively in SAdi. UCP1, a classic marker
Mol Cell Proteomics (2023) 22(3) 100508 5
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for adipocyte beiging, trended to be enriched in SAdi versus
VAdi, although not significantly (Fig. 2E), likely because the
mice from which these adipocytes were obtained were housed
at room temperature. Strikingly, markers of adipose tissue
myelinated neurons myelin protein zero and myelin basic
protein (39) were 320- and 21-fold higher in the SAdi proteome,
respectively, highlighting greater neural innervation to SAdi
(Fig. 2D), which is a major driver of adipocyte beiging (40).
We identified 69 proteins exclusively expressed in VAdi, and

an additional 51 proteins enriched in adipocytes from this
depot. This included the two ‘atypical’ subunits of extracellular
matrix (ECM) protein collagen VI, collagen alpha-5(VI) chain
(COL6a5), and alpha-6(VI) chain (COL6a6), which were 28-
and 5-fold higher in VAdi compared to SAdi, respectively
(Fig. 2F). Interestingly, the typical collagen VI isoforms
(COL6a1, COL6a2, and COL6a3) were not different between
SAdi and VAdi (Fig. 2F). This suggests that there is a unique
ECM composition between these different adipocytes even
under chow-fed conditions, which involves the atypical, but
not the typical, collagen VI isoforms. Also noteworthy, cyclin-
dependent kinase 6 (CDK6) was 15-fold more abundant in
VAdi (Fig. 2G). CDK6 has been associated with expansion of
adipocyte size (41) and suppression of adipose beiging (42) in
part via crosstalk with the nutrient sensor mammalian target of
rapamycin (mTOR). In line with this, sodium-coupled neutral
amino acid transporter 9, which is a lysosomal amino acid
transporter that communicates amino acid availability to
mTOR to induce its activity (43, 44), was quantified exclusively
in VAdi. These data indicate that these processes may operate
synergistically to promote hypertrophy of VAdi during tissue
6 Mol Cell Proteomics (2023) 22(3) 100508
expansion. To further investigate adipocyte size between the
two different depots, we performed histological examination
of fixed visceral and subcutaneous adipose depots in C57Bl/
6J mice fed chow or WD for 8 weeks (Fig. 3, A and B). This
revealed that VAdi were significantly larger than SAdi in chow-
fed mice and, upon WD feeding, underwent a 2.6-fold
expansion in area compared to only a 1.7-fold expansion in
SAdi, which supports the hypothesis that VAdi are primed to
expand via hypertrophy. We next performed targeted analysis
of exclusively or differentially expressed proteins between
SAdi and VAdi from chow-fed mice in several metabolic
pathways integral to adipocyte metabolism. Analysis of the
glycolysis pathway revealed that the enolase class of enzymes
were enriched in SAdi. ENO1 was exclusive to SAdi, ENO3
was significantly more abundant, and ENO2 trended higher
(p = 0.052) in SAdi compared to VAdi. The enolase enzymes
catalyze the interconversion of 2-phosphoglycerate and
phosphoenolpyruvate in the penultimate step of glycolysis. As
there were no other differences in levels of glycolytic proteins,
including the insulin-responsive glucose transporter SLC2A4
(GLUT4), this may denote a separate function for enolase in
adipocytes, as certain moonlighting functions for enolase
have been described including stress response and tissue
remodeling (45). In contrast to differences in glucose meta-
bolism, we observed no significant differences in the levels of
proteins involved in lipid synthesis or storage (i.e., CD36,
DGAT 1 and 2, LPL, FABP4, LDLR, PLN 1, 2, and 3, ACC1,
ACLY, FASN, and SCD2). Finally, both adipocyte types had
similar levels of adipokines including adiponectin (ADIPOQ),
leptin (LEP) and resistin (RETN). Taken together, this
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comparison of SAdi and VAdi from lean mice reveals that
these adipocyte proteomes are highly conserved, with depot-
specific differences including select metabolic processes,
extracellular matrix and regulators of cell size.

