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Identification of functional lipid metabolism
biomarkers of brown adipose tissue aging
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ABSTRACT

Objective: Aging is accompanied by loss of brown adipocytes and a decline in their thermogenic potential, which may exacerbate the devel-
opment of adiposity and other metabolic disorders. Presently, only limited evidence exists describing the molecular alterations leading to impaired
brown adipogenesis with aging and the contribution of these processes to changes of systemic energy metabolism.
Methods: Samples of young and aged murine brown and white adipose tissue were used to compare age-related changes of brown adipogenic
gene expression and thermogenesis-related lipid mobilization. To identify potential markers of brown adipose tissue aging, non-targeted pro-
teomic and metabolomic as well as targeted lipid analyses were conducted on young and aged tissue samples. Subsequently, the effects of
several candidate lipid classes on brown adipocyte function were examined.
Results: Corroborating previous reports of reduced expression of uncoupling protein-1, we observe impaired signaling required for lipid
mobilization in aged brown fat after adrenergic stimulation. Omics analyses additionally confirm the age-related impairment of lipid homeostasis
and reveal the accumulation of specific lipid classes, including certain sphingolipids, ceramides, and dolichols in aged brown fat. While ceramides
as well as enzymes of dolichol metabolism inhibit brown adipogenesis, inhibition of sphingosine 1-phosphate receptor 2 induces brown adipocyte
differentiation.
Conclusions: Our functional analyses show that changes in specific lipid species, as observed during aging, may contribute to reduced
thermogenic potential. They thus uncover potential biomarkers of aging as well as molecular mechanisms that could contribute to the degradation
of brown adipocytes, thereby providing potential treatment strategies of age-related metabolic conditions.

� 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Adipose tissue is a metabolically active organ that plays a central role
in the regulation of systemic energy balance and the development of
metabolic diseases, including obesity and type-2 diabetes mellitus.
While the main function of white adipose tissue (WAT) is the storage of
energy in the form of triacylglycerols, the specialized brown adipose
tissue (BAT) utilizes nutrients to produce heat, a process known as
non-shivering or adaptive thermogenesis [1,2]. This process is made
possible by the activity of the uncoupling protein 1 (UCP1) which is
exclusively expressed in brown adipocytes. Located in the inner
mitochondrial membrane, it uncouples the mitochondrial proton
gradient from ATP production. Activation of UCP1 and mitochondrial
thermogenesis depend on the b3-adrenergic receptor which is acti-
vated by noradrenaline released by sympathetic neurons in response to
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cold. It is well-established that BAT is present and metabolically active
in adult humans and localizes mainly to the neck and upper body
regions [3e5]. A second type of UCP1-expressing adipocytes, the
beige or brite (brown-in-white) adipocytes, occur in WAT depots and
are recruited upon prolonged cold exposure or direct adrenergic
stimulation, in a process known as browning [6,7].
Aging is a negative regulator of brown adipocyte formation and
function. In humans, loss of BAT mass is observed with increasing age
and is accompanied by attenuated activation of thermogenesis [5].
Similar findings have also been reported in rodent models [8]. This loss
of thermogenic capacity may be due to a phenotypic switch described
as whitening, e.g. the conversion of brown into white-like adipose
tissue, which is accompanied by reduced UCP1 expression and activity
[8]. The thermogenic defect has also been linked to mitochondrial
dysfunction of mature brown adipocytes and reduced proliferative
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expansion of brown adipogenic progenitor cells [9]. Further, brown
adipose tissue may lose the ability to respond to adrenergic stimulation
due to a defect in post-receptor signaling events [10].
Brown and white adipose tissues are endocrine organs that secrete a
range of hormones and metabolites, thereby regulating metabolic
homeostasis. Several lines of evidence suggest that secreted products
of adipose tissue lipid metabolism, the lipokines, may contribute
essential regulatory cues to integrate nutrient handling in adipose
tissues and other organs, thereby affecting systemic lipid homeostasis
as well as the development of metabolic dysfunction [11,12]. For
instance, cardiolipins in BAT were recently described as important
regulators of energy metabolism [13,14], and the thermogenic lip-
okine, 12,13-diHOME, is involved in the activation of BAT in response
to cold, leading to an increase of fatty acid uptake [15]. This is
important since excess serum fatty acids (FA) may trigger inflamma-
tory responses by activating toll-like receptors (TLRs) which could lead
to insulin resistance [16]. In dysfunctional adipose tissue, an increased
appearance of lipotoxic intermediates, such as ceramides and diac-
ylglycerols (DAG), has been observed [17]. DAGs can activate certain
protein kinase C (PKC) isoforms which inhibit insulin signaling in liver
and muscle [18]. Additionally, fatty acids are precursors for the
biosynthesis of ceramides, which have been linked to oxidative stress,
lipotoxicity and inhibition of insulin signaling [19]. Prevention of cer-
amide production by inhibition of ceramide synthases in turn promotes
the browning of WAT and improves glucose and lipid metabolism [20].
In summary, the effects of various lipid species on adipose tissue could
play a central role in the emergence of metabolic pathologies, such as
adiposity, dyslipidemia, and insulin resistance. However, very little is
known about age-related changes of lipid metabolites in BAT, their
involvement in BAT-dysfunction and the contribution of this process to
metabolic disorders. To identify functional lipid biomarkers of brown
adipose tissue aging, we combined metabolomic and proteomic an-
alyses to compare BAT and WAT from mice collected at different ages.
These correlational analyses reveal that changes of several lipid
classes and individual metabolite species correlate with adipose tissue
aging. Among these, sphingolipids are significantly induced in aged
BAT. Uncovering a potential function of this lipid class in age-related
BAT-dysfunction, we show that ceramides and activation of sphingo-
sine 1-phosphate signaling inhibit the thermogenic potential of brown
adipocytes. Dolichols, a group of prenolic lipid-derivatives that function
as substrates for the enzyme dolichol kinase, are increased in aged
BAT and inguinal white adipose tissue (iWAT). Modulation of dolichol
kinase expression inversely correlates with brown adipogenesis. Our
findings show that age-related alterations of lipid metabolism may
result in increased formation of bioactive lipid species in adipose tis-
sues that exert detrimental effects on brown/beige adipocyte formation
and thermogenic function.

2. EXPERIMENTAL PROCEDURES

2.1. Tissue collection
All procedures were approved by the ethics committee for animal
welfare of the State Office of Environment, Health, and Consumer
Protection (State of Brandenburg, Germany). Male C57Bl6J mice
(Charles River Laboratories, Sulzfeld, Germany), S1pr2-deficient mice
(B6.129-S1pr2tm1Jch) and Dolk-heterozygous mice (C57BL/6NJ-
Dolkem1(IMPC)J/J, The Jackson Laboratory strain 026820) were
housed in a controlled environment (22 � 2 �C, 12/12 h light/dark
cycle), maintained on a standard diet (Ssniff, Soest, Germany). For cold
exposures, room temperature was reduced stepwise every other day
until reaching 5 �C, the temperature at which animals were kept for an
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additional three days before organ collection. To this end, the tem-
perature was initially reduced by 7 �C from 22 �C to 15 �C for two
days. After this the temperature was reduced by 5 �C every other day,
from 15 �C to 10 �C and then from 10 �C to 5 �C. Animals were killed
by cervical dislocation. AT depots were isolated, immediately frozen in
liquid nitrogen, and stored at �80 �C until analysis. The tissues were
ground while kept frozen in liquid nitrogen and powder was aliquoted
for the different analyses.

