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cDNA library expressed in Ba/F3 murine cells (1). These 
proteins are expressed in most/all tissues, localize to the 
plasma membrane, and contain seven transmembrane do-
mains oriented such that their N terminus is cytosolic and 
their C terminus is extracellular (1). Since their discovery, 
several high-profile reports using AdipoR1/2 single- or 
double-knockout mice have shown that the AdipoRs regu-
late metabolism and in particular may improve insulin re-
sponse and generally protect against metabolic syndrome 
complications, especially during high-fat diet challenges 
(2–4). However, other reports have not reproduced these 
findings. In particular, one study found that AdipoR1 and 
AdipoR2 may have opposite effects on metabolism (5), an-
other showed that the double mutants are embryonic le-
thal (6), and other studies noted specific defects only in 
the retina of AdipoR1 mutant mice (7, 8). Finally, a careful 
study of recombinant adiponectin, which is often used as a 
means of activating the AdipoRs in published experiments, 
suggested that any detected biological effect may be caused 
by the presence of contaminants such as lipopolysaccha-
ride (9), which adds to the confusion regarding the 
AdipoR literature.

More recently, the crystal structure of the AdipoRs has 
been solved and suggests that they may be hydrolases: a cav-
ity opening toward the cytoplasm is a likely site for sub-
strate entry and product exit (10). By homology with a 
yeast homologue, Izh2 (11, 12), the AdipoRs were pro-
posed to act as ceramidases (13, 14). However, the cerami-
dase activity is at best a slow reaction (15), and it is possible 
that the AdipoRs may have other substrate specificities. 
Nevertheless, that the AdipoRs are hydrolases of some sort 
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seems very likely because that is a conserved activity of the 
large CREST family of related proteins that include the 
AdipoRs as well as phospholipases such as the yeast Per1p, 
which has phospholipase A2 activity (16).

Several years ago, we began studying the Caenorhabditis 
elegans homologues of the AdipoRs with the hope that le-
veraging forward genetics in this model organism would 
lead to new, unbiased insights into their functions. Our 
findings so far may be briefly summarized as follows: 1) C. 
elegans has two AdipoR homologues, PAQR-1 and PAQR-2 
(17), 2) worms lacking PAQR-2 show a morphology defect 
in the thin membranous tail tip and are intolerant to cold 
(15°C) or to saturated FA (SFA)-rich diets (17–19), 3) the 
primary function of PAQR-2 is to maintain membrane flu-
idity in response to membrane-rigidifying challenges such 
as cold or SFA-rich diets (18–20), 4) PAQR-2 function de-
pends on a dedicated protein partner, the single-pass trans-
membrane protein IGLR-2, with which it colocalizes (18), 
5) PAQR-2 can maintain systemic cell membrane homeo-
stasis nonautonomously via lipid exchange among C. ele-
gans tissues (21), and 6) PAQR-2-deficient worms can be 
chemically rescued by small amounts of detergents or ge-
netically rescued by mutations that promote FA desatura-
tion or that increase the levels of phospholipids containing 
long-chain PUFAs (LCPUFAs) (20, 22). It is also important 
to note that no C. elegans homologue of adiponectin has yet 
been identified. In addition, after several screens for paqr-2 
mutant suppressors or genocopiers, we have found no evi-
dence that PAQR-2 depends on a ligand for its function.

We recently found that several of our observations in C. 
elegans also hold true in mammalian cells. In particular, 
AdipoR2 is essential in maintaining membrane fluidity in 
HEK293 cells challenged with the SFA palmitic acid (PA; 
16:0); it can also maintain cell-membrane homeostasis 
nonautonomously (19, 21). Furthermore, and just as in C. 
elegans, HEK293 cells in which AdipoR2 has been knocked 
down can be rescued by providing LCPUFAs exogenously 
or by inhibiting the expression of the plasma membrane-
localized TLCD1 or TLCD2 proteins (22). The TLCDs 
function as limiters of LCPUFA incorporation into phos-
pholipids, and their inhibition therefore leads to enhanced 
incorporation of LCPUFAs, which promotes fluidity (22).

This study focused on further exploring the roles of 
AdipoR1 and AdipoR2 in regulating membrane homeostasis 
in human cells. Specifically, we asked whether both AdipoR1 
and AdipoR2 act as fluidity regulators and whether many 
cell types, including primary human cells, require the AdipoRs 
to regulate membrane fluidity. Finally, we investigated 
whether the AdipoRs require adiponectin to regulate mem-
brane homeostasis.