VAT Adipocytes are More Diet Responsive Compared to
SAT Adipocytes

We next focused on diet-induced changes by comparing
chow versus WD within each adipocyte type. Upon WD
feeding, 16% (1046 proteins) of the total proteome changed in
VAdi, in contrast to 7% (411 proteins) in SAdi (Fig. 4, A and B).
There was striking overlap between the diet-regulated pro-
teins in adipocytes between the different depots (54% of
proteins) (Fig. 4C); thus, this conserved regulation likely de-
fines core adaptive mechanisms across white adipocytes.
Upregulated core proteins were enriched for ECM remodeling
and organization (Fig. 4D), reflecting adipocyte hypertrophy.
The majority of core-regulated ECM remodeling proteins were
also regulated in a depot-dependent manner (marked *) with
greater expression in VAdi. Downregulated core proteins were
enriched for fatty acid metabolism, cellular detoxification, and
branch chain amino acid catabolism. Coenzyme Q (CoQ) is a
mitochondrial cofactor synthesized in mitochondria that is
essential for mitochondrial respiration (46) and depletion of the
CoQ biosynthesis machinery has been shown in a range of
insulin resistance models in adipocytes (47) and, notably,
many proteins involved in mitochondrial CoQ biosynthesis
(COQ4-7, 9, 10A and 10B) were decreased in adipocytes from
both depots (Fig. 4D). Given the prominent role of mitochon-
dria in insulin resistance (48) and the pronounced down-
regulation of the mitochondrial CoQ biosynthesis pathway
(Fig. 4D), we next determine whether diet induced a selective
or generalized depletion of mitochondrial proteins. Our
adipocyte proteome covered 70% of the mitochondrial
proteins described in the MitoCarta3.0 database (49). Sus-
tained WD induced an overall decrease in mitochondrial
protein abundance regardless of depot, with the majority of
complex I (NDUFA1-3;5–13, NDUFB2-11, NDUFS1-8, and
NDUFV1-3), complex II (SDHA-D), and complex III (Uqcrc1-
2;11;B;C:FS1;H) downregulated and, to a lesser extent,
complex IV (COX4I1;6A1;6B1) and complex V (ATPC1;5-
days;5O). Interestingly, a significantly larger proportion of
mitochondrial proteins were decreased in VAdi compared to
SAdi (31% versus 15%, χ2 test, p < 0.0001) suggesting that
the mitochondrial proteome exhibits differential sensitivity to
WD depending on depot (Fig. 4E). The electron transport chain
(ETC) complexes reflected this relationship, as there was a
striking reduction in proteins related to complex I, II, III, and IV
in VAdi after WD relative to SAdi on the same diet (Fig. 4F),
suggesting that depletion of ETC subunits may contribute to
mitochondrial dysfunction in VAdi. Since adipocyte death may
be caused by excessive stress during obesity-related adipose
tissue remodeling (50), we next explored the abundance of
pro-apoptotic and anti-apoptotic proteins in this dataset. Two
stress-associated pro-apoptotic proteins which are localized
to the outer mitochondrial membrane, BCL-2–associated X
(BAX) and BCL-2-related ovarian killer protein, were regulated
in a depot-dependent manner in response to WD. We detec-
ted no change in expression of the counter-regulatory anti-
apoptotic proteins [B-cell lymphoma 2 (BCL2) or MCL1
apoptosis regulator], indicating the vulnerability of VAdi from
WD-fed mice to apoptotic signaling (Fig. 4G). Interestingly,
BCL-2–associated X and BCL-2-related ovarian killer protein
have a role in mitophagy suggesting a possible interaction
between mitophagy and cell death in adipocytes (51).
Expression of the key adipogenic regulator peroxisome
Mol Cell Proteomics (2023) 22(3) 100508 7
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proliferator–activated receptor gamma (PPARG) is decreased
in hypertrophic adipocytes, which can cause mitochondrial
dysfunction (52). We found that PPARG was regulated in a
depot-dependent manner in response to diet, where PPARG
was below the limit of detection in VAdi upon WD only, which
points toward loss of adipocyte identity in VAdi (Fig. 4H).
Furthermore, two targets of PPARG, BCL2/adenovirus E1B
19 kDa protein-interacting protein 3 (BNIP3) and the E3
ubiquitin ligase membrane-associated ring-CH-type finger 5,
were regulated in a similar manner (Fig. 4H). Since BNIP3 is
required for optimal mitophagy (53), it is possible that BNIP3
downregulation induces the accumulation of dysfunctional
mitochondria (52, 54), increasing the susceptibility of VAdi to
pro-apoptotic stimuli.
PPARG is a major regulator of lipid metabolism and glucose