2.2. Ex vivo lipolysis analysis in adipose tissue explants
Adipose tissue of dissected mice was cut into small pieces (weight
approximately 10 mg) and subsequently washed in PBS. 3 � 3 pieces
were transferred to a 96 well containing 150 ml of explant medium
(DMEM without phenol red) containing 2% fatty acid free BSA (Sigma
Aldrich, Taufkirchen, Germany) and supplemented either with 10 mM
norepinephrine (Sigma Aldrich, Taufkirchen, Germany) or 10 mM
isoproterenol (Sigma Aldrich, Taufkirchen, Germany) as indicated in
the respective figures. After 2 h of incubation at 37 �C and 5% CO2,
conditioned medium was collected and centrifuged before storing
at �80 �C for later analysis of glycerol release using a Cobas Mira
analyzer (Roche, Basel, Switzerland). Explants were collected and
subsequently homogenized in RIPA buffer (Sigma Aldrich, Taufkirchen,
Germany) containing phosphatase and protease inhibitors (Sigma
Aldrich, Taufkirchen, Germany) for total protein contents and protein
expression analysis by immunoblotting.

2.3. FACS staining
AT-derived progenitor cells were isolated from the BAT and iWAT of
mice according to published procedures [21,22]. In brief, cells stained
positive for surface antigen Stem cell antigen 1 (Sca1, #17-5981-82,
Thermo Fisher Scientific, Dreieich, Germany) and negative for the
hematopoietic marker antigen CD45 (#11-0451-82, Thermo Fisher
Scientific, Dreieich, Germany) and the endothelial marker antigen
CD31 (#11-0311-82, Thermo Fisher Scientific, Dreieich, Germany)
were purified by fluorescence-activated cell sorting (FACS, BD
FACSAria� III, BD Biosciences, San Jose, CA, USA). Cells were
cultivated as described previously [22].

2.4. Adipogenic progenitor cell (APC) differentiation with
sphingolipid exposure
Primary, FACS-isolated APCs were differentiated as described before
with minor modifications [22]. In brief, after seeding cells were grown
to confluence for three days with 1 mM rosiglitazone (Sigma Aldrich,
Taufkirchen, Germany). Cell differentiation was induced with culture
medium containing 2% fetal bovine serum, 0.8 mM human recombi-
nant insulin, 50 mM indomethacin, 0.5 mM 3-Isobutyl-1-methylxanthin
(IBMX), 1 mM dexamethasone and 1 nM thyroid hormone triiodothy-
ronine (T3) for two days followed by 7 days of adipogenesis in dif-
ferentiation media supplemented with insulin and T3 only. The brown
adipogenic cell line WT1 [23] was seeded and differentiated after three
days of proliferation. After two days of induction media containing 2%
fetal bovine serum, 20 nM human recombinant insulin, 0.125 mM
indomethacin, 0.5 mM IBMX, 5 mM dexamethasone and 1 nM T3, cells
were differentiated from day 5 to day 10 in media with insulin and T3.
Medium was refreshed every other day. Whenever indicated in the
figures, differentiated cells were treated with 1 mM norepinephrine or
1 mM of isoproterenol for 4 h before harvest (both Sigma Aldrich,
Taufkirchen, Germany). For sphingolipid experiments, cells were
exposed to ceramide and sphingosine 1-phosphate (S1P) during the
differentiation phase, as indicated in the figure legend. Ceramide C16
(d18:1/C16; Enzo Life sciences, Lörrach Germany) was dissolved in
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ethanol as stock solution and added to a final concentration of 5e
10 mM S1P (Tocris Bioscience, Wiesbaden-Norderstedt, Germany) was
dissolved in phosphate-buffered saline as a complex with bovine
serum albumin (4 mg/ml) as stock solution and used in concentrations
ranging from 0.5 to 5 mM. Ceramide synthase inhibitor fumonisin B1
and S1P receptor antagonists JTE013 (JTE), CYM 50358 hydrochloride
(CYM) and VPC23019 (VPC; all from Tocris Bioscience, Wiesbaden-
Norderstedt, Germany) were dissolved in DMSO and used at final
concentration ranges of 0.1e1 mM.

2.5. Quantitative real-time PCR
RNA was isolated from ground tissue powder by using a commercially
available RNA MiniPrep Kit (Zymo Research, Freiburg, Germany). Pu-
rified RNA was transcribed into cDNA with a high capacity cDNA
reverse transcription kit (Thermo Fisher Scientific, Dreieich, Germany).
Quantitative real-time PCR quantification was conducted using Maxima
SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific, Dreieich
Germany) and the Real-Time PCR system CFX384 Touch (Bio-Rad,
München, Germany) and using intron-spanning primers to specifically
amplify cDNA (Table S9).

2.6. Immunoblotting
Samples were homogenized in RIPA buffer, and protein concentrations
were determined with a BCA protein assay kit (Thermo Fisher Scien-
tific, Dreieich, Germany). The protein samples were separated via SDS-
polyacrylamide gel electrophoresis and transferred to PVDF mem-
branes. Proteins were detected using the following antibodies: anti-
UCP1-ab (Genetex, Irvine, CA, USA), anti-phospho-HSL-ab, anti-HSL-
ab, anti-phospho(S9)-GSK3b-ab, anti-GSK3b-ab (all from Cell
Signaling Technology, Danvers, MA, USA), anti-phospho(S293)-PDH-
ab and anti-PDH-ab (all from Abcam, Cambrige, United Kingdom) or
anti-DOLK-ab (Abcam, Cambridge, United Kingdom) followed by in-
cubation with a horseradish-peroxidase-conjugated secondary anti-
body. As loading controls, HRP-conjugated anti-b-Actin-ab signals
(Sigma Aldrich, Taufkirchen, Germany) were used.

2.7. Mitochondrial respiration
WT1 cells were seeded into XF96 cell culture plates (Agilent Tech-
nologies, Waldbronn, Germany) and grown to confluency. After ten
days of differentiation as described under 2.4, oxygen consumption
was measured on a Seahorse XF96 Flux Analyzer (Agilent Technolo-
gies, Waldbronn, Germany). In brief, all measurements were con-
ducted in triplicates as cycles of 3 min mixing and 3 min
measurement. Inhibition of mitochondrial respiration was measured
after injection of 2 mM oligomycin (Tocris Bioscience Wiesbaden-
Norderstedt, Germany). Addition of 1 mM Carbonyl-cyanide-4-
(trifluoromethoxy)-phenylhydrazone (FCCP; Sigma, Taufkirchen, Ger-
many) was used for measurement of maximal respiration capacity.
Non-mitochondrial respiration was measured after injection of 0.5 mM
each of rotenone and antimycin A (Sigma, Taufkirchen, Germany). After
each addition, a similar measurement cycle was conducted. Oxygen
consumption rate (OCR) was normalized to cell density as determined
by staining cells with 40,6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI, BioLegend, London, United Kingdom) and measurement of
fluorescence on a SynergyH1 plate reader (BioTek, Bad Friedrichshall,
Germany) at excitation/emission wavelengths of 358/461 nm after
Seahorse measurements were completed.