MATERIALS AND METHODS

Cell culture
HEK293, HepG2, and 1321N1 cells were grown in DMEM con-

taining 1 g/l glucose, pyruvate, and GlutaMAX and supplemented 
with 10% FBS, 1% nonessential amino acids, 10 mM HEPES, and 
1% penicillin and streptomycin (all from Life Technologies) at 

37°C in a water-humidified 5% CO2 incubator. Cells were subcul-
tured twice a week at 90% confluence. HEK293, HepG2, and 
1321N1 cell lines were authenticated by Eurofins. human umbili-
cal vein endothelial cells (HUVECs) (passages 1–5) were obtained 
from Gibco and cultivated as described previously (23). Briefly, 
cells were grown in M200 medium (Gibco) containing the Low 
Serum Growth Supplement (Gibco) and 1% penicillin and strep-
tomycin. Cells were subcultured twice a week at 90% confluence. 
TrypLE Express reagent (Gibco) was used to detach HUVEC, 
HEK293, and 1321N1 cells, and Accutase (GE Healthcare) was 
used to detach HepG2 cells. All cell types were cultivated on 
treated plastic flasks and multidish plates (Nunc). For microscopy 
experiments, cells were seeded in glass-bottom dishes (Ibidi) pre-
coated with 0.1% porcine gelatin (Sigma-Aldrich).

FA treatment
PA, oleic acid, and EPA were dissolved/diluted in sterile DMSO 

(Sigma-Aldrich) and then mixed with FA-free BSA (Sigma-Aldrich) 
in serum-free medium for 15 min at room temperature. The mo-
lecular ratio of BSA to PA was 1:5.3 in experiments that used 400 M 
PA, 1:2.65 in experiments that used 200 M PA, and 1:0.66 in ex-
periments that used 50 M PA. Cells were then cultivated in serum-
free media containing the FAs for 24 h prior to analysis.

siRNA treatment
The following predesigned siRNAs were purchased from 

Dharmacon: AdipoR1 J-007800-10, AdipoR2 J-007801-10, Non-
target D-001810-10, and SCD J-005061-07. HEK293, HepG2, and 
1321N1 cell transfection was performed in complete media using 
25 nM siRNA and Viromer Blue according to the manufacturer’s 
instructions 1X (Lipocalyx). HUVECs were transfected using 10 nM 
siRNA and Lipofectamine RNAiMAX Transfection Reagent fol-
lowing the HUVEC optimized protocol from the manufacturer 
(Invitrogen). Knockdown gene expression was verified 24 or 48 h 
after transfection.

Glucose treatment
Cells were grown in complete media containing 5, 25, or 100 mM 

glucose (Sigma-Aldich) for 48 h and then switched to serum-free 
medium supplemented with BSA (0.5%), and keeping the glu-
cose concentration constant at 5, 25, or 100 mM for another 24 h 
and then analyzed.