homeostasis; therefore, we further interrogated these pro-
cesses by constructing a protein–protein interaction network
of proteins involved in lipolysis, lipid synthesis and storage,
and glucose uptake, then filtered these for diet-responsive
proteins in VAdi or SAdi (Fig. 4I). Key receptors modulating
glucose and fat metabolism, including the insulin receptor
(INSR) and the beta-3 adrenergic receptor (ADRB3), were
downregulated in adipocytes from both depots after sustained
WD feeding. However, several additional key metabolic pro-
teins were downregulated selectively in VAdi, including the
lipolytic proteins phosphodiesterase 3B (PDE3B; 3-fold) and
ATGL (4-fold), proteins involved in the glucose transport
pathways such as GLUT4 (4-fold), RAB10 (2-fold) and
TBC1D4 (3-fold). The lipogenic proteins fatty acid synthase
(FASN; 4-fold) and acetyl-CoA carboxylase 2 (5-fold) were
also downregulated in VAdi, whereas we did not observe diet
regulation of fatty acid transport proteins including CD36,
FABP4, or LDLR. Further pathway analysis of proteins that
were regulated by WD specifically in VAdi revealed a decrease
in proteins involved in branched-chain amino acid catabolism
and several Rab GTPase proteins and other vesicle trafficking
proteins and increased actin polymerization (Fig. 4J). The VAdi
from WD mice was also enriched in proteins involved in
inflammation and immune-related processes, such as
‘leukocyte proliferation’ and ‘adaptive immune response’. This
was surprising, as the adipocytes were isolated by collage-
nase digestion and flotation. One possibility is that fat-laden
immune cells, such as macrophage foam cells, co-
fractionate with adipocytes during flotation. It should be
noted that similar enrichment of immune-related proteins in
VAdi has been reported by others (7). Our observations in VAdi
of increased expression of cytoskeletal and ECM proteins and
decreased expression of proteins specific to adipocyte func-
tion, together with a decrease in PPARG, reveal a transition of
VAdi to a fibroblast-like state.
uniquely changing in VAdi in response to WD. J, protein differences in sm
K, Difference in protein abundance of typical smooth muscle proteins in
Western diet.
Interestingly, we identified several proteins enriched in the
SAdi proteome from WD-fed animals which are typically
associated with smooth muscle function, such as myosin light
chain 1 (MYL1), myosin light chain 4 (MYL4), myosin-4
(MYH8), skeletal muscle actin alpha 1 (ACTA1), alpha-
actinin-3 (ACTN3), troponin T2 (TNNT2), and the sarco-
plasmic/endoplasmic reticulum calcium ATPase 1 (ATP2a1),
with differences in expression ranging from 6 to 120-fold
compared to VAdi from the same animals. This was specif-
ically an adaptation to WD, as this disparity was not observed
between adipocytes from chow-fed animals (Fig. 4K). The
enrichment of muscle-associated proteins in SAT is consistent
with this depot’s unique Prx1-expressing smooth muscle
lineage (55), and this signature resembles that of beige adi-
pocytes residing in SAT (56). A mechanical actomyosin
response is important for adrenergic stimulation of brown
adipocytes to maintain their stiffness and uncoupling capacity
(57), suggesting this is an important mechanism for SAdi to
maintain cytoskeletal stiffness independent of the ECM during
nutrient overload. Recently, it was speculated that these
proteins are involved in adipose tissue innervation, as over-
expression of the fat-derived neurotrophic factor neurotrophin
3 increases adipose tissue innervation and a subsequent in-
crease in striated muscle specific proteins (58), so this may
reflect differences in neural innervation between depots to
confer beta-adrenergic responsiveness.