2.8. Targeted lipid analysis
Ceramides were extracted from 10 mg of ground brown adipose tissue
with ceramide C19 (Avanti Polar Lipids, Alabaster, Alabama, USA) as
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internal standard using chloroform/methanol 1/2 (v/v). After addition of
1 M KOH, samples were neutralized with glacial acetic acid and the
lower phase containing ceramides was re-extracted with chloroform.
After drying, sample pellets were re-suspended in mobile phase A
(1 mM ammoniumformiate in methanol with 0.2% formic acid) and
measured on QTOF mass spectrometer LC-MS 6530 (Agilent Tech-
nologies, Waldbronn Germany) in positive electrospray ionization mode
(ESIþ) on a C8 separation column. Ceramides were identified due to
exact masses (m/z) and subsequent fragmentation of the target ion as
described [24]. Intensities were normalized to internal standard C19
and normalized to samples’ protein content.

2.9. Fatty acid (FA) analysis by gas chromatography
Analysis of FA spectra was performed with a previously published
method that was modified as follows [25,26]: Brown and inguinal
white adipose tissues were ground in liquid nitrogen and 10 mg of
tissue powder was homogenized in phosphate buffered saline and
protein concentrations were determined using a BCA protein assay kit
(Thermo Fisher Scientific, Dreieich, Germany) for normalization of FA
amount. Lipids were extracted with tert-butyl methyl ether containing
0.01% butyl hydroxytoluene/methanol solution (2/1, v/v). The lipid
fraction was evaporated under N2 and re-dissolved for bonded phase
column separation (SPE) in chloroform. Firstly, neutral lipids and free
FA were eluted with chloroform/methanol/acetic acid (100/2/2, v/v).
After changing vials, the PL fraction was eluted with methanol. Sol-
vents were evaporated under a stream of N2 at 40 �C.
For hydrolysis and methylation of FA, the dried PLs were re-dissolved
in toluene. Trimethyl sulfonium hydroxide solution (TMSH, Machereye
Nagel, Düren, Germany) was added to form FA methyl esters (FAME).
Internal standard was added (C21:0, heneicosanoic acid) before TMSH
reaction, FAME were analyzed by gas chromatography using an Agilent
GC system 7890A equipped with Agilent 7000 GC/MS Triple Quad
(Agilent Technologies, Waldbronn, Germany) and a flame ionization
detector (FID). Samples were injected in split-less mode at 30 �C, 30e
260 �C, ramp 12 �C/s, held 2 min, 260e320 �C, ramp 12 �C/s and
separated on a GC capillary column (HP-88, 100 m � 0.25 mm I.D.,
0.2 mm film thickness, Agilent, Waldbronn, Germany) under constant
Helium carrier gas flow. A gas chromatography oven temperature
program was employed as follows: Start at 80 �C, held 1 min, 80e
170 �C, ramp 10 �C/min, held 5 min, 170e175 �C, ramp 5 �C/min,
175e190 �C, ramp 2 �C/min, 190e205 �C, ramp 5 �C/min, 205e
235 �C, ramp 5 �C/min, held 8 min, total run time 57.5 min. For
identification and column check-out a 37-component FAME mixture
(Supelco/Sigma Aldrich, Taufkirchen, Germany) was used.

2.10. HPLC analysis
Adipose tissue samples were ground in liquid nitrogen and subse-
quently transferred to glass tubes containing 2 ml of 5 M KOH
solution. 3 ml methanol was added and the samples were incubated
for 1 h at room temperature and 1 h at 100 �C in a water bath. After
cooling, internal dolichol standards Dol C115 (Hartmann Analytic,
Braunschweig, Germany) and Coenzyme Q6 (Avanti Polaris,
Alabaster, Alabama, USA) were added. Lipids were then extracted
with hexane (Sigma Aldrich, Taufkirchen, Germany). After washing
the lipid-containing phase with water at least three times, the pure
lipid containing hexane phase was evaporated under vacuum.
Dolichols were re-suspended in 500 ml chloroform/methanol (2/1)
and analyzed on a HPLC instrument (Dionex, Sunnyvale, California
USA) using a C18 reversed-phase Spherisorb ODS2-150 mm col-
umn (Waters Corporation, Milford, Massachusetts, USA) kept in a
column oven (Dionex, Sunnyvale, California, USA) at a stable
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temperature of 30 �C. The mobile phase was MeOH/Isopropanol/
H2O (60/30/5). Dolichols were eluted with hexane/isopropanol (70/
30) using a gradient from 20% to 70% phase B with increasing
concentrations of phase B over 20 min. An ultraviolet detector
(MWD-3000 UV detector Thermo Fisher Scientific, Dreieich, Ger-
many) was used for detection of dolichols at 214 nm. Dolichols
were identified due to retention times compared to standard mix-
tures (Avanti Polar Lipids, Alabaster, Alabama, USA) and separated
because of increasing numbers of carbon atoms in their backbone.
Peak intensity was normalized first to internal standard Dolichol
C115 and second to total protein content in adipose tissue lysate
measured with BCA assay kit (Thermo Fisher Scientific, Dreieich,
Germany).