Quantitative PCR
Total cellular RNA was isolated using RNeasy Kit according to 

the manufacturer’s instructions (Qiagen) and quantified using a 
NanoDrop spectrophotometer (ND-1000; Thermo Fisher Scien-
tific). cDNA was obtained using a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) with random hexamers. 
Quantitative PCR (qPCR) was performed with a CFX Connect ther-
mal cycler (Bio-Rad) using HOT FIREpol EvaGreen qPCR Super-
mix (Solis Biodyne) and standard primers. Samples were measured 
as triplicates. The relative expression of each gene was calculated 
according to the CT method (24). Expression of the housekeep-
ing gene PPIA was used to normalize for variations in RNA input. 
Primers used were as follows: AdipoR1 forward, CCATCTGCTTG-
GTTTCGTGC; AdipoR1 reverse, AGACGGTGTGAAAGAGCCAG; 
AdipoR2 forward, TCATCTGTGTGC TGGGCATT; Adipo2 reverse, 
CTATCTGCCCTATGGTGGCG; PPIA forward, GTCTCCTTT-
GAGCTGTTTGCAG; PPIA reverse, GGACAAGATGCCAG-
GACCC; SCD forward, TTCGTTGCCACTTTCTTGCG; SCD 
reverse, TGGTGGTAGTTGTGGAAGCC; FADS1 forward, TGGC-
TAGTGATCGACCGTAA; FADS1 reverse, GGCCCTTGTTGAT-
GTGGAAG; FADS2 forward, GGGCCGTCAGCTACTACATC; and 
FADS2 reverse, ACAAACCAGTGGCTCTCCAG.
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qPCR for adiponectin was executed on a QuantStudio7 Flex 
Real-Time PCR System thermal cycler using Power SYBR Green 
PCR Master Mix (Applied Biosystems). Two sets of primers for 
adiponectin were used: 1) adiponectin forward (AGGGCATCC-
GGGCCATAAT) and reverse (CTCCGGTTTCACCGATGTCT) 
and 2) adiponectin forward (TGGTGAGAAGGGTGAGAAAGG) 
and reverse (CTCCAATCCCACACTGAATGC), respectively. The 
second set of adiponectin primers was shared by Matthew Harms. 
cDNA from human subcutaneous abdominal adipose tissue and 
human breast adipose tissue was a gift from Xiao-Rong Peng and 
Henrik Palmgren (AstraZeneca); samples of adipose tissues were 
collected from patients undergoing elective surgery at Sahlgren-
ska University Hospital, Gothenburg, Sweden. All study subjects 
received written and oral information before giving written in-
formed consent for the use of the tissue. The studies abide by the 
Declaration of Helsinki principles and were approved by the re-
gional ethical review board in Gothenburg, Sweden.

Protein samples and Western blot
Cellular proteins were extracted using a lysis buffer (1% Non-

idet P-40, 0.1% SDS, 10% glycerol, 1% sodium deoxycholate,  
1 mM DTT, 1 mM EDTA, 100 mM HEPES, 100 mM KCl) contain-
ing Halt Protease Inhibitor Cocktail (1×; Pierce) on ice for 10 min. 
Upon lysis completion, cell lysates were centrifuged at 13,000 rpm 
for 10 min at 4°C. The soluble fraction was kept for further analy-
sis, and the protein sample concentration was quantified using 
the BCA protein assay kit (Pierce) according to the manufactur-
er’s instructions. Twenty micrograms of protein were mixed with 
Laemmli sample loading buffer (Bio-Rad), heated to 37°C for 10 
min, and loaded in 4% to 15% gradient precast SDS gels (Bio-
Rad). After electrophoresis, the proteins were transferred to ni-
trocellulose membranes using Trans-Blot Turbo Transfer Packs 
and a Trans Blot Turbo apparatus/predefined mixed-MW pro-
gram (Bio-Rad). Blots were blocked with 5% nonfat dry milk in 
PBS for 1 h at room temperature. Blots were incubated with anti-
human AdipoR1 rabbit IgG at 1 µg/ml in 5% nonfat dry milk in 
PBS with Tween-20 (PBS-T; 0.05% Tween-20) overnight at 4°C 
following previously published recommendations (8). Blots were 
then washed with PBS-T and incubated with a swine anti-rabbit 
IgG/HRP (1:3000 dilution; Dako) and washed again with PBS-T. 
Blots were developed with ECL (Immobilon Western; Millipore), 
and the signal was visualized with a digital camera (VersaDoc; Bio-
Rad). Blots were then stripped and reprobed with anti-GAPDH 
(14C10) rabbit IgG (1:2500 dilution; Cell Signaling). PageRuler 
Plus prestained protein ladder was used to assess molecular weight 
(Thermo Fisher Scientific). Western blots were quantified by den-
sitometry using Image Lab version 6 software.

Lipidomics
Samples were prepared as previously described (19, 22). Briefly, 

cells were cultivated in serum-free media with or without FAs for 
24 h prior to harvesting using TrypLE Express (Gibco). For lipid 
extraction, the pellet was sonicated for 10 min in methanol and 
then extracted according to published methods (25). Internal 
standards were added during the extraction. Lipid extracts were 
evaporated and reconstituted in chloroform-methanol (1:2) with  
5 mM ammonium acetate. This solution was infused directly (shot-
gun approach) into a QTRAP 5500 mass spectrophotometer 
(Sciex) equipped with a TriVersa NanoMate (Advion Bioscience) 
as described previously (26). Phospholipids were measured using 
multiple precursor ion scanning, which gathers information about 
individual phospholipids by scoring many FA fragments in the Q3 
of the mass spectrometer (27, 28), and triacylglycerols (TAGs) 
were measured using neutral-loss scanning (29). The data were 
evaluated using the LipidView software (Sciex). The complete lipi-
domics data set is provided in the supplemental Table S1.