Whole-Tissue Proteomics in VAT, but not SAT, Reflects
Changes to the Adipocyte Proteome Upon WD Feeding

Adipose tissue contains numerous cell types in addition to
adipocytes (26). Cell type deconvolution of subcutaneous and
visceral depots at the whole-tissue level (SAT and VAT,
respectively) utilizing an adipose single nuclei transcriptome
database (25, 26) (Fig. 5A) revealed that preadipocytes,
macrophages, and adipocytes were the predominant cell
types, with the only difference between the depots being
significantly higher dendritic cells in VAT. WD was associated
with a significant increase in macrophages and a decrease in
adipocytes in VAT, but not SAT (Fig. 5A). To more closely
assess diet-induced changes in the two tissues, we selected
tissue-enriched proteins (>1.5 fold higher expression in tissue,
p < 0.01) or proteins exclusively expressed in tissue versus
adipocytes. Of these, we identified 56 tissue-enriched proteins
in SAT and 91 in VAT that had increased expression with WD.
Seven proteins were upregulated in both tissues, representing
conserved mechanisms for adipose tissue adaptation to WD.
These included proteins involved in cytoskeletal organization
(SSH3, CDAN1, and SCAMP2), ECM formation (PXDN1),
estradiol metabolism (CYP1B1), lipoprotein metabolism
(APOA4), and a DNA polymerase subunit (POLE3). In SAT, 84
ooth-muscle proteins in VAdi and SAdi in mice fed either chow or WD.
adipocytes from different depots within same diet. C, Chow; W, WD,
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proteins were upregulated specifically in response to WD, with
a particular enrichment of the E3 ubiquitin ligase pathway
(RNF146, UBE2W, FBXO7, and FBXW17). In VAT, subunit 2 of
the NFκB complex was upregulated with WD, as well as
BCL10, which is essential for lymphocyte-induced activation
of NFkB. NFκB activation in adipose tissue is important for
recruitment of immune cells (59, 60), and may represent a
depot-specific mechanism for the observed diet-induced
recruitment of macrophages in VAT.
Due to the difficulty of isolating primary adipocytes, many

studies only examine changes in the whole tissue and
extrapolate these to estimate changes in adipocytes. In
examining the validity of this approach, we observed that the
overlap between diet-responsive proteins from VAdi and VAT
was 350 proteins (Fig. 5B). In the case of the visceral depot,
the direction and magnitude of changes in response to diet
between adipocytes and whole tissue were highly correlated
(R = 0.48 p < 2.2e-16) (Fig. 5C), indicating that VAdi adapta-
tions to WD could be reasonably detected at the tissue level.
Pathways that were commonly upregulated between VAdi and
VAT included cell growth (e.g., pathways associated with
mRNA processing and actin filament organization) and im-
mune system (Fig. 5D). Commonly downregulated pathways
included fatty acid and lipid metabolic processes, fat cell
differentiation, amino acid metabolic processes, and energy-
related pathways (Fig. 5D). In the case of the subcutaneous
depot, however, only 51 diet-regulated proteins overlapped
between SAdi and SAT (Fig. 5B), and there was no correlation
in diet response (Fig. 5C). These data suggest that the overall
proteomics changes at a tissue level within SAT does not
reflect the changes to adipocytes of the same tissue.

