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Palmitic acid causes increased
dihydroceramide levels when desaturase
expression is directly silenced or indirectly
lowered by silencing AdipoR2
Mario Ruiz1, Marcus Henricsson2, Jan Borén2 and Marc Pilon1*

Abstract

Background: AdipoR1 and AdipoR2 (AdipoRs) are plasma membrane proteins often considered to act as
adiponectin receptors with a ceramidase activity. Additionally, the AdipoRs and their yeast and C. elegans orthologs
are emerging as membrane homeostasis regulators that counter membrane rigidification by promoting fatty acid
desaturation and incorporation of unsaturated fatty acids into phospholipids, thus restoring fluidity.

Methods: Using cultured cells, the effects of AdipoR silencing or over-expression on the levels and composition of
several sphingolipid classes were examined.

Results: AdipoR2 silencing in the presence of exogenous palmitic acid potently causes increased levels of
dihydroceramides, a ceramide precursor in the de novo ceramide synthesis pathway. Conversely, AdipoR2 over-
expression caused a depletion of dihydroceramides.

Conclusions: The results are consistent with AdipoR2 silencing leading to increased intracellular supply of palmitic
acid that in turn leads to increased dihydroceramide synthesis via the rate-limiting serine palmitoyl transferase step.
In agreement with this model, inhibiting the desaturase SCD or SREBF1/2 (positive regulators of SCD) also causes a
strong increase in dihydroceramide levels.
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Introduction
Ceramides are membrane lipids usually found in very
small amounts (< 1 mol%) in cell membranes, although
their concentration may increase under stress conditions
[1]. A ceramide is composed of a sphingosine base and a
conjugated fatty acid that is usually a saturated fatty acid
(SFA) but can also be a monounsaturated fatty acid
(MUFA; Fig. 1). Ceramides are therefore very hydropho-
bic and water insoluble, and tend to gather into distinct

thick and rigid domains (often referred to as “rafts”) with
negative curvature within phospholipid bilayers. Increas-
ing ceramide levels leads to more/larger rafts, which can
impact signaling via proteins that sort to the rafts be-
cause of their thickness and hydrophobic nature [1].
Ceramides can also signal directly via interacting pro-
teins, such as ceramide-activated protein phosphatases
[2]. Additionally, membranes tend to be permeable at
the boundaries between the rigid ceramide domains and
the rest of the more fluid membrane, which can also
contribute to their toxicity [1]. Elevated ceramide levels
in various models are associated with impaired insulin
signaling [3–5], apoptosis [6] and metabolic syndrome
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complications [7–9]. Note however that in many studies,
the elevated ceramides are also accompanied by elevated
levels of SFA, which complicates interpretations espe-
cially given that SFA toxicity can occur independently of
ceramides [10, 11]. The concentration of ceramides is
tightly regulated, usually by converting them into less
toxic forms with larger hydrophilic head groups (e.g.
sphingomyelin, glucosylceramide or lactosylceramide;
Fig. 1).
AdipoR1 and AdipoR2 are members of the PAQR

(Progestin and AdipoQ Receptors) protein family that
are emerging as regulators of fatty acid desaturation and
membrane homeostasis [12]. These proteins have seven
transmembrane domains with a cytosolic N-terminus
and their C-terminus pointing towards the extracellular
space [13]. The AdipoRs were initially identified as adi-
ponectin receptors [14], but recent experimental evi-
dence based on studying the yeast [15–19] and C.
elegans [20–28] homologs, and the AdipoRs themselves
[23–27, 29, 30], suggests that their primary cellular func-
tion is in membrane homeostasis and is independent of
adiponectin (reviewed in [12]). In particular, the Adi-
poRs react to membrane rigidification, e.g. when the
SFA levels increase in phospholipids, by stimulating ex-
pression of desaturases, namely SCD, FADS1 and
FADS2 until fluidity is restored [12, 23–26, 28–30].
PAQR proteins are part of the larger CREST family of

hydrolases [31], and the X-ray analysis of AdipoR1 and
AdipoR2 crystals show that they each forms a barrel
structure within the membrane that is closed on its

extracellular-facing side but open towards the cytoplasm
where it could accommodate entry of a fatty acid or fatty
acid-like substrate [32, 33]. Pioneering studies of the
yeast IZH2 (an AdipoR homolog) indicated that it is a
ceramidase and that its function can be partially re-
placed by the human AdipoRs [34–36]. In vitro assays
also showed that recombinant human AdipoR proteins
have a ceramidase activity, though with an extremely
slow reaction rate, which raises the possibility that they
may have other preferred substrates [33]. Importantly,
overexpression of AdipoR1 or AdipoR2 in mice causes
increased ceramidase activity accompanied by improved
metabolic health [37] while mouse embryonic fibroblasts
lacking both AdipoRs show reduced ceramidase activity
[38].
Increasing the intracellular supply of palmitic acid