FRAP
Live HEK293 cells were stained with BODIPY 500/510 C1, C12 

(Invitrogen). Fluorescence recovery after photobleaching (FRAP) 
images were acquired with an LSM880 confocal microscope 
equipped with a live cell chamber (set at 37° and 5% CO2) and 
ZEN software (Zeiss) with a 40× water-immersion objective as pre-
viously described (19, 21, 22).

Laurdan dye measurement of membrane fluidity
Live cells were stained with Laurdan dye (6-dodecanoyl-2- 

dimethylaminonaphthalene) (Thermo Fisher Scientific) at 15 M 
(HEK293 and HepG2 cells) or 10 M (HUVECs) for 45 min. Images 
were acquired with an LSM880 confocal microscope equipped 
with a live cell chamber (set at 37° and 5% CO2) and ZEN soft-
ware with a 40× water-immersion objective as described previously 
(21). Cells were excited with a 405 nm laser, and the emission was 
recorded between 410 and 461 nm (ordered phase) and between 
470 and 530 nm (disordered phase). Pictures were acquired with 
16 bit image depth and 1,024 × 1,024 resolution using a pixel 
dwell of 1.02 s. Images were analyzed using ImageJ version 
1.47 software (30) following published guidelines (31).

Trypan blue staining
After 24 h of treatment, cell supernatant was collected, and 

cells were detached and mixed again with their respective super-
natant. The cell suspension was then mixed 1:1 with a 0.4% trypan 
blue solution (Gibco) and loaded in a hemacytometer and exam-
ined immediately under the microscope. The percentage of posi-
tive and negative cells in at least four quadrants was registered.

Adiponectin (or AdipoQ) treatment
Recombinant full-length adiponectin (produced in HEK293 

cells and forming high-molecular-weight and hexameric species) 
was purchased from Enzo and used at 5 µg/ml (14) or 10 µg/ml. 
Cells were then cultivated in serum-free media containing adipo-
nectin and 400 M PA for 24 h prior to analysis.

Statistics
t-Tests were used to identify significant differences between 

treatments/genotypes. Error bars show the SDs in histograms 
and SEMs in FRAP curves. Asterisks and hash signs are used in 
the figures to indicate various degrees of significance.

RESULTS

Both AdipoR1 and AdipoR2 regulate membrane fluidity in 
HEK293 cells

We used siRNA to efficiently knock down the expression 
of AdipoR1 and AdipoR2 singly or simultaneously in 
HEK293 cells: qPCR confirmed the knockdown of the tran-
scripts (Fig. 1A), and a Western blot confirmed protein 
downregulation for AdipoR1 (supplemental Fig. S1A). We 
could not obtain a useful antibody for AdipoR2. Knock-
down of AdipoR1 and/or AdipoR2 had no effect on mem-
brane fluidity of the cells under basal culture condition as 
determined using FRAP (supplemental Fig. S1B–E). Note 
that the FRAP method measures the lateral diffusion rate 
of the BODIPY-C12 fluorophore used in these experi-
ments; throughout this article we use the term “membrane 
fluidity” as a proxy for what is likely a complex phenom-
enon reflecting several distinct membrane biophysical 
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properties such as fluidity, phase behavior, thickness, or 
compressibility (32–34). siRNA knockdown of AdipoR1 
also had little effect on the membrane fluidity of HEK293 
cells challenged with 200 M PA, but inhibiting AdipoR2 
caused a clear loss of membrane fluidity under these con-
ditions (Fig. 1B, C), while inhibiting both AdipoR1 and 
AdipoR2 had the most dramatic effect (Fig. 1D, E). These 
results demonstrate that AdipoR2 is more important than 
AdipoR1 in protecting against the rigidifying effects of PA 
but that AdipoR1 also contributes to the maintenance of 
membrane fluidity. In other words, AdipoR1 and AdipoR2 
have partially redundant functions in membrane homeo-
stasis. Most studies of the effects of PA on cells require rela-
tively high concentrations to elicit a detectable effect, with 