Proteome Comparison of the 3T3-L1 Adipocyte Model
With Primary Adipocytes

3T3-L1 adipocytes are the standard model system to study
adipocyte biology. Based on the depth of our murine prote-
ome (Fig. 1B), we reasoned it would be valuable to compare
these with the 3T3-L1 adipocyte proteome to determine the
robustness of this model. To this end, we generated the
deepest 3T3-L1 adipocyte proteome to date containing 8862
proteins across four biological replicates. 90% of proteins
identified in the isolated adipocyte proteome were identified in
the 3T3-L1 proteome. The intensity-based absolute quantifi-
cation values of the overlapping proteins were strongly
correlated between adipocytes from both VAT and SAT (R =
0.75; p < 2.2e-16 for VAdi; R = 0.73; p < 2.2e-16 for SAdi),
indicating similar relative expression levels on an individual
protein basis. Thus, many important adipocyte-specific pro-
cesses were highly conserved in the 3T3-L1 adipocyte model
at the proteome level.
Given the high concordance between 3T3-L1 and isolated

adipocyte proteomes, we next ascertained differences that
may be important to consider when translating findings from
3T3-L1 adipocytes to primary adipocytes. We designated
proteins with less than 5-fold difference in expression in pri-
mary adipocytes versus 3T3-L1 adipocytes to be ‘normal
range’, as the abundances of 99.5% of the proteins in the VAdi
and SAdi proteomes from chow-fed mice were within 5-fold
(Fig. 2B). Of proteins identified in both the 3T3-L1 and pri-
mary adipocyte proteomes, 75% of proteins were within a 5-
fold range (Fig. 6, A and B), indicating good conservation
between the two proteomes. However, pathway analysis
revealed that there was a clear enrichment of ETC proteins
and especially for proteins within complex I in isolated adi-
pocytes independent of depot (Fig. 6C). Furthermore, several
immune-related processes were enriched in the isolated
adipocyte together with proteins promoting angiogenesis,
annexin A1 and A3, fibroblast growth factor 1 and 2 and
integrin beta 1. We also observed several pathways intrinsic to
adipocyte biology that were not conserved in 3T3-L1 adipo-
cytes, such as fatty acid and glycerolipid metabolism,
including FABP4, phosphoenolpyruvate carboxykinase 1,
CD36, PLIN1, and ATGL. Notably, leptin was exclusively
expressed in primary adipocytes, and resistin was 20 to 30
times more abundant compared to 3T3-L1 adipocytes. Thus,
the increased expression of these proteins in primary adipo-
cytes correlates with the higher lipid content and larger, uni-
locular lipid droplets compared to 3T3-L1 adipocytes (61).
Lastly, several proteins within cAMP signaling, most notably
exemplified with the beta 3 adrenergic receptor, were highly
enriched in isolated adipocytes. In contrast, proteins with
higher abundance in 3T3-L1 adipocytes were enriched for
chromatin assembly, ribosome assembly, and RNA splicing
pathways, features which are characteristic of proliferative
cells. These data highlight potentially important consider-
ations when using the 3T3-L1 adipocyte model. However,
overall, the 3T3-L1 adipocyte proteome is highly representa-
tive of primary adipocytes.
DISCUSSION

SATs and VATs have well-documented differences that
have been implicated in their differential association with
metabolic disease. This study presents a global and unbiased
proteomic analysis of these two different depots in order to
define the molecular features that might govern these func-
tional differences. These data should serve as an invaluable
resource for researchers interested in adipose biology.
Several studies have addressed white adipose depot and/or