2.11. Comparative proteomic analysis
Two independent comparisons of young and old tissue samples were
performed. Specifically, tissue extracts of BAT collected from five age-
matched mice were pooled to generate each sample. Each sample pair
was measured in duplicate, where either the young or the old sample
of each pool were labeled with 18O prior to analysis. Proteins were
separated by 12% polyacrylamide gel electrophoresis. Equally sized
pieces of Coomassie stained protein bands were excised from all lanes
of the gel, covering the entire length of each lane. Protein digestion and
in-gel 16O/18O-labeling was performed as described [27]. In brief, the
gel pieces were incubated with 50 ng trypsin (sequencing grade
modified, Promega; Madison, Wisconsin, USA) in 10 mL of 50 mM
ammonium bicarbonate. The tryptic digestions were performed in the
presence of 18O-labeled water (Campro Scientific GmbH, 97% 18O;
Berlin, Germany) and normal water for young and old tissue samples,
respectively. 10 mL of 0.5% TFA in acetonitrile was added and the
separated supernatant was dried under vacuum. Samples were
reconstituted in 3 mL of 0.1% (v/v) TFA, 5% (v/v) acetonitrile in water
and paired gel slices (16O and 18O samples of adjoining slices) were
combined immediately before nano-LC-mass spectrometry analysis.
Mass spectrometric analysis was performed using Nano-LC-ESI-
MSMS (Orbitrap Elite, Thermo Fisher Scientific; Schwerte, Germany).
The processed MS/MS spectra and MASCOT server (version 2.2,
Matrix Science Ltd., London) were used to search in-house against the
UniProtKB/Swiss-Prot database MOUSE 2013okt (51193 sequences;
24573350 residues). The maximum of two missed cleavages was
allowed and the mass tolerance of precursor and sequence ions was
set to 10 ppm and 0.35 Da, respectively. Acrylamide modification of
cysteine, methionine oxidation, and C-terminal 18O1- and 18O2-
isotope labeling were considered as possible modifications. A pro-
tein was accepted as unambiguously identified if the total MASCOT
score was greater than the significance threshold and if at least 2
peptides appeared the first time in the report and were the top ranking
peptides. Based on decoy database searches, the false positive rate
was estimated to be <1%. Quantification was carried out using the
Mascot Distiller Quantitation Toolbox (version 2.2.1.2, Matrix Science
Ltd., London; Great Britain) and was based on calculations of isotope
intensity ratios of at least two tryptic peptides with individual MASCOT
scores indicating at least homology. Relative protein ratios (H/L) were
calculated from the intensity-weighted average of all peptide ratios
Pathway clustering for proteins either reduced (H/L ratio < 1) or
enriched (H/L ratio ˃ 2.5) in aged BAT samples were annotated to
appropriate pathways based on KEGG classification using Enrichr web
server [28,29]. Gene ontology (GO) terms were annotated to proteins
with DAVID database [30] and GO cluster enrichment analysis was
carried using the top twenty significantly reduced or enriched GO terms
with REVIGO web server [31].
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2.12. Metabolomic and lipidomic analyses
The frozen tissues were ground on nitrogen and extracted as
described [32]. The lipophilic extraction phase was used for LC-MS
lipidomics analysis. The hydrophilic extraction phase was split to
perform LC-MS and GC-MS metabolomic analysis. LC-MS mea-
surements were performed using a Waters ACQUITY UPLC system
(Milford, Massachusetts, USA) coupled to a Thermo Fisher QExactive
mass spectrometer (Dreieich, Germany). Lipophilic compounds were
separated using a C8 column and hydrophilic compounds using a
C18 reverse phase column. The mobile phase composition and
electrospray parameters were as described [32]. GC-MS measure-
ments were performed as follows: An aliquot of the hydrophilic
extraction phase was dried and the pellet was sequentially deriv-
atized by methoxyamine/MSTFA and injected onto a DB35 GC col-
umn (Agilent Technologies GC, Waldbronn Germany) coupled to
Leco Pegasus HT mass spectrometer with electron impact (EI)
ionization source. Gas elution was performed for two minutes at
85 �C with a further temperature gradient of 15 �C per minute till a
final temperature of 360 �C was reached. Peak-picking and back-
ground removal of the LC-MS data was accomplished with the
Genedata REFINER MS� software (Basel, Switzerland). Chromato-
gram alignment and filtering were completed using in-house R-
based software. Filtering included removal of isotopic peaks, in-
source fragments, and additional lower intense adducts of the
same analyte. The annotation of the content of the sample was
accomplished by matching the extracted data from the chromato-
grams with our library of reference compounds in terms of accurate
mass and retention time, and the most abundant adduct was used
for relative quantification of a metabolite. GC-MS data were
exported as NetCDF files from the Leco Pegasus software to “R”.
The package TargetSearch was used to transform retention time to
retention index (RI), to align the chromatograms, extract the peaks,
and annotate them by comparing the spectra and the RI to the
reference database (Fiehn Lab Metabolomics, UCDavis, USA [33]). A
unique mass was used to quantify relative concentrations of each
identified metabolite. For those metabolites which were annotated in
both GC-MS and LC-MS data, the value with smallest deviation was
retained [32]. The VSCFA-TAG were identified in the MS2 frame of
the mass spectrometer from the [M þ NH4]þ precursor in positive
ionization mode. The fatty acids were identified on the basis of the
AcylOOH þ NH3 neutral loss. The final composition was identified
by comparison of the fatty acids present in the fragmentation frame
to the theoretical composition of the precursor. Supplementary
Table 6 summarizes information on molecular masses of all
VSCFA-TAG precursors, their theoretical composition and mass
deviations from the theoretical mass. For every precursor, the
fragments in the MS2 event of the data-dependent acquisition
measurement (DDA) with corresponding relative abundance are
presented. For every fragment a neutral loss corresponding to a
fatty acid was calculated.
Unknown masses were re-annotated using Metlin database [34] and
Lipidmaps structure database [35]. For identification of possible bio-
markers, the slopes of age-dependent regressions were calculated
and depicted as regression coefficient r. HeatMap was generated using
ClustVis web tool [36].

2.13. Statistical analyses
Significance levels of differences between groups were evaluated
using either an unpaired two-tailed Student’s t-test, Mann-Whitney-U
test or one-way analysis of variance (ANOVA) with Bonferroni post-
hoc test.
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3. RESULTS

3.1. BAT-aging is accompanied by impaired lipid metabolism
To establish the age-related defect of BAT-thermogenesis in our ani-
mal model, we analyzed Ucp1 mRNA expression in BAT of young
animals at 2.5 months of age compared to mice at 15 and 25 months
of age. When housed at room temperature (RT, 22 �C), expression of
Ucp1 was decreased at 15 and 25 months of age (Figure 1A) and an
increase of lipid droplet size in aged brown adipocytes was observed
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Figure 1: Age-related decline of lipid-related metabolism in BAT. (A) Analysis of Ucp1
Analysis of Ucp1 mRNA in iWAT collected from mice of 2.5, 15, and 25 months of age with
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(Fig. S1A). In inguinal WAT (iWAT) at room temperature, Ucp1 levels
were significantly reduced to 2.9% of young control levels only when
comparing young mice to animals aged 25 months (Figure 1B). Since
white fat expresses only low levels of Ucp1 mRNA at room tempera-
ture, gene expression in iWAT was additionally tested after 7 days of
incremental cold exposure. At 5 �C, the expression of Ucp1 was
strongly induced in all groups compared to room temperature, but a
significant reduction of Ucp1 mRNA was maintained in tissues from
both groups of aged mice when compared to young controls
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(Figure 1B). Consistently, UCP1 protein was significantly reduced in
BAT at 15 months of age and remained almost undetectable in aged
iWAT after cold exposure, whereas UCP1 protein was readily induced
in iWAT of young animals after cold (Figure 1C, D; Fig. S1B and S1C).
To examine the effects of aging on adrenergic activation in BAT, we
next analyzed expression of b3-adrenergic receptor (Adrb3) mRNA,
which was not changed significantly in BAT during aging (Fig. S1D). To
determine whether aging impaired the signaling events controlling lipid
mobilization in BAT, we next tested tissue-autonomous activation of
lipolysis in BAT explants that were treated with norepinephrine (NE) or
isoproterenol (Iso) to mimic local activation of b3-adrenergic receptors.
Under these conditions, we observed a significant reduction of
hormone-sensitive lipase (HSL) phosphorylation in BAT of 15 and 25
months old mice (Figures 1E and S1E). Since lipolysis regulation is
under control of protein kinase A (PKA) as the common downstream
kinase of b3-adrenergic signaling, we also determined phosphoryla-
tion of other PKA targets. Although the regulation was less pronounced
compared to HSL, we also observed a trend of age-dependent
reduction of inhibitory phosphorylation of glycogen synthase kinase
3b (p-GSK3b) following adrenergic stimulation (Figures 1F and S1F),
as well as a significant reduction of inhibitory pyruvate dehydrogenase
phosphorylation (p-PDH) in explants of 25 months old mice compared
to 2.5 months old mice when stimulated with NE (Figures. 1G and
S1G). A potential explanation for the differences between phosphory-
lation of HSL and the other targets is that GSK3b and PDH are also
regulated by many other kinases that could affect their phosphorylation
levels differentially. To more directly assess the effects of aging on lipid
mobilization, we also examined lipolysis levels in the explants and
observed a significant decrease of glycerol release from BAT explants
of 25 months old mice after stimulation with norepinephrine or
isoproterenol, which suggests reduced triglyceride hydrolysis during
aging. These data support the conclusion of defective BAT thermo-
genesis during aging due to reduced beta adrenergic activity
(Figure 1H).
To further investigate age-related defects in BAT, the proteomes of
young and old BAT samples were compared by mass spectrometric
analysis (Table S1). Pathway analyses using Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotation revealed, among others, a
marked downregulation of pathways related to metabolic processes
and pathways related to lipid homeostasis, as well as amino acid and
carbohydrate metabolism to similar degrees (Figure 2A) in aging BAT
while up-regulated pathways were less well defined and included ri-
bosomal genes and, potentially, glucose metabolism processes
(Figure 2B). To better define these pathways which are formed based
on partially overlapping candidate genes, we used gene ontology (GO)
term clustering which enriched several clusters after removal of
redundant terms, including lipid homeostasis in the down-regulated
pathway clusters (Figure 2C, Table S2) and processes related to im-
mune and muscle function, among others, as up-regulated clusters in
aging BAT (Figure 2D, Table S3). On the individual candidate protein
level, proteins involved in lipid metabolism and mitochondrial function
determined the clustering of down-regulated pathways (marked by
blue arrows, Figure 2E, Table S4), while a group of myosin heavy chain
family (MYH) proteins drove the up-regulated clusters (marked by red
arrows, Figure 2F, Table S4).