(PA) potently increases ceramide levels, likely because
PA is limiting for ceramide synthesis where the rate-
limiting step is carried out by the enzyme serine palmi-
toyltransferase, which combines PA and serine into 3-
keto-sphinganine (see pathway in Fig. 1) [39–42]. Cer-
amide levels can also be affected by modulating the con-
version rates between ceramides and their derivatives,
such as sphingomyelins, glucosylceramides or lactosyl-
ceramides (Fig. 1) There are therefore at least three dif-
ferent hypotheses that could explain the inverse
correlation between AdipoR expression levels and cer-
amide levels: 1) The putative AdipoR ceramidase activity
is potent enough to deplete bulk levels of ceramides
within cells and organs; 2) AdipoR signaling regulates

Fig. 1 Overview of sphingolipid metabolism. Species in red were measured in the present study both in terms of their total abundance and in
terms of their fatty acid composition; a palmitate is shown in blue, but other fatty acids may be present. Two enzymes of particular interest are
indicated in green: serine palmitoyltransferase is the rate limiting step in de novo ceramide synthesis while a ceramidase activity has been
attributed to the AdipoRs
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the conversion of sphingomyelin or other complex cera-
mides into ceramides; and 3) AdipoR signaling promotes
PA desaturation, resulting in reduced de novo ceramide
synthesis. In the present study, lipidomics data were ana-
lyzed with a focus on ceramide quantification from sev-
eral experiments in which the expression of the AdipoRs
and other lipid metabolism genes were experimentally
manipulated. The results suggest that the increased in
dihydroceramide levels observed when AdipoR2 is si-
lenced is mostly due to the fact that SCD is also silenced
under these conditions, which impacts ceramide de novo
synthesis.

Methods
Cell culture
HEK293 and HepG2 cells were obtained from the
American Type Culture Collection (ATCC, Manassas,
USA) and grown in DMEM containing glucose 1 g/l,
pyruvate and GlutaMAX and supplemented with 10%
fetal bovine serum, 1% non-essential amino acids, HEPE
S 10 mM and 1% penicillin and streptomycin (all from
Life Technologies, Carlsbad, USA) at 37 °C in a water-
humidified 5% CO2 incubator. Cells were subcultured
twice a week at 90% confluence. TrypLE Express reagent
(Gibco, Carlsbad, USA) was used to detach HEK293 and
Accutase (GE Healthcare, Chicago, USA) was used to
detach HepG2 cells. All cell types were cultivated on
treated plastic flasks and multidish plates (Nunc, Ros-
kilde, Denmark) and for HepG2 coated with 0.1% por-
cine gelatin (Sigma-Aldrich, St. Louis, USA).

Fatty acid (FA) treatment
PA was dissolved in dimethyl sulfoxide and d31-PA in
ethanol (Sigma-Aldrich, St. Louis, USA). The fatty acids
were mixed in 0.5% fatty acid-free bovine serum albumin
(BSA; Sigma-Aldrich, St. Louis, USA) in serum-free
medium for 15min at room temperature. The resulting
molecular ratios of BSA to PA were 1:5.3 in experiments
that used 400 μM PA, 1:2.65 in experiments that used
200 μM PA and 1:1.325 when using 100 μM PA. Cells
were then incubated in serum-free media containing
BSA alone (basal media) or BSA/FA conjugates for 24 h
before analysis, except for the AdipoR2 over-expression
experiment where PA treatment was 6 h as previously
published [27].

siRNA treatment
siRNAs were obtained from Dharmacon (Lafayette,
USA): Non-targeting (NT) D-001810–10, AdipoR1 J-
007800-10, AdipoR2 J-007801–10, SCD J-005061-07,
FADS2 J-008211-09, ACSL4 J-009364-05, PEMT J-
010392-05, SREBF1 J-006891-05 and SREBF2 J-009549-
05. Transfection of 25 nM siRNA in complete medium
using Viromer Blue was carried out according to the

manufacturer’s instructions 1× (Lipocalyx, Halle,
Germany). Knockdown expression of the target genes
was verified by quantitative PCR (qPCR) to be < 25% of
control 48 h after transfection as previously shown for
the samples used in the present manuscript [29, 30].

AdipoR2 over-expressing line generation
The AdipoR2-expressing pIREShyg2-HA-hAdipoR2-
cMYC [27] was transfected in HEK293 cells using Viro-
mer Red (Lipocalyx, Halle, Germany), adjusting the con-
centration to 1/10 of Viromer Red reagent and 1/5
plasmid as per the 1X original protocol. Cells stably
overexpressing AdipoR2 were selected using Hygromy-
cin B (Tocris, Bristol, USA) at 200 μg/ml and over-
expression was verified by Western-blot and qPCR.