400 M being a typical concentration. The pronounced 
sensitivity of the double AdipoR1/2 siRNA-treated cells to 
200 M PA suggest that these proteins are a primary mech-
anism protecting cells against PA lipotoxicity. Indeed, 
HEK293 cells treated with double AdipoR1/2 siRNA show 
a dramatic loss of membrane fluidity even when challenged 
with as little as 50 M PA (Fig. 1F, G), which is exception-
ally low compared with other published studies. Note that 
AdipoR2 knockdown causes membrane rigidification when 
cells are challenged with 200 M palmitate but not when 
treated with vehicle alone. In addition, this palmitate-in-
duced rigidification in AdipoR2 knockdown cells can be 
prevented by including equimolar amounts of the MUFA 
oleic acid, suggesting that a function of the AdipoRs during 

Fig. 1. FRAP analysis showing that AdipoR1 and AdipoR2 redundantly maintain membrane fluidity in HEK293 cells. A: qPCR results show-
ing the efficiency of the knockdown using NT, AdipoR1, and/or AdipoR2 siRNA. The expression levels are normalized to the NT value. B–D: 
FRAP results in HEK293 cells challenged with 200 M PA and treated with NT, AdipoR1, AdipoR2, or AdipoR1/2 siRNA (n = 6–14). E: Aver-
age Thalf values (the time by which half of the maximum fluorescence recovery is reached) from multiple experiments as in panels B–D. F: 
FRAP results in HEK293 cells challenged with 50 M PA and treated with NT, AdipoR2, or AdipoR1/2 siRNA (n = 10–13). G: Average Thalf 
values from panel F. H, I: FRAP results in HEK293 cells challenged with 200 M PA and treated with either vehicle (DMSO) or 5 M EPA 
(n = 10). Error bars show the SDs in histograms and SEMs in FRAP panels. *P < 0.05 and ***P < 0.001 compared with the control treatment. 
#P < 0.05 and ###P < 0.001 compared with the AdipoR1/2 siRNA treatment. NT, nontarget.
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palmitate challenge is to restore SFA/unsaturated FA (UFA) 
balance (supplemental Fig. S1F–J). The loss of membrane 
fluidity in AdipoR1/2 siRNA-treated cells challenged with 
200 M PA can also be entirely suppressed by the inclusion 
of as little as 5 M of the LCPUFA EPA (20:5) in the cul-
ture media (Fig. 1H, I); EPA is a potent fluidizing FA, and 
its ability to restore membrane fluidity in the AdipoR1/2 
siRNA-treated cells is consistent with these proteins playing 
a role in regulating the FA composition of phospholipids.

The Laurdan dye method confirms the roles of 
AdipoR1/2 in membrane homeostasis

Our measurements of membrane fluidity have so far 
relied heavily on the FRAP method. To guard against 
any misleading interpretations, it is important to verify 
critical results with independent methods. Therefore, we 
also made use of the Laurdan dye method to monitor 
membrane fluidity. This method relies on the fact that the 
membrane-bound Laurdan dye emits fluorescent light 
at different wavelengths when water is present within the 
phospholipid bilayer, which happens more readily in fluid 
membranes. This method has the additional advantages 
that multiple cells are imaged simultaneously, that subcel-
lular regions with increased rigidity can be identified, and 
that the images can be scored quantitatively using an auto-
mated ImageJ script (31). Analysis of membrane fluidity 
using the Laurdan dye method corroborates the findings 
using the FRAP method with the exception that it can now 
detect a role for AdipoR1. Specifically, we found that siRNA 
knockdown of AdipoR1 or AdipoR2 singly or together 
leads only to a minor membrane rigidification under basal 
conditions (supplemental Fig. S1K–M) but that both Adi-
poR1 and AdipoR2 are required to maintain membrane 
fluidity when HEK293 cells are challenged with 200 M 
PA (Fig. 2A–C). Furthermore, inhibiting both simultane-
ously leads to a much more severe rigidifying effect of PA 
(Fig. 2A–C), which indicates that AdipoR1 and AdipoR2 
have overlapping functions. Also, we noted that the plasma 
membrane appears to be most affected by rigidification 
when AdipoR1 and AdipoR2 are inhibited. This is par-
ticularly interesting because AdipoR1 and AdipoR2 are 
localized to the plasma membrane and may have an espe-
cially important function in maintaining fluidity in that 
membrane.