3.2. Identification of potential lipid biomarkers of BAT aging
To examine age-related changes to lipid metabolism in brown adipose
tissue, we analyzed age-dependent changes of metabolite levels in
BAT. For metabolomic analysis, tissue samples were collected from
BAT of mice at 2.5, 5, 10, 15, 21, and 25 months of age. The lipid
6 MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. T
analysis resulted in the detection of a broad range of candidates,
including many intermediate metabolites of biochemical processes but
also a range of different lipids species (Table S5). When we selected
candidates based on significant correlations with aging, 68 metabolites
were identified, with 48 of them being different lipid species which
could be roughly grouped into five distinct classes, including four
carnitine-coupled fatty acids, 31 phospholipids, three sphingolipids,
and ten triacylglycerols (Figure 3A, Table S5). Interestingly, among the
triacylglycerols that showed a significant negative correlation to aging,
four triacylglycerols containing very short chain fatty acids (VSCFA-TG)
with two to five carbon atoms in their fatty acid moieties were
detected. VSCFA-TAGs were identified in positive MS ionization mode
from the [M þ NH4]þ precursor with subsequent identification of fatty
acid composition on the basis of AcylOOH þ NH3 neutral loss frag-
mentation (fragmentation patterns summarized in Table S6). This rare
class of lipids, found to be much more abundant in BAT compared to
iWAT, has not previously been described in BAT or WAT (Figure 3B,
Table S7). Similarly, all four carnitines as well as the significantly
changed triacylglycerols negatively correlated with aging (Figure 3C,D).
Conversely, the majority of phospholipids, represented mainly by
phosphatidylethanolamines (PE) and phosphatidylcholines (PC) as well
as one sphingomyelin and two ceramide species, were positively
associated with aging (Figure 3E,F). The increase of PEs and PCs was
mainly driven by an increase in the amounts of unsaturated lipids,
particularly in mice aged 21 and 25 months (Table S5). These changes
in fatty acid compositions prompted us to more specifically investigate
changes of fatty acid profiles in neutral lipid and phospholipid classes
during aging which was conducted in samples of BAT and iWAT iso-
lated from mice aged 2 and 12 months. Unexpectedly, the analysis of
the fatty acid profiles in phospholipids as well as neutral lipids
(including free fatty acids) by quantifying the amounts of saturated
(SFA), monounsaturated (MUFA), polyunsaturated fatty acids (PUFA)
showed only minor changes in BAT, whereas aging resulted in a shift
towards desaturation of fatty acids in iWAT, which was detected with
trends to reduction in SFA and significantly elevated levels of MUFA in
iWAT (Fig. S2AeL, Table S8). To further evaluate the physiological
relevance of changes to fatty acid composition, we also determined
ratios of omega6 to omega3-fatty acids (u6/u3) on both lipid classes.
Here, aging resulted in significantly elevated u6/u3 in iWAT-derived
fatty acids from neutral as well as phospholipids, whereas the u6/
u3-ratio was only significantly induced by aging in neutral lipid-
derived fatty acids in BAT (Fig. S2M-S2P).
Since several ceramides were elevated in aged AT, we next quantified
ceramide subspecies using a targeted approach to measure individual
ceramides with 16:0 to 24:0 fatty acid moieties. Consistent with our
initial results from the non-targeted analysis, there was a significant
accumulation of the ceramides C18:1, C20:0, C22:0 and C24:1 in aged
BAT (Figure 4A) and of C18:1 and C20:0 in aged iWAT (Figure 4B), with
the overall induction of ceramides being more pronounced in aged
BAT.
A potential consequence of PE- and PC-upregulation in age-related
dysfunction could be due to their effects on lipid biochemistry, for
instance by increasing the catalytic activity of dolichol kinase [37]. This
enzyme is highly expressed in BAT and phosphorylates dolichols,
thereby bio-activating these lipid species for sugar-coupling as starting
point of N-linked glycosylation. Dolichols have previously been
described as biomarkers of aging in other tissues [38]. We therefore
conducted a targeted measurement of different dolichols in BAT and
iWAT of young and aged mice by HPLC. Similar to what was previously
described in other tissues, a significant increase was observed for all
identified dolichol species ranging from 16 to 20 isoprene backbone
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Original Article
units in BAT of aged animals (Figure 4C). In line with this result, we
also detected an accumulation of dolichols in iWAT, although the
overall amount of dolichols, when normalized to total protein, was
lower in iWAT compared to BAT (Figure 4D).