Quantitative PCR (qPCR)
Total cellular RNA was purified with an RNeasy Kit
(Qiagen, Hilden, Germany) and quantified using a ND-
100 NanoDrop spectrophotometer (Thermo Fisher Sci-
entific). cDNA was generated using random hexamers
and a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Waltham, USA) or RevertAid H
Minus First Strand cDNA (ThermoScientific, Carlsbad,
USA). qPCR using HOT FIREpol EvaGreen qPCR
Super-mix (Solis Biodyne, Tartu, Estonia) and standard
primers was performed in a CFX Connect thermal cycler
(Bio-Rad, Hercules, USA). Samples were quantified in
triplicates and relative gene expression was calculated
using the ΔΔCT method [43]. Quantification of the ref-
erence gene PPIA was used to normalize for variations
in RNA input. Primers used are described in [29, 30].
Primers used in this study were: AdipoR1-For (CCAT
CTGCTTGGTTTCGTGC) and -Rev (AGACGGTG
TGAAAGAGCCAG), AdipoR2-For (TCATCTGTGTGC
TGGGCATT) and -Rev (CTATCTGCCCTATGGTGG
CG), PPIA-For (GTCTCCTTTGAGCTGTTTGCAG)
and -Rev (GGACAAGATGCCAGGACCC), SCD-For
(TTCGTTGCCACTTTCTTGCG) and -Rev (TGGTGG
TAGTTGTGGAAGCC), FADS-1-For (TGGCTAGTGA
TCGACCGTAA) and –Rev (GGCCCTTGTTGATG
TGGAAG), FADS-2-For (GGGCCGTCAGCTACTACA
TC) and –Rev (ACAAACCAGTGGCTCTCCAG),
PEMT-For (AGCTTCTTTGCACTGGGGTT), PEMT-
Rev (GGGCTGGCGTGCATGAT), SREBF1-For (GACC
TCGCAGATCCAGCAG), SREBF1-Rev (ATAGGCAG
CTTCTCCGCATC), SREBF2-For (GTGCTGTTCCTG
ACTCCCTG) and SREBF2-Rev (CAGCCTTCTTCTTG
GCCTGA).

Protein samples and Western blotting
Cellular proteins were extracted, separated by gel elec-
trophoresis, transferred to nitrocellulose membranes and
blocked with 5% nonfat dry milk as previously described
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[27]. The blots were then incubated overnight at 4 °C
with primary antibodies, as follows: rabbit monoclonal
anti-HA antibody (C29F4; Cell signaling) 1:5000 dilu-
tion, rabbit anti-GAPDH antibody (14C10; Cell Signal-
ing, Danvers, USA) or rabbit polyclonal anti-AdipoR2 (1:
1000, described in [44]). Blots were then washed with
PBS-T and incubated with a swine anti-rabbit IgG/HRP
(1:3000 dilution; Dako, Glostrup, Denmark) or goat anti-
mouse HRP (1:3000, Dako, Glostrup, Denmark) then
washed again with PBS-T. Blots were developed using
an ECL kit (Immobilon Western; Millipore), and the sig-
nals documented using a digital camera (VersaDoc; Bio-
Rad, Hercules, USA). The membranes were then
stripped and reprobed with anti-GAPDH (14C10) rabbit
IgG (1:2500 dilution; Cell Signaling, Danvers, USA),
which served as a loading control. The PageRuler Plus
prestained protein ladder was used to assess molecular
weight (Thermo Fisher Scientific, Carlsbad, USA).

Lipidomics
At least three independent replicates for each condition
were prepared from cells cultivated in basal media or in
the presence of 200 or 400 μM PA for 24 h or 100 μM
d31-PA prior to harvesting. To extract lipids, cells were
pelleted then sonicated for 10 min in methanol then ex-
tracted according to published methods [45]. Internal
standards were added during the extraction. Phospho-
lipids and sphingomyelins were measured using direct
infusion mass spectrometry. For phospholipids, a part of
the lipid extracts were evaporated and reconstituted in
chloroform:methanol [1:2] with 5 mM ammonium acet-
ate. This solution was infused directly (shotgun ap-
proach) into a QTRAP 5500 mass spectrometer (Sciex,
Framingham, USA) equipped with a with a TriVersa
NanoMate (Advion Bioscience, Ithaca, USA) as de-
scribed previously [46]. For the analysis of sphingolipds,
lipid extracts were first evaporated and exposed to alka-
line hydrolysis (0.1 M KOH in methanol for 60 min) in
order to remove phospholipids. For phosphatidylcho-
lines (PC) and sphingomyelins mass spectra were ob-
tained in precursor ion scanning mode using the
phosphocholine headgroup (m/z 184.1) as fragment ion.
For phosphatidylethanolamines neutral loss scanning of
m/z 141.1 was used [47, 48]. Sphingolipids (except
sphingomyelins) were measured using ultra performance
liquid chromatography coupled to tandem mass spec-
trometry according to previous publication [49]. The
data were analyzed using the LipidView and MultiQuant
softwares (Sciex, Framingham, USA). Quantification of
each sphingolipid species is expressed as a ratio of their
abundance over that of the total PC amount, i.e. as pmol
sphingolipid/nmol PC, and the complete lipidomics data
is available in Supplemental Table S1. The software

Qlucore Omics Explorer (Qlucore, Lund, Sweden) was
employed for multivariate analysis.