diet differences by proteomics analysis (14, 15, 18); however,
our study is the first to assess both whole-tissue and isolated
adipocytes from two depots across an obesogenic WD or a
lean control diet. By studying the proteomes of isolated adi-
pocytes from visceral and subcutaneous depots, we have
found that the major depot-specific differences are encoded
by just 3% of the proteome. Nevertheless, several major
biological processes are encoded within this small subdomain
of the proteome. These include various components of the
Mol Cell Proteomics (2023) 22(3) 100508 11
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mTORC1 pathway such as sodium-coupled neutral amino
acid transporter 9 and CDK6, and cytoskeletal components
such as COL6a5 and COL6a6 that are enriched specifically in
VAdi. COL6a5 and COL6a6 atypical collagens can replace the
typical collagen VI isoforms (a1, a2, and a3) in the collagen VI
monomers. Collagen VI is implicated in a deleterious fibrotic
response in adipose (62, 63), and inhibition of COL6a5 is
associated with improvements in lipid metabolism in adipo-
cytes (64). We observe that visceral adipocytes in C57Bl/6
mice are significantly larger than those from the subcutaneous
depot, and mTOR is known to play a role in controlling
adipocyte cell size (65, 66). Furthermore, larger cells require
profound shifts in cytoskeleton to support size expansion.
Conversely, SAdi were enriched in mitochondrial proteins,
particularly proteins that comprise complex I of the ETC,
indicating gearing of energy machinery toward carbohydrates
as a fuel source (67) and possibly rendering SAdi more
metabolically flexible (68). Taken together with the trend for
increased expression of major lipolysis and beiging proteins in
SAdi, these processes are likely coordinately regulated and
complementary to subcutaneous adipocyte metabolism.
In contrast to visceral, subcutaneous adipocytes are

capable of undergoing browning or beiging. One of the
signature features of this process is the increased expression
12 Mol Cell Proteomics (2023) 22(3) 100508
of the uncoupling protein UCP1, which provides the molecular
basis for increased thermogenesis. Interestingly, we observed
several other molecular features that may participate in this
unique beiging process in subcutaneous adipocytes. For
example, an enrichment in muscle-associated actomyosin
proteins, which are important for the mechanical aspect of
adrenergic stimulation (57) which controls lipolysis and beig-
ing; increased expression of proteins involved in neural
innervation exemplified with structural components of myelin
sheath of neurons (MPZ and MBP) (39, 69), and enrichment of
several subunits of the ADM receptor including RAMP2 and
CALCRL (35). Importantly, RAMP2 expression is associated
with beneficial metabolic effects, as single nucleotide poly-
morphisms in the RAMP2 gene have been associated with
changes in BMI and T2D in humans, and ADM has been
shown to improve insulin sensitivity when administered to
WD-fed mice (36). Taken together, we observed few, but
potentially important, differences that define lean adipocytes
between these two depots.
Both adipose depots underwent profound changes in a

sustained obesogenic environment by WD feeding. We com-
bined our whole-tissue proteomics data with single-RNA
sequencing data from murine adipose tissue (25, 26) to ach-
ieve a more holistic overview of these depots. This approach
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shows that VAT increased in both preadipocytes and immune
cells (macrophages) in response to sustained WD feeding.
These data are in line with the ‘adipose tissue expandability
model’, which identifies limited lipid storage capacity during
energy surplus followed by adipose tissue dysfunction (70),
which has been reported previously in C57Bl/6 mice (71).
Furthermore, by overlaying the proteomics changes with diet
in whole adipose tissue and isolated adipocytes, we uncov-
ered concordance between adipocytes and tissue only in the
visceral depot. This is an important observation for two rea-
sons. First, this distinction is crucial for future studies of adi-
pose tissue biology, as assumptions of adipocyte biology may
be distorted by whole tissue approaches, and second, dietary
responses in subcutaneous tissue cannot be explained by the
adipocytes themselves, warranting future research. Notably, a
large part of the proteomic adaptations to diet within SAdi also
occur in VAdi, which we define as a set of core additive pro-
teins albeit VAdi displayed a much greater diet response than
SAdi. Mitochondrial dysfunction is thought to be a hallmark of
adipose dysfunction (48, 72). During mitochondrial stress,
both apoptotic signaling and mitophagy are activated, where
enhanced mitophagy facilitates cell survival by removing
damaged mitochondria (73). Intriguingly, a large part of the
mitochondrial proteome was decreased with sustained WD in
adipocytes independent of depot. However, this decrease
was greater in VAdi with a concurrent increase in apoptotic
signaling and a decrease in the level of a key regulator of
mitophagy, BNIP3 (53), pointing toward severe mitochondrial
stress in VAdi. Interestingly, PPARG was selectively down-
regulated in VAdi upon WD together with many proteins
involved in highly adipocentric pathways, such as lipid
breakdown and storage and glucose uptake, whereby VAdi
take on a fibroblast-like cell identity. PPARG regulates BNIP3
(54) and in line with this, PPARG agonists ameliorate mito-
chondrial function in obese white adipose tissue (74). These
data highlight a depot-dependent protein fingerprint in
response to WD, where VAdi showed signs of mitochondrial
dysfunction, possibly through downregulation of PPARG.
This analysis also provided an opportunity to investigate the