3.3. Ceramides attenuate differentiation of brown pre-adipocytes
To assess the biological effects of ceramides on brown adipocyte
metabolism, we treated an immortalized brown pre-adipocyte cell line
with ceramide C16 during adipogenic differentiation. Under these
conditions, expression of brown adipocyte marker genes, Ucp1 and
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(Ppargc1a), and the adipokine Leptin (Leptin) were reduced in cells
exposed to ceramide, while expression of a general adipogenic
8 MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. T
marker, peroxisome proliferator-activated receptor gamma (Pparg),
was not changed (Figure 5A). Conversely, exposure of differentiating
brown pre-adipocytes to fumonisin B1 (FB1), an inhibitor of ceramide
synthesis, induced expression of adipogenic genes, including cell
death activator CIDE-A (Cidea), Pparg and Perilipin-1 (Plin1), while
Ucp1-, Ppargc1a- and Leptin-mRNAs were not affected (Figure 5B). To
reproduce these observations in a different cell model, we repeated
similar experiments with primary adipogenic progenitor cells (APCs)
freshly isolated from brown adipose tissue by flow cytometry. Gene
expression analysis of primary APCs treated with ceramide C16 during
differentiation confirmed the negative effects of this ceramide on
(brown) adipogenic differentiation by showing a significant down-
regulation of several brown adipocyte-specific marker genes
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(Figure 5C), general adipogenic genes (Figure 5D), and markers of
mitochondrial biogenesis (Figure 5E). In accordance with the altered
gene expression patterns, mitochondrial respiration was reduced in the
brown pre-adipocyte cell line upon exposure to ceramides throughout
differentiation (Figure 5F,G). Comparable to the expression profile in
immortalized brown pre-adipocytes treated with FB1 (Figure 5B),
exposure of primary APCs to FB1 resulted in an induction of brown
adipogenic marker genes, while conversely gene expression of the
adipogenic marker Leptin was significantly decreased and no changes
of Pparg and Plin1 expression were measured (Figure 5H,I). The
beneficial effect of ceramide synthase inhibition by FB1 was further
confirmed by elevated expression of mitochondrial genes (Figure 5J).
Lastly, to test whether ceramides were also able to acutely affect more
mature brown adipocyte stages, we exposed immortalized pre-
adipocytes to ceramide C16 for the final 48 h of the differentiation
time course. Similar to the full-time treatment, Ucp1 mRNA was
reduced under basal conditions and 48 h ceramide administration
attenuated the isoproterenol-induced expression of Ucp1, whereas
expression of Pparg as a general differentiation marker was not
affected (Fig. S3A, B). In line with this observation, mitochondrial
respiration and uncoupling of brown adipocytes was also significantly
reduced by short-term ceramide exposure (Fig. S3C, D).

3.4. Sphingosine 1-phosphate signaling inhibits brown adipocyte
function
Ceramides can be converted into sphingosine 1-phosphate (S1P) by
ceramidases and subsequent phosphorylation by sphingosine kinase
[39], and an age-related increase in ceramides could thereby also
affect this lipid-based signaling molecule. Binding of S1P to its G-
MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. This is an open acc
www.molecularmetabolism.com
protein coupled receptors mediates pleiotropic effects in different cell
types and very little is known about their role in regulating brown
adipocyte formation and function. We therefore treated primary brown
APCs with increasing concentrations of S1P during differentiation,
which was combined with or without short-term adrenergic stimulation
by NE. While the treatment with S1P had no effect on the expression of
Ucp1 (Figure 6A) or Ppargc1a (Figure 6B) under basal conditions, a
dose-dependent attenuation of NE-stimulated gene expression was
detected during co-exposure to S1P, altogether suggesting a negative
effect of S1P on brown adipogenesis. To determine the relative
contribution of the different receptors on S1P-signaling in adipogenic
cells, we next compared expression of all five receptor types in adipose
tissue and purified APCs of BAT and iWAT. Sphingosine 1-phosphate
receptor type 1 (S1pr1), S1pr4, and S1pr5 were expressed in both
types of adipose tissue at higher levels compared to the respective
APC-isolates. Conversely, S1pr2 and S1pr3 were equally expressed in
APCs and whole tissue (Figures 6C, S4AeC). We next used specific
antagonists to specifically inhibit receptors during adipogenic differ-
entiation, using either VPC23019 (VPC) to target S1P receptor types 1
and 3 (S1PR1, 3) simultaneously, S1PR2 by using JTE013 (JTE), or
S1PR4 by using CYM50358 (CYM). Under these conditions of reduced
S1P-signaling, Ucp1 expression was significantly induced in cells
treated with antagonists of S1PR2 (JTE) and S1PR4 (CYM), whereas no
effects on expression of adipogenic differentiation marker Pparg were
detected by any of the inhibitors (Figure 6D). Although S1pr3
expression was expressed in APCs to the same extent as in whole
tissue (Fig. S4B), no effect of the antagonist on brown adipogenesis
was detected (Figure 6D). S1pr2 was found to be highly expressed in
adipose tissue and APCs whereas S1pr4 was highly expressed in
ess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 5: Ceramides impair adipogenic differentiation of brown pre-adipocytes. (A) mRNA levels of adipocyte specific genes in immortalized brown pre-adipocyte cell line
WT1 treated with 10 mM of C16 ceramide (gray bars) or solvent control (white bars) during differentiation. (B) mRNA levels of brown adipogenic genes in immortalized brown pre-
adipocyte cell line WT1 treated with solvent control (white bars) or 5 mM of ceramide synthase inhibitor fumonisin B1 (black bars) during adipogenic differentiation. (C, D, E) Primary
adipogenic progenitor cells (APCs) were isolated from BAT by flow cytometry. mRNA levels of brown adipocyte marker genes (C), general adipocyte-specific genes (D), and genes of
mitochondrial biogenesis (E) in primary APCs treated with control (white bars) or C16 ceramide (10 mM; gray bars) during differentiation. (F, G) Analysis of mitochondrial respiration
in immortalized brown WT1 pre-adipocytes differentiated under adipogenic conditions for 10 days comparing control (Ctr; white circles, white bars) to cells treated with C16
ceramide throughout differentiation (C16; gray squares, gray bars). Oxygen consumption rates were recorded (F) and normalized to DAPI staining (relative fluorescence units,
R.F.U.) for quantification (G; n ¼ 6). Basal respiration rate measurements were followed by administration of oligomycin (after third time point) to determine ATP-linked (coupled)
respiration. Maximal respiration capacities were measured after FCCP-administration (after sixth time point) and non-mitochondrial respiration was measured by adding rotenone
and antimycin A (after ninth time point). Uncoupled, e.g. potentially UCP1-dependent proton leak, was calculated from the relative differences of respiration rates after oligomycin
and rotenone/antimycin A. (H, I, J) Primary adipogenic progenitor cells (APCs) were isolated from BAT by flow cytometry. mRNA levels of genes related to brown adipocyte function
(H), adipocyte function (I) and mitochondrial function (J) in primary APCs from BAT exposed to control conditions (white bars) or ceramide synthase inhibitor fumonisin B1 (5 mM;
black bars) during differentiation. Data are shown as mean � SEM (n ¼ 3e6); *p < 0.05; **p < 0.01; ***p < 0.001 using two tailed unpaired t-test or one-way ANOVA.
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MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