Statistical analysis
Student’s t-tests were used to determine significance in
cases where samples from a single condition were com-
pared with control samples. One-way ANOVA was used
when multiple conditions were compared within one ex-
periment, and a post hoc Dunnett’s test was used to
identify conditions that differed significantly from the
control. Cochran’s Q test of proportion was used to es-
tablish differences in the ceramide and dihydroceramide
increases across multiple independent experiments. P
values are noted as follows: * P < 0.05, ** P < 0.01 and
***P < 0.001. For heat maps, only lipid species that
showed significant differences among the samples based
on ANOVA and with corrected P values of q < 0.05 are
shown.

Results
Overview of the experiments and data analysis
For the present study, unpublished lipidomics data were
analyzed from several experiments carried out during
the period 2017 to 2020, with a focus on ceramide quan-
tification. The sphingolipids quantified in the present
study were ceramides, dihydroceramides, glucosylcera-
mides, lactosylceramides and sphingomyelins, though
not all sphingolipids were quantified in all experiments.
There are several ways to present lipidomics data. For
this study, all sphingolipids were quantified as a ratio of
their abundance over that of the total phosphatidylcho-
line amount, i.e. as pmol sphingolipid/nmol PC. For heat
maps and principal component analyses (PCA), the data
from each experiment was further normalized to the
average value of its control NT (non-targeting) siRNA +
PA treatment (the only condition used in all experi-
ments); this allows comparisons across experiments and
makes it easy to identify lipid species showing pro-
nounced fold-changes across treatments.
A summary of all the experiments is presented in Fig. 2

and shows that lowering AdipoR2 expression consist-
ently leads to increased total dihydroceramide levels
when cells are challenged with exogenous PA, while in-
creasing AdipoR2 expression lowers dihydroceramide
levels. Furthermore, dihydroceramides are also increased
by silencing genes that, like AdipoR2, are important for
promoting FA desaturation or the utilization of unsatur-
ated fatty acids (UFA) for phospholipid synthesis, not-
ably the desaturases SCD and FADS2, the acyl-CoA
synthase ACSL4 and the transcription factors SREBF1/2.
Specific experiments that help clarify the role of the Adi-
poRs in ceramide homeostasis will now be presented.
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Fig. 2 Summary of all experiments. Each row name (left) represents a separate experiment in HEK293 cells (except for JLR_2019_HepG2 that was
performed with HepG2 cells) with at least biological triplicates for each condition performed in either basal media (containing BSA only) or in the
presence of palmitic acid (conjugated to BSA) and in the presence of the indicated (right) siRNAs or over-expression. Sphingolipids scored were:
ceramides (Cer), dihydroceramides (DiCer), glucosylceramides (GluCer), lactosylceramides (LacCer) and sphingomyelins (SM). This sphingolipid data
is previously unpublished though some of the experiments were performed as part of published work that included siRNA efficacy assays and
phospholipid quantification: PLoS_Gen_2017 [23], JLR_2019 and JLR_2019_HepG2 [29], eLife_2018_1/2 [25], BBA_2021_1/2/3 [30]
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AdipoR2 has a stronger effect than AdipoR1 on
sphingolipid homeostasis
Fig. 3A-C and Fig. 3D-F show the effects of AdipoR1
and AdipoR2 silencing in HEK293 and HepG2 cells, re-
spectively. Data for only two sphingolipid classes (cera-
mides and glucosylceramides) were collected in these
experiments. Under basal conditions, silencing the Adi-
poRs had no significant effect in HEK293 cells (Fig. 3A-
B). Silencing both AdipoRs caused a small increase in
ceramides and glucosylceramides in HepG2 cells, with
AdipoR2 silencing having a small effect by itself on glu-
cosylceramide levels (Fig. 3D-E). The addition of PA in
the culture media revealed an important role for the
AdipoRs in sphingolipid homeostasis. In particular, sim-
ultaneously silencing both AdipoR1 and AdipoR2 in
HEK293 or HepG2 cells challenged with 200 μM PA
caused a significant increase in the total amount of cera-
mides compared to control cells treated with a NT
(non-targeting) siRNA (Fig. 3A and D), with similar ef-
fects on species carrying various FAs (Fig. 3C and F).
The effect of AdipoR1 silencing on sphingolipids was

weaker than that of AdipoR2 silencing, and silencing
both genes produced only a small increase in ceramides
compared to the effect of AdipoR2 silencing alone when
either cell lines is challenged with 200 μM PA. This is
consistent with previous studies showing that AdipoR2
is a more potent regulator of membrane homeostasis
than AdipoR1 but that the two genes have partially re-
dundant functions [23, 29]. It is for this reason that most
of the other experiments will focus on studying the ef-
fects of manipulating AdipoR2 levels

AdipoR2 silencing has little effect on sphingolipids in
basal media but increase in dihydroceramides in
response to PA
For the Exp_190226 experiment, data was collected for
phosphatidylcholines, phosphatidylethanolamines and
five sphingolipid species in HEK293 cells cultivated in
basal media or challenged with 200 μM PA. As in previ-
ous studies [23, 25, 26, 29, 30], AdipoR2 silencing causes
the cells to accumulate excess SFAs at the expense of
MUFAs and PUFAs in the phosphatidylcholines and