suitability of 3T3-L1 adipocytes as a model of adipocyte
biology by proteomics profiling. Strikingly, 3T3-L1 and iso-
lated adipocytes share ~90% overlap at the proteome level
supporting the robustness of this in vitro cell mode, and their
proteomes were highly correlated. However, there were some
key differences: first, the isolated adipocytes were enriched in
proteins related to organismal biology, highlighted by
immune-related proteins, but also proteins involved in angio-
genesis stating that isolated adipocytes receive cues from
multiple cell types. Second, isolated adipocytes were enriched
in adipocyte proteins, such as ATGL, PLIN1, and the beta 3
adrenergic receptor, and third, 3T3-L1 protein profile point
toward a more proliferative cell type. The last two presumably
work cooperatively giving rise to larger lipid droplets in iso-
lated adipocytes.
This comparison of the adipocyte-specific and adipose
tissue proteomes from lean and obese mice has revealed that
the adipocytes from subcutaneous and visceral white adi-
pose depots are profoundly similar. However, we identified
several important biological processes unique to each
adipocyte type, which are likely important regulators of
adaptation to WD and resultant systemic effects associated
with the different adipose depots. Notably, we observed
unique tissue-specific processes which support the functions
of the resident adipocytes and likely drive many unique adi-
pose depot functions. This deep proteomics analysis will
serve as a resource to complement other studies that have
compared the proteomes or transcriptomes of different adi-
pose tissue depots from mice or humans to better under-
stand adipose biology.
In conclusion, our global proteomic analysis of the adipo-

cyte proteome indicates that the major differences between
adipocytes from different depots is encoded by changes in a
relatively small proportion of the overall proteome. The ma-
jority of these changes represent differential expression of
proteins found in both depots with relatively few proteins
being found exclusively in one depot. Part of the reason for
this high degree of overlap is because a large proportion of
cellular proteomes is devoted to generic functions such as
organelle-specific proteins, intermediary metabolism, and the
cytoskeleton. This was illustrated by the high degree of pro-
teomic overlap even between cells of quite distinct specificity
and lineage, such as hepatocytes and pancreatic islets. One
of the limitations of proteomics is that extremely low abun-
dance proteins or even very small peptides may be beyond
the limit of detection and so we cannot exclude the possibility
that we have underestimated the contributions of such pro-
teins to cellular identity. Future studies will be required to
explore this possibility.
DATA AVAILABILITY

All mass spectrometry data and MaxQuant-processed
proteomic data, including peptide and protein levels identifi-
cations, have been deposited in the PRIDE proteomeXchange
repository (75). The mouse adipose tissue/adipocyte data can
be accessed with accession PXD039523 and the 3T3-L1
proteome with PXD039532.

Supplemental data—This article contains supplemental
data.

Acknowledgments—We thank SydneyMS for providing the
instrumentation used in this study and the Laboratory Animal
Spervices at the Charles Perkins Centre of the University of
Sydney. EchoMRI was performed in the Sydney Imaging Fa-
cility, University of Sydney. Histology was performed in the
Histopathology Facility of the Garvan Institute of Medical
Research.
Mol Cell Proteomics (2023) 22(3) 100508 13



Deep Proteome Profiling of White Adipose Tissue
Funding and additional information—This work was sup-
ported by Australian Research Council project grant
FL200100096 (to D. E. J.). D. E. J. is supported by an ARC
Laureate Fellowship.