AdipoR1 and AdipoR2 promote membrane fluidity via 
several desaturases

We have previously shown that the C. elegans paqr-2 mu-
tant has an excessively high SFA-UFA ratio among phos-
pholipids and is unable to stimulate FA desaturation upon 
membrane-rigidifying challenges (cold or SFA-rich diets). 
This role in membrane homeostasis is also conserved for 
AdipoR1 and AdipoR2 in human cells. siRNA against Adi-
poR1 or AdipoR2 causes HEK293 cells to have excess SFAs 
in their phosphatidylcholines (PCs) and phosphatidyletha-
nolamines (PEs) both under basal conditions and even 
more so when challenged with 200 M PA, and this effect is 
increased when AdipoR1 and AdipoR2 are simultaneously 
inhibited (Fig. 3A, B, supplemental Fig. S2). The change in 
FA composition of the phospholipids correlates with re-
duced desaturase expression: AdipoR1 siRNA-treated cells 
have reduced expression of SCD and FADS2, while Adi-
poR2 siRNA-treated cells have reduced expression of SCD, 
FADS1, and FADS2 (Fig. 3C). Not surprisingly then, knock-
down of AdipoR1 and/or AdipoR2 increases the lipotoxic-
ity of PA: while 200 M palmitate is well-tolerated by 
HEK293 cells treated with nontarget siRNA, knockdown  
of the AdipoRs greatly increases the number of dead cells 
in the presence of PA (but not in basal media; Fig. 3D). 
Altogether these results indicate that the AdipoRs re-
dundantly maintain membrane fluidity in PA-challenged 
HEK293 cells by regulating the expression of desaturases 
and that this activity is essential in preventing lipotoxicity 
by SFAs. Accordingly, siRNA against AdipoR1 or AdipoR2 
also causes HEK293 cells to have excess SFAs in TAGs (sup-
plemental Fig. S2C, D), which again likely reflects decreased 
desaturase activity.

The C. elegans paqr-2 mutant, which lacks a functional 
PAQR-2 protein that is homologous to the AdipoRs, is un-
able to grow in the presence of glucose, even at concentra-
tions as low as 4 mM. This is because the glucose is converted 
to SFAs by the dietary Escherichia coli, which leads to mem-
brane rigidification in the worms (19). In other words, glu-
cose in itself has no effect on the paqr-2 mutant. Similarly, 
glucose has no effect on the membrane fluidity of AdipoR1 
and/or AdipoR2 siRNA-treated HEK293 cells, even when 
applied at concentrations of 100 mM, and it also had no 
effect on the SFA and MUFA content in the PCs, PEs, or 
TAGs of cells treated with AdipoR2 siRNA (supplemental 

Fig. 2. The Laurdan dye method confirms that Adi-
poR1 and AdipoR2 are required to maintain mem-
brane fluidity in HEK293 cells. A: Pseudocolor images 
showing the Laurdan dye GP index at each pixel posi-
tion in HEK293 cells challenged with 200 M PA and 
treated with NT, AdipoR1, and/or AdipoR2 siRNA. 
Note the pronounced rigidification of the plasma 
membrane in the AdipoR1/2 siRNA-treated cells. B: 
Average GP index from several images as in panel A  
(n = 10–15). C: Distribution of the GP index values in 
representative images for each treatment. Error bars 
show the SDs. ***P < 0.001 compared with the control 
treatment. ###P < 0.001 compared with the Adi-
poR1/2 siRNA treatment. GP, generalized polariza-
tion; NT, nontarget.
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Fig. S3). We conclude that, as with the C. elegans PAQR-2, 
the AdipoRs are required specifically to respond to the 
rigidifying challenge posed by exogenous SFAs and not 
for glucose tolerance.

AdipoR1 and AdipoR2 maintain membrane fluidity in 
several cell types

The AdipoRs are widely expressed, and it is therefore 
possible that they are important regulators of membrane 
fluidity in many, and perhaps even most, cell types. To ex-
plore this possibility, we investigated the effect of AdipoR1 
and/or AdipoR2 siRNA on hepatocyte-derived HepG2 
cells and astrocyte-like 1321N1 cells. siRNA knockdown in 
HepG2 cells reduced AdipoR1 mRNA levels by nearly 90% 
and AdipoR2 levels by more than 50% (supplemental Fig. 
S4A); siRNA knockdown of AdipoR1 caused a 60% re-
duction in protein levels (supplemental Fig. S4B, C). 
Knockdown of AdipoR1 alone had little effect on the mem-
brane fluidity (measured with the Laurdan dye method) of 
HepG2 cells in basal media or media supplemented with 