Fig. 3 AdipoR2 has a stronger effect than AdipoR1 on sphingolipid levels (data from JLR_2019). The sum of ceramides or glucosylceramides in
cells cultured in basal media (containing BSA only) or in the presence of 200 μM palmitic acid (PA; conjugated to BSA) and treated with the
indicated siRNAs are shown as box plots while their fatty acid composition is shown as heat maps. A-C are results from HEK293 cells and D-F
from HepG2 cells. In the box plots, boxes indicate the 25th to 75th percentile while the whiskers indicate the data points still within 1.5 of the
box range. For A-D, significant differences from the NT (non-targeting) siRNA control were determined using one-way ANOVA and post-hoc
Dunnett tests, with *P < 0.05, **P < 0.01 and ***P < 0.001. For the heat maps, the amount of each lipid species was normalized to the average of
the NT + 200 μM PA treatment and the heat maps show fold differences from the mean across all treatments (each column is a replicate); only
lipid species with significantly different levels among siRNAs in a given culture condition are included (ANOVA, q < 0.05)
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phosphatidylethanolamines under basal conditions and
in response to the PA challenge (Fig. 4A-F and Suppl.
Fig. S2A-D). This is consistent with AdipoR2 being re-
quired for SCD activation, especially in response to a PA
membrane-rigidifying challenge.
In the Exp_190266 experiment, AdipoR2 silencing in

basal media caused a small decrease in ceramide levels
and no significant effect on other sphingolipid classes
(Fig. 4G-K). This is consistent with the summary of the
results presented in Fig. 2, where AdipoR2 silencing did
not have a reproducible effect on any of the sphingolipid
species studied when HEK293 (three experiments) or
HepG2 (one experiment) were cultivated in basal media.
Notably, the ceramide levels increased in AdipoR2
siRNA-treated cells in only one of the four experiments
(1/4), were lowered in another (1/4) and unchanged in
the remaining two experiment (2/4). This is interesting
given that AdipoR2 is a proposed ceramidase: silencing
its expression could have resulted in consistently in-
creased ceramide levels, which was not the case.
Inclusion of membrane-rigidifying PA again revealed

an important role for AdipoR2 in sphingolipid homeo-
stasis. For example, AdipoR2 silencing in the Exp_
190226 experiment caused an increase in the abundance
of dihydroceramides and a decrease in lactosylceramides
and sphingomyelins in HEK293 cells challenged with
200 μM PA (Fig. 4G-N). The increase in dihydrocera-
mides is the strongest and most reproducible finding
from a total of nine sphingolipid quantification (six that
include dihydroceramide quantification) experiments in
which NT and AdipoR2 siRNA-treated cells were chal-
lenged with PA. The results of these experiments are
summarized in Fig. 2 and clearly show that increased
dihydroceramides is the most reproducible effect of Adi-
poR2 silencing (6/6 experiments in which they were
scored; see Suppl. Fig. S1A-F), and also the strongest ef-
fect in terms of fold-increase. The consistent upregula-
tion of dihydroceramides is particularly interesting
because they are intermediates in de novo synthesis of
ceramides (Fig. 1). Silencing AdipoR2 in the presence of
PA did not have a fully reproducible effect on ceramides
themselves, although they were moderately increased in
3/9 experiments in which they were measured (8 experi-
ments with HEK293 cells, 1 experiment with HepG2
cells). Cochran’s Q test shows that ceramides (up in 2 of
6 experiments) and dihydroceramides (up in 6 of 6 ex-
periments) were significantly different (P = 0.045) in the
six experiments where both were measured. Similarly,
AdipoR2 silencing led to modest and poorly reprodu-
cible reductions in glucosylceramides (reduced in 4/9 ex-
periments), lactosylceramides (reduced in 3/6
experiments) and sphingomyelins (reduced in 1/1
experiment).

In summary, the consistent increase in dihydrocera-
mides in the absence of other reproducible changes sug-
gests that AdipoR2 silencing may induces de novo
ceramide synthesis. The alternate hypothesis is that si-
lencing AdipoR2, which has in vitro ceramidase activity,
slows down the degradation rate of ceramides and indir-
ectly leads to an accumulation of the dihydroceramides
precursors. This alternate hypothesis is less attractive
since AdipoR2 silencing did not cause reproducible
changes in ceramide levels.