11

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
whole adipose tissue but not in APCs (Figure 6C). Due to its particularly
high expression in APCs and the induction of Ucp1 following S1PR2-
inhibition, we concluded that S1pr2 may be the most relevant sub-
type to control brown adipocyte progenitor cells. Consistent with this
hypothesis, S1pr2-mRNA was expressed at lower levels in mature
adipocytes compared to APCs from BAT as well as iWAT (Figure 6E). To
further test the role of this receptor in brown adipocyte formation, APCs
were incubated with increasing concentrations of JTE during differ-
entiation, which led to a dose dependent increase of BAT marker genes
Ucp1 and Ppargc1a in these cells without adrenergic stimulation. Of
note, the effects of S1PR2 inhibition were more potent when cells were
exposed at later time windows during the differentiation time course,
while no or very little effect was observed when cells were only treated
before or in the early phases of adipogenesis, which may indicate that
altered S1P-signaling is required throughout differentiation to impact
brown adipogenesis (Fig. S4D, E). JTE treatment also yielded no
additional benefit in cells stimulated with NE for 4 h before harvest,
suggesting that both compounds may act on the same pathway, i.e.
the signaling cascade downstream of adrenergic receptors
(Figure 6F,G). Consistent with this assumption, an increase of glycerol
release as a measure of lipolytic activity was observed in cells exposed
to JTE, but not S1P (Figure 6H).
To recapitulate the beneficial effects of loss of S1PR2 signaling on
brown adipogenesis, we analyzed Ucp1 expression in primary APCs
isolated by flow cytometry from BAT of S1pr2 knock-out mice which
were differentiated under normal adipogenic conditions or in combi-
nation with JTE-exposure. Genetic ablation of S1pr2 yielded the ex-
pected increase in Ucp1 mRNA in knockout-cells when compared to
cells isolated from wildtype littermates, which was also observed in
wildtype cells exposed to JTE (Figure 6I). No additional induction was
found for the combination of gene deletion and JTE-exposure, sug-
gesting that JTE specifically acts on S1PR2 (Figure 6I). Similarly,
glycerol release was elevated in cultured adipocytes from S1pr2-
knockout mice compared to wildtype adipocytes (Figure 6J). Taken
together, these data show that S1P-signaling influences brown adi-
pogenesis, potentially by manipulating G-protein coupled signaling
cascades.

3.5. Functional implications of dolichols as biomarkers for brown
adipose tissue aging
Using a targeted quantification approach, we confirmed the previously
detected age-dependent accumulation of dolichols in BAT. Dolichols
are synthesized by the mevalonate pathway where the initial step is
catalyzed by the enzyme HMG-CoA reductase (Hmgcr). The resulting
products are precursors of cholesterol as well as dolichol synthesis
[40]. In support of elevated dolichol levels, expression of several en-
zymes of the mevalonate pathway was upregulated in aged BAT
(Figure 7A) whereas only dehydrodolichyl diphosphate synthase
(Dhdds) was upregulated in aged iWAT (Figure 7B). The final step of
the synthesis of biologically active dolichols is the phosphorylation by
dolichol kinase (Dolk), an enzyme that is highly expressed in BAT
compared to other tissues [41]. To determine the function of dolichol
kinase in brown adipocyte formation and metabolism, we generated
progenitor cell lines stably overexpressing Dolk (Figure 7C,D). Con-
firming the potential negative effect of Dolk on brown adipogenesis, its
over-expression was accompanied by reduced triglyceride accumu-
lation (Figs. 7E and S5A). In accordance with these observations, lower
expression of Ucp1 mRNA was detected in Dolk-expressing adipocytes
before and after stimulation with NE (Figure 7F). Subsequent functional
analyses showed that excess Dolk expression attenuated glycerol
release, indicating less efficient lipolysis in Dolk overexpressing cells
12 MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. T
(Figure 7G), and reduced coupled and uncoupled mitochondrial
respiration, although maximal respiration capacity was unchanged
compared to control cells (Figure 7H,I). To further investigate the ef-
fects of dolichol kinase, we examined adipogenic progenitor cells
isolated from a mouse model with heterozygous inactivation of the
Dolk gene (HET), since homozygous gene deletion resulted in em-
bryonic lethality. In vitro differentiated primary adipocytes FACS-
isolated from HET mice displayed reduced DOLK protein levels
(Figures 7J and S5B). Moreover, expression of Ucp1 mRNA was
increased in adipocytes differentiated from BAT- and iWAT-derived
primary APCs following NE stimulation (Figure 7K, L), which was
confirmed on the UCP1 protein level for BAT-derived primary ACPs
after differentiation (Figures 7M and S5C).