Author contributions—D. E. J., S. J. H., and V. D. concep-
tualization; V. D., K. C. C., A. H., S. J. H., and J. S. investi-
gation. S. M., M. E. N., A. D. V., and J. G. B. formal analysis.
S. M., M. E. N., and D. E. J. writing—original draft; A. D. V.,
J. G. B., V. D., K. C. C., A. H., S. J. H., M. E. N., S. M., D. E. J.,
and J. S. writing—review and editing.

Conflict of interest—The authors declare no competing
interests

Abbreviations—The abbreviations used are: BNIP3, BCL2/
adenovirus E1B 19 kDa protein-interacting protein 3; CoQ,
Coenzyme Q; ECM, extracellular matrix; iBAQ, intensity Based
Absolute Quantification; PC, principal component; PPARG,
peroxisome proliferator–activated receptor gamma; SAdi,
Adipocytes from subcutaneous adipose tissue; SAT, subcu-
taneous adipose tissue; VAdi, adipocytes from visceral adi-
pose tissue; VAT, visceral adipose tissue; WD, Western diet.

Received August 26, 2022, and in revised form, January 26, 2023
Published, MCPRO Papers in Press, February 12, 2023, https://
doi.org/10.1016/j.mcpro.2023.100508

REFERENCES

1. Fox, C. S., Heard-Costa, N., Cupples, L. A., Dupuis, J., Vasan, R. S., and
Atwood, L. D. (2007) Genome-wide association to body mass index and
waist circumference: the framingham heart study 100K project. BMC
Med. Genet. 8, S18

2. Ahn, J., Wu, H., and Lee, K. (2019) Integrative analysis revealing human
adipose-specific genes and consolidating obesity loci. Sci. Rep. 9, 3087

3. Contreras, G. A., Lee, Y.-H., Mottillo, E. P., and Granneman, J. G. (2014)
Inducible brown adipocytes in subcutaneous inguinal white fat: the role of
continuous sympathetic stimulation. Am. J. Physiol. Endocrinol. Metab.
307, E793–E799

4. Kajimura, S., Spiegelman, B. M., and Seale, P. (2015) Brown and beige fat:
physiological roles beyond heat generation. Cell Metab. 22, 546–559

5. Poret, J. M., Souza-Smith, F., Marcell, S. J., Gaudet, D. A., Tzeng, T. H.,
Braymer, H. D., et al. (2018) High fat diet consumption differentially af-
fects adipose tissue inflammation and adipocyte size in obesity-prone
and obesity-resistant rats. Int. J. Obes. 42, 535–541

6. Zatterale, F., Longo, M., Naderi, J., Raciti, G. A., Desiderio, A., Miele, C.,
et al. (2019) Chronic adipose tissue inflammation linking obesity to insulin
resistance and type 2 diabetes. Front. Physiol. 10, 1607

7. Jones, J. E. C., Rabhi, N., Orofino, J., Gamini, R., Perissi, V., Vernochet, C.,
et al. (2020) The adipocyte acquires a fibroblast-like transcriptional
signature in response to a high fat diet. Sci. Rep. 10, 2380

8. Soccio, R. E., Li, Z., Chen, E. R., Foong, Y. H., Benson, K. K., Dispirito, J. R.,
et al. (2017) Targeting PPARγ in the epigenome rescues genetic meta-
bolic defects in mice. J. Clin. Invest. 127, 1451–1462

9. Vogel, C., and Marcotte, E. M. (2012) Insights into the regulation of protein
abundance from proteomic and transcriptomic analyses. Nat. Rev. Genet.
13, 227–232

10. Alfadda, A. A., Masood, A., Al-Naami, M. Y., Chaurand, P., and Benabdel-
kamel, H. (2017) A proteomics based approach reveals differential
regulation of visceral adipose tissue proteins between metabolically
healthy and unhealthy obese patients. Mol. Cells 40, 685–695
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