d31-Labelled PA indicates that AdipoR2 silencing
promotes de novo ceramide synthesis
The AdipoRs, and especially AdipoR2, promote fatty
acid desaturation in the presence of PA [23, 25, 26, 29,
30], and their silencing could therefore prolong the
availability of exogenously supplied PA for de novo cer-
amide synthesis. To test this hypothesis, NT siRNA-,
AdipoR1 siRNA- and AdipoR2 siRNA-treated HEK293
cells were incubated in the presence of 100 μM d31-PA,
in which the hydrogen atoms are replaced with deuter-
ium, which allows us to quantify the synthesis of sphin-
golipids from exogenous PA. As expected, AdipoR2
silencing caused a dramatic increase in the amount of
exogenous d31-PA incorporated into both phosphatidyl-
cholines and phosphatidylethanolamines during a 24 h
incubation (Fig. 5A-B). Importantly, AdipoR2 silencing
also caused increased incorporation of the exogenously
supplied d31-PA into new ceramides (Cer d31–16:0; Fig.
5C) and decreased incorporation into new glucosylcera-
mides (GluCer d31–16:0; Fig. 5D). This suggests that
AdipoR2 activity normally decreases de novo ceramide
synthesis from exogenously supplied PA. Interestingly,
the increase in d31-labeled ceramides and decrease in
d31-labeled glucosylceramides in AdipoR2 siRNA-
treated cells were mirrored among the unlabeled species
(Fig. 5E-F). This suggests that AdipoR2 silencing can
promote increased ceramide containing both the ex-
ogenously supplied 31d-PA (hence through de novo syn-
thesis) as well as endogenous unlabeled PA, which may
itself be de novo synthesized but not desaturated effi-
ciently when AdipoR2 is silenced.
AdipoR1 silencing had no significant effect on the

levels of ceramide levels (Fig. 5C, E, G) but caused an in-
crease in the levels of glucosylceramides (Fig. 5D, F-G).
AdipoR1 and AdipoR2 may therefore have different ef-
fects on sphingolipids.

Overexpression of AdipoR2 causes decreased ceramides
and dihydroceramides
A HEK293 line was created that stably overexpresses
AdipoR2 both at the protein (Fig. 6A-B) and mRNA
level (Fig. 6C). The over-expression of AdipoR2 caused a
decreased abundance of SFAs accompanied by increased
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Fig. 4 AdipoR2 silencing causes increased dihydroceramide levels (data from Exp_190226). (A-C) and (D-F) shows the levels of SFA, MUFA and PUFA in
phosphatidylcholines (PC) and phosphatidylethanolamines (PE) of HEK293 cells grown in basal media (containing BSA only) or in the presence of
200 μM palmitic acid (PA; conjugated to BSA) and treated with Non-target siRNA (NT) or AdipoR2 siRNA. The sum of five sphingolipid species are as box
plots G-K) while their fatty acid composition is shown as a heat map (L). (M) and (N) show principal component analysis plots of the four treatments
(vehicle-treated samples are clustered to the left in panel M) and of the lipid species that showed significant differences among treatments (panel N).
Note that the strongest effect of AdipoR2 siRNA is the increase in dihydroceramides (see panels H, L and N). In the box plots, boxes indicate the 25th to
75th percentile while the whiskers indicate the data points still within 1.5 of the box range. For A-K, significant differences from the NT siRNA control
were determined using Student’s t-tests with *P < 0.05, **P< 0.01 and ***P < 0.001. For the heat map, the amount of each lipid species was normalized
to the average of the NT + 200 μM PA treatment and the heat maps show fold differences from the mean across all treatments (each column is a
replicate); only lipid species with significantly different levels among siRNAs in a given culture condition are included (ANOVA, q < 0.05)
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MUFAs in both phosphatidylcholines and phosphatidyl-
ethanolamines (Fig. 6D-E and G-H), and increased levels
of PUFAs in the phophatidylcholines (Fig. 6F) but not in
phosphatidylethanolamines (Fig. 6I). This again is con-
sistent with AdipoR2 acting to promote fatty acid desat-
uration [23, 25, 26, 29, 30]. Previous studies showed that
transient AdipoR2 over-expression protects against
membrane rigidification when cells are challenged with
a high PA dose (400 μM) for 6 h, which is sufficient to
causes rigidification in control cells [27]. Here, cells sta-
bly over-expressing AdipoR2 were also protected from
the effects that a high PA dose (400 μM, 6 h) has on

ceramides and dihydroceramides: the AdipoR2 overex-
pressing cells showed a ~ 20% decrease in ceramides
(from 13.25 to 10.75 pmol/nmol PC) and a 67% decrease
in dihydroceramides (from 0.31 to 0.1 pmol/nmol PC)
(Fig. 6J-K). Additionally, all ceramide and dihydrocera-
mide species were equally affected (Fig. 6O), and only
small changes were found in total glucosylceramides,
lactosylceramides or sphingomyelins (Fig. 6L-N). In con-
clusion, overexpression of AdipoR2 has its clearest effect
on dihydroceramides, which is again consistent with
AdipoR2 activity causing reduced ceramide de novo cer-
amide synthesis.