4. DISCUSSION

Metabolic processes in brown and white adipose tissue play key roles
in energy homeostasis. Here we show that aging results in defective
lipid metabolism in BAT and WAT on the functional and the proteome
level by targeting the ability of brown adipocytes to mobilize lipids after
adrenergic stimulation. Exploring this observation, we identify several
potential lipid species that may be used as biomarkers of the functional
decline of brown adipocytes during aging, including very short chain
fatty acid-containing triglycerides, sphingolipids, and dolichols. As a
functional consequence of age-related alterations of these biomarkers,
ceramides and their metabolic product, S1P, attenuate differentiation
of brown pre-adipocytes and attenuate their metabolic function, in part
due to S1P receptor activation. Similarly, elevated dolichol metabolism
and increased expression of dolichol kinase may exacerbate metabolic
defects by inhibiting brown adipocyte formation and function.
Reduced BAT mass, lower thermogenic capacity, and the inability of
WAT to undergo cold-induced browning have all been described in
rodent and human aging [5,10,42]. On the molecular level, this may be
due to reduced expression of the unique brown adipocyte marker
Ucp1, reduced pre-adipocyte activation and differentiation or an
attenuated adrenergic response to cold [8,9]. The age-dependent
decrease of adipose tissue hormone-sensitivity [43] could be related
to molecular changes within the adipocytes themselves, rather than
the reduced adrenergic stimulus since circulating norepinephrine is
elevated, rather than decreased, in cold-exposed aged rats compared
to young controls [9]. However, the sympathetic stimulus at the tissue
level may be unrelated to circulating norepinephrine and could be
related to a changed quality of neuronal input to BAT during aging.
Related to this, we observed increased expression of myogenic
markers in aged BAT in our study. This effect is potentially comparable
to a recent study where activation of AgRP-neuron activity changed the
transcriptional profile of brown fat towards elevated expression of a
wide array of myogenic genes and was linked to impaired BAT function
[44]. Whether the age-dependent increase of myogenic marker
expression is to some extent related to changes of AgRP-neuron ac-
tivity remains to be elucidated. In summary, it is clear that multiple
mechanisms may contribute to aged BAT dysfunction. The composition
of the local microenvironment as well as endocrine and neuronal
signals acting on brown adipogenic stem cells or mature brown adi-
pocytes may provide key elements of this negative regulation.
Secondly, since brown adipocytes do not normally occur as a pure
population, especially in humans, biomarkers representing the number
of brown adipocytes and their ability to conduct thermogenesis are of
particular interest to test clinical applications. We here show that
several lipid species may fulfill these prerequisites while also exerting
regulatory impulses on brown adipocytes. Of particular interest is a
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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relatively unusual group of triglycerides incorporating very short chain
fatty acids (VSCFA), such as acetate (C2) and butyrate (C4). To our
knowledge, the comparably high abundance of these triglyceride
species in BAT compared to WAT, and their inverse correlation to age,
have not previously been reported. This subgroup of fatty acids is
produced mostly in the gastrointestinal tract by bacterial fermentation.
After absorption, VSCFA are taken up by peripheral tissues and could
directly impinge on energy metabolism by activation of the short chain
fatty acid-activated G-protein coupled receptors GPR41 and GPR43
[45]. Notably, sodium acetate has also been shown to decrease
phosphorylation of hormone sensitive lipase in 3T3L1 (white) adipo-
cytes [46] and the inhibition of lipolysis by short chain fatty acids has
been confirmed in humans as well as other experimental systems [47].
Loss of GPR43 also benefits metabolic health by increasing energy
expenditure, improving glucose control and instating resistance to diet-
induced obesity [48]. It is currently unknown whether short chain fatty
acids are incorporated into triglycerides through the same mechanism
as longer-chain fatty acids. In this study, we identified 20 such lipid
species, of which several were significantly down-regulated by aging,
containing either acetate or butyrate with high abundance in BAT in
comparison to iWAT, thereby making VSCFA-TGs possible biomarkers
of BAT aging. It remains to be determined whether VSCFA-TGs are
solely biomarkers or may influence brown adipocyte thermogenesis by
activating distinct signaling pathways due to controlled release of short
chain fatty acids.
In our analysis, different types of phospholipids are, in general, posi-
tively correlated with aging. Phospholipids, and particularly phospha-
tidylethanolamines and phosphatidylcholines, are the main
components of biological membranes and regulate membrane fluidity
of eukaryotic cells [49]. While it is difficult to link such associations
directly to changes in membrane function or other cellular processes
involving phospholipids, some studies at least suggest that age-related
changes to distinct phospholipids species also occur in other contexts.
Increased levels of ether-phospholipids, but not total phospholipids,
and elevated desaturation in PL-bound fatty acids have previously been
described for visceral white adipose tissue [50], which is consistent
with the hypothesis of altered membrane fluidity, thickness and me-
chanical resistance [51] and may also be related to increased adipo-
cyte size in aged tissue samples. While the changes to fatty acid
profiles are generally consistent with our own data from iWAT, the
changes in BAT seem generally milder, which could be due to the age
at which fatty acids profiles were assessed. Interestingly, the role of
acyl-carnitine metabolism could also be related to these observations.
Among the classes of lipids down-regulated by aging, we observed
several fatty acid-carnitine conjugates, which are involved in fatty acid
transfer into mitochondria through the carnitine acyltransferase sys-
tem. Of note, phospholipids are also downregulated in aging heart
mitochondria and treatment of such mitochondria with acetyl-carnitine
reverted this negative effect of aging, suggesting a potential mecha-
nistic link between alterations in phospholipids and acyl-carnitine
metabolites [52]. In line with these observations, the ratios of u6/
u3 fatty acids in phospholipids became more unfavorable in aged BAT
and iWAT, a development that has also been linked to metabolic
disorders [53].
A metabolic connection between phospholipids, specifically phos-
phatidylcholines, and sphingolipids is well established. Our findings
show that enrichment of ceramides in aged BAT and iWAT impairs
brown adipogenesis and may affect the mitochondrial function of
mature adipocytes independent of differentiation, while inhibition of
endogenous ceramide synthesis augments mitochondrial function in
differentiating brown adipogenic progenitor cells. This corroborates the
14 MOLECULAR METABOLISM 24 (2019) 1e17 � 2019 The Authors. Published by Elsevier GmbH. T
previous observation that tissue-specific ablation of ceramide syn-
thases in murine BAT or liver leads to an increase in energy expen-
diture and insulin sensitivity by enhancing thermogenesis in BAT [54].
Consistent with these observations, it was also reported that phar-
macological inhibition of ceramide synthase stimulates browning of
iWAT and increases insulin sensitivity, indicating that high synthesis
rates of ceramides may indeed impair metabolic health of adipose
tissues [55].
The signaling molecule sphingosine 1-phosphate (S1P), which is
linked to ceramides as part of a biological rheostat, is often char-
acterized as the counterpart of ceramides [39]. Somewhat contra-
dictory, our data indicate a negative effect of S1P on the expression of
brown adipogenic genes, whereas inhibition of S1P-signaling
through its type 2 receptor, S1PR2, has the opposite effect. Reiter-
ating this potential negative role of S1P in metabolic processes, it
was reported that S1P concentrations in adipose tissue of obese
subjects are increased [56]. Another study also showed that meta-
bolic health and heat production were inversely correlated with
circulating S1P levels. However, administration of S1P did not in-
fluence thermogenesis in this study, and neither was an agonist of
S1PR1 effective, which is consistent with our own observations on
this receptor, while S1PR2 was not tested [57].
The stimulatory effect of S1PR2-inhibition occurs independently of
adrenergic stimulation, but has no additive effect when cells were
co-stimulated with a b-agonist. Since both receptors are G-protein
coupled, and b3AR is coupled to a stimulatory G-protein, it stands to
reason that S1PR2 may be coupled to a G-protein that counteracts
the adrenergic signaling cascade. While the coupling of S1PR2 in
brown adipocytes is unclear, it is known to couple to different types
of G-proteins, including Gi and Gq [58]. Gq is a known negative
regulator of brown adipocyte thermogenesis [59]. The negative ef-
fect of Gi on brown adipocytes has also been proposed before, and
cold exposure has been shown to decrease Gi expression in BAT
[60]. More importantly, an age-related increase of inhibitory G-
proteins has been reported in adipocytes of aged rats [61]. In
summary, these findings suggest that aging may result in altered
concentrations of different sphingolipid species, including ceram-
ides and S1P, which may attenuate brown adipocyte formation and
their metabolic function.
Dolichols are established biomarkers of aging in different rodent and
human tissues [62,63]. These isoprenoid chain-containing lipids are
synthesized through the mevalonate pathway, which gives rise to
important lipid mediators such as sterols and ubiquinones. Dolichols
are alpha-saturated polyisoprenoids with a backbone of 14e24
isoprene subunits spanning all mammalian membranes. In the
endoplasmic reticulum membrane, dolichols are the anchors for
oligosaccharide synthesis for subsequent asparagine-linked N-
glycosylation [64]. Our data show a strong accumulation of dolichols
with variable isoprenoid chain lengths in BAT and iWAT of aged
mice. Interestingly, it was shown that PC and PE, two lipid species
upregulated by aging in BAT, activate dolichol kinase (Dolk), an
enzyme which is highly expressed in BAT and phosphorylates
dolichols to form bioactive lipids [37]. In our study, expression levels
of Dolk were induced during aging and, in gain- and loss-of-function
models, inversely correlated with thermogenic gene expression in
brown adipocytes and may therefore participate in the age-related
inhibition of BAT function. An upregulation of the enzymatic activ-
ity of Dolk may lead to different defects, including a more gener-
alized endoplasmic reticulum stress due to attenuation of N-
glycosylation and maturation of proteins, which requires further
investigation.
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5. CONCLUSION

The impairment of brown adipogenesis and mature brown adipocyte
function may exacerbate metabolic diseases during aging and could at
least in part be due to changed levels of different bioactive lipid
species. The identification of biomarkers of BAT-aging, including
regulatory metabolites that directly affect brown adipocyte formation
and thermogenesis is necessary to understand the underlying mo-
lecular mechanisms of BAT regulation. We identify several lipid me-
tabolites that are important regulators of brown adipocyte gene
expression and therefore may serve as pharmaceutical targets to
counter the age-related onset of obesity and metabolic complications.
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