200 M PA (Fig. 4A–C, supplemental Fig. S4D–F). In con-
trast, AdipoR2 knockdown caused a reduced membrane 
fluidity both in basal and PA-supplemented media, and this 
effect was greatly increased when AdipoR1 and AdipoR2 
were simultaneously knocked down (Fig. 4A–C, supple-
mental Fig. S4D–F). As in HEK293 cells, knockdown of 
AdipoR1 and/or AdipoR2 resulted in the loss of cell viabil-
ity upon PA challenge (supplemental Fig. S4G) and an in-
crease in SFAs at the expense of MUFAs in PCs, PEs, and 
TAGs, especially when the cells were challenged with PA 
(supplemental Fig. S5H–M). Very similar results were ob-
tained with the 1321N1 cell line (supplemental Fig. S4N–U). 
In summary, these results suggest that AdipoR1 and AdipoR2 
are redundantly essential in maintaining membrane fluid-
ity in all three cell lines tested, each representing a differ-
ent type of cell, namely embryonic kidney cells, hepatocytes, 
and astrocytes. Maintaining membrane fluidity is likely the 
fundamental function of the AdipoRs and is particularly 
required upon membrane-rigidifying challenges such as 
when SFAs are provided exogenously.

Fig. 3. The AdipoRs are required to maintain 
MUFA levels in PCs, sustain desaturase gene expres-
sion, and prevent lipotoxicity by PA. A, B: SFA and 
MUFA abundance (mol.%) in the PCs of HEK293 
cells cultivated in the presence of either vehicle 
(DMSO) or 200 M PA and treated with NT, AdipoR1, 
and/or AdipoR2 siRNA (n = 3). C: qPCR results show-
ing the expression of three desaturases in HEK293 
cells following knockdown using NT, AdipoR1, and/
or AdipoR2 siRNA. The expression levels are normal-
ized to the NT value. D: Percentage of dead HEK293 
cells (trypan blue-positive) following cultivation in the 
presence of either vehicle (DMSO) or 200 M PA and 
treated with NT, AdipoR1, and/or AdipoR2 siRNA. 
Error bars show the SDs. *P < 0.05 and ***P < 0.001 
compared with the control treatment. #P < 0.05 and 
###P < 0.001 compared with the AdipoR1/2 siRNA 
treatment. NT, nontarget.

Fig. 4. The Laurdan dye method shows that Adi-
poR1 and AdipoR2 are required to maintain mem-
brane fluidity in HepG2 cells. A: Pseudocolor images 
showing the Laurdan dye GP index at each pixel posi-
tion in HepG2 cells challenged with 200 M PA and 
treated with NT, AdipoR1, and/or AdipoR2 siRNA. 
Note the pronounced rigidification of the plasma 
membrane in the AdipoR1/2 siRNA-treated cells. B: 
Average GP index from several images as in panel A 
(n = 15). C: Distribution of the GP index values in rep-
resentative images for each treatment. Error bars 
show the SDs. *P < 0.05 and ***P < 0.001 compared 
with the control treatment. #P < 0.05 and ###P < 0.001 
compared with the AdipoR1/2 siRNA treatment. GP, 
generalized polarization; NT, nontarget.
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The AdipoRs maintain membrane fluidity in human 
primary cells independently of adiponectin

Established cell lines harbor a multitude of mutations 
and are abnormal in many ways, including in lipid metabo-
lism. It was therefore important to verify our key findings in 
human primary cells. We began by optimizing knockdown 
of AdipoR1 and/or AdipoR2 in HUVECs, being able to 
inhibit >90% of their expression (Fig. 5A). We then also 
optimized the Laurdan dye method for HUVECs and 
found that it clearly detected membrane rigidification 
when these cells were challenged with 400 M PA (supple-
mental Fig. S5A–C), which is the concentration most often 
used to rigidify cell membranes in control cells. Knock-
down of AdipoR1 alone had little effect on the HUVECs 
challenged with 200 M PA (Fig. 5B–D). In contrast, Adi-
poR2 knockdown caused a reduced membrane fluidity in 
200 M PA-supplemented media, and this effect was greatly 
increased when AdipoR1 and AdipoR2 were simultaneously 
knocked down (Fig. 5B–D). Knockdown of AdipoR1 and/or 
AdipoR2 had no effect on the membrane fluidity of HUVECs 
grown in basal media (supplemental Fig. S5D–F). We con-
clude that AdipoR1 and AdipoR2 are essential in maintain-
ing membrane fluidity in primary human endothelial cells, 
especially in the presence of exogenous SFAs.