Fig. 5 AdipoR2 silencing causes increased incorporation of palmitate into phosphatidylcholines, phosphatidylethanolamines and ceramide (data
from d31PA100). (A) and (B) shows the levels of d31-PA incorporation in phosphatidylcholines (PC) and phosphatidylethanolamines (PE) of
HEK293 cells grown in 100 μM d31-PA and treated with Non-target siRNA (NT), AdipoR1 siRNA or AdipoR2 siRNA. The sums of ceramides (Cer)
and glucosylceramides (GluCer) species containing d31-PA (C-D) or unlabeled fatty acids (E-F) are shown as box plots while their fatty acid
composition is shown as a heat map (G). In the box plots, boxes indicate the 25th to 75th percentile while the whiskers indicate the data points
still within 1.5 of the box range. For A-F, significant differences from the NT siRNA control were determined using one-way ANOVA and post-hoc
Dunnett tests, with *P < 0.05, **P < 0.01 and ***P < 0.001. For the heat map, the amount of each lipid species was normalized to the average of
the NT + 100 μM d31PA treatment and the heat maps show fold differences from the mean across all treatments (each column is a replicate);
only lipid species with significantly different levels among siRNAs in a given culture condition are included (ANOVA, q < 0.05)
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Fig. 6 (See legend on next page.)
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Inhibition of desaturases is a very potent way to increase
sphingolipid levels
As already mentioned, previous studies on AdipoR2 have
shown that it stimulates desaturase expression in re-
sponse to membrane-rigidifying PA [23, 29, 30]. If the
effect of AdipoR2 on dihydroceramides is mediated by
its effect on desaturase expression, then direct inhibition
of genes important for fatty acid desaturation should
also lead to increased dihydroceramide levels. Indeed,
siRNA inhibition of the desaturase SCD was more po-
tent than AdipoR2 silencing in causing increased dihy-
droceramide levels (SCD siRNA caused a near 10-fold
dihydroceramide increase compared to a ~ 4-fold in-
crease with AdipoR2 siRNA; Fig. 7A-E). Silencing three
other genes previously implicated in resistance to PA
[30, 50, 51], namely FADS2 (a desaturase), ACSL4 (an
acyl-CoA transferase that channels UFAs towards
phospholipid incorporation), and PEMT (an enzyme that
converts PEs into PCs), also caused increased dihydro-
ceramide levels, though not as potently as SCD silencing
(Fig. 7A-E). Previous work showed that the transcrip-
tome of cells lacking AdipoR2 and challenged with PA
likens that of cells in which the membrane homeostasis
SREBP pathway is silenced, and specifically that Adi-
poR2 silencing led to under-expression of INSIG1,
SREBF2 and several downstream desaturases, including
SCD, SCD5, FADS1 and FADS2 [30]. The RNAseq data
for the genes here studied is presented in Suppl. Fig. S3
and shows that the expression of FADS2, PEMT, SCD
and SREBF2 is reduced in AdipoR2-KO cells (Suppl. Fig.
S3). Here, silencing of SREBF1 and SREBF2 also caused
a ~ 3-fold dihydroceramide increase, i.e. levels similar to
those observed when AdipoR2 is silenced (Fig. 7F-J). It
is interesting to note that SCD also caused a strong in-
crease in ceramides and lactosylceramides (Fig. 7A, D-
E), suggesting that it has a broader effect on sphingolipid
homeostasis than AdipoR2, which is consistent with
SCD being a downstream target of multiple pathways.

Discussion
The present study monitored the abundance and com-
position of several sphingolipid classes in response to
various treatments, notably silencing or overexpression

of AdipoRs and other genes. The main findings of the
present study are that AdipoR2 silencing predominantly
results in elevated dihydroceramide levels (reproduced
in 6/6 experiments) and that this effect can also be
achieved by silencing fatty acid desaturases. Dihydrocer-
amides are generated during de novo ceramide synthesis
(Fig. 1). A plausible interpretation of our findings is
therefore that silencing the AdipoRs, and especially Adi-
poR2, results in decreased desaturase expression that
causes elevated levels of intracellular PA, which in turn
increases de novo ceramide synthesis via the rate-
limiting step catalyzed by serine palmitoyltransferase.
This interpretation is in line with the earlier observation
that the AdipoRs, and especially AdipoR2, are required
for the upregulation of desaturases (SCD, FADS1 and
FADS2) in the presence of membrane-rigidifying PA [12,
23–26, 28–30].
The membrane homeostasis function of the AdipoRs is

evolutionarily conserved in their C. elegans and yeast
counterparts [12]. Additionally, there is considerable
evidence that the AdipoRs and their distant yeast homolog
IZH2 are hydrolases, and specifically act as ceramidases.
In particular, IZH2 shows sequence homology with
ceramidases, signals via sphingoid bases (a product of the
ceramidase reaction) and its pathway is inhibited by
myriocin, a serine palmitoyltransferase inhibitor [36].
Also, the human AdipoR1 and AdipoR2 proteins can
partially functionally replace IZH2 in yeast [34], and the
recombinant AdipoRs exhibit a ceramidase activity
in vitro, albeit at the extremely low rate of 0.03 reactions
per site per minute [33]. In summary, it is likely that the
AdipoRs have some ceramidase activity, though it remains
unclear whether they may have preference for specific
ceramide species or even other types of substrates [52]. In
the experiments described here, there was no reproducible
increase in ceramide levels when AdipoR2 was silenced
(though there was a tendency in that direction since
ceramides were significantly elevated in 3/9 experiments in
PA-challenged cells; Fig. 2). These results suggest that any
ceramidase activity that the AdipoRs may have does not
always measurably impact bulk ceramide levels, though it
may be sufficient to generate important signaling molecules
such as sphingosine, as previously suggested [38].

(See figure on previous page.)
Fig. 6 AdipoR2 overexpression causes decreased dihydroceramide levels (data from the R2OE experiment). Western blots detection of the HA-
tagged over-expressed AdipoR2 using an anti-HA antibody (A) or an anti-AdipoR2 antibody (B); anti-GAPDH was used as a loading control. (D-F)
Relative abundance of SFA, MUFA and PUFA in phosphatidylcholines (PC) and phosphatidylethanolamines (PE) of control (WT) and AdipoR2 over-
expressing cells (R2OE) treated with 400 μM PA for 6 h. The sums of five sphingolipid classes are shown as box plots (J-N) while their fatty acid
composition is shown as a heat map (O). In the box plots, boxes indicate the 25th to 75th percentile while the whiskers indicate the data points
still within 1.5 of the box range. For D-N, significant differences from the WT control were determined using Student’s t-tests, with *P < 0.05,
**P < 0.01 and ***P < 0.001. For the heat map, the amount of each lipid species was normalized to the average of the WT + 400 μM PA treatment
and the heat maps show fold differences from the mean across all treatments (each column is a replicate); only lipid species with significantly
different levels among siRNAs in a given culture condition are included (ANOVA, q < 0.05)
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Transgenic mice overexpressing the AdipoRs show re-
duced ceramide levels in liver and fat depots [37] while
mouse embryonic fibroblasts lacking the AdipoRs show
elevated ceramide levels [38]. These findings are

consistent with the AdipoRs having an in vivo cerami-
dase activity potent enough to affect ceramide level in
cells and throughout entire organs. However, the present
study suggests a complementary explanation, namely

Fig. 7 Desaturase or SREBF silencing causes elevated dihydroceramide levels (data from BBA_2021_1 and BBA_2021_3). The sum of four
sphingolipid species in HEK293 cells treated with the indicated siRNAs then cultivated in the presence of 200 μM PA are shown as box plots
while their fatty acid composition is shown as heat maps. In the box plots, boxes indicate the 25th to 75th percentile while the whiskers indicate
the data points still within 1.5 of the box range. For A-D and F-I, significant differences from the NT siRNA control were determined using one-
way ANOVA and post-hoc Dunnett tests, with *P < 0.05, **P < 0.01 and ***P < 0.001. For the heat maps, the amount of each lipid species was
normalized to the average of the NT + 200 μM PA treatment and the heat maps show fold differences from the mean across all treatments (each
column is a replicate); only lipid species with significantly different levels among siRNAs in a given culture condition are included
(ANOVA, q < 0.05)
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that modulating AdipoR expression mostly affects ceramide
levels indirectly by influencing desaturase expression, hence
availability of the rate-limiting intracellular PA. Importantly,
this complicates the interpretation of the lowered/increased
ceramide levels in AdipoR overexpressing/deficient mouse
models since any change in ceramide levels would also be
accompanied by corresponding changes in SFA levels.
Numerous studies have implicated both ceramides and
SFAs as contributors to impaired insulin signaling and
metabolic complications. Dihydroceramides, the levels of
which were most consistently increased in response to
lowered AdipoR2 activity, are now emerging as having im-
portant physiological roles including promoting autophagy
[53–55] and inhibiting adipogenesis [56, 57]. Further,
elevated plasma dihydroceramides appears to be the only
lipid value that is consistently predictive of diabetes for up
to 9 years before its onset [58]. In the future, it will there-
fore be important to try and dissect the respective roles of
SFAs, dihydroceramides and ceramides in the AdipoR
transgenic/knockout mouse models and human studies.

Study strengths
Sphingolipids were quantified across numerous experi-
ments and conditions, which allowed for the identifica-
tion of the most reproducible consequences of silencing
AdipoR2 and other genes on sphingolipid homeostasis.

Limitations
Most experiments were carried out with one cell line,
namely HEK293. However, previous studies have shown
that HEK293 is a representative and useful model to
study the roles of the AdipoRs in membrane homeosta-
sis since findings in that cell line are reproducible in a
variety of other cell types/models [29, 30].

Conclusions
In summary, the AdipoRs are clearly implicated in sphingo-
lipid homeostasis and the most reproducible consequence
of silencing AdipoR2 is an increase in dihydroceramides.
This is consistent with AdipoR2 activity causing reduced de
novo ceramide synthesis. Mechanistically, AdipoR2 silen-
cing likely leads to increased intracellular supply of palmitic
acid that in turn leads to increased dihydroceramide syn-
thesis via the rate-limiting serine palmitoyl transferase step.
In agreement with this model, inhibiting the desaturase
SCD or SREBF1/2 (positive regulators of SCD) also causes
a strong increase in dihydroceramide levels. Knowing that
the AdipoRs act primarily by promoting fatty acid desatu-
ration to maintain membrane fluidity, and that their effect
on dihydroceramides and ceramides is secondary, will help
guide clinical studies. Speculatively, patients with elevated
membrane SFAs accompanied by elevated dihydroceramide
levels may be indicative of AdipoR signaling deficiency that
could be treated by AdipoR agonists or SCD activators.
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