As with the HEK293 cells, inhibition of either AdipoR1 
and AdipoR2 led to reduced expression of the FA desatu-
rases SCD, FADS1, and FADS2 (only SCD was not down-
regulated by AdipoR1 siRNA; Fig. 5E). Desaturase activity is 

essential in maintaining membrane fluidity upon a PA 
challenge. In particular, SCD inhibition by siRNA (supple-
mental Fig. S5G) led to decreased membrane fluidity of 
HUVECs incubated with 200 M PA, but not in basal me-
dia (supplemental Fig. S5H–M).

Finally, we note that adiponectin, a proposed ligand for 
the AdipoRs, was never included in any of our experiments. 
Indeed, most experiments involved long periods of incuba-
tions in serum-free media (basal) or serum-free media sup-
plemented with PA, and there is likely no expression of 
adiponectin from the tested cells themselves because this is 
an adipocyte-specific protein. As a definitive test we per-
formed qPCR analysis using mRNA from the three studied 
cell lines (HEK293, HepG2, and 1321N1), HUVECs and 
human adipose tissue. Using this assay, we could detect 
strong adiponectin expression in the adipocyte sample and 
no expression in the cell lines or HUVECs; the house-keep-
ing control gene PPIA was detected in all samples (Table 1, 
supplemental Fig. S6A). Supplementing HEK293 cells with  
5 g/ml (14) or 10 g/ml recombinant adiponectin (pro-
duced from a mammalian cell-expression system) did not 
improve their ability to prevent membrane rigidification by 
400 M PA (the lowest concentration that reduced fluidity in 
control HEK293 cells), suggesting that adiponectin does not 
potentiate the activity of the AdipoRs, at least in this context 
(supplemental Fig. S6B, C). We conclude from this that adi-
ponectin is not required for the ability of the AdipoRs to act 
as regulators of membrane fluidity in human cells.

Fig. 5. The AdipoRs maintain membrane fluidity and desaturase expression in primary human cells (HUVECs). A: qPCR results showing 
the efficiency of the knockdown in HUVECs using NT, AdipoR1, and/or AdipoR2 siRNA. The expression levels are normalized to the NT 
value. B: Pseudocolor images showing the Laurdan dye GP index at each pixel position in HUVECs challenged with 200 M PA and treated 
with NT, AdipoR1, and/or AdipoR2 siRNA. Note the pronounced rigidification of the plasma membrane in the AdipoR1/2 siRNA-treated 
cells. C: Average GP index from several images as in panel A (n = 10–15). D: Distribution of the GP index values in representative images for 
each treatment. E: qPCR results showing the expression of three desaturases in HEK293 cells following knockdown using NT, AdipoR1, and/
or AdipoR2 siRNA. The expression levels are normalized to the NT value. Error bars show the SDs. **P < 0.01 and ***P < 0.001 compared 
with the control treatment. ###P < 0.001 compared with the AdipoR1/2 siRNA treatment. GP, generalized polarization; NT, nontarget.
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DISCUSSION

The three most important conclusions from the present 
work are 1) both AdipoR1 and AdipoR2 maintain mem-
brane fluidity by promoting desaturase activity and, hence, 
MUFA levels in phospholipids; 2) AdipoR1 and AdipoR2 
help maintain membrane fluidity in multiple cell types, in-
cluding primary human endothelial cells; and 3) adiponec-
tin is not required for the function of the AdipoRs as 
fluidity regulators. These conclusions lead to a simple 
model of AdipoR function (Fig. 6) and will now be dis-
cussed in the broader context of existing literature.

That both AdipoR1 and AdipoR2 have similar functions 
is not surprising given their high degree of amino acid 
identity [66% (1)]. Many tissues express both proteins, 
and it is likely that many cell types also express both, as was 
the case for all four cell types studied here (HEK293, 
HepG2, 1321N1, and primary HUVECs). Coexpression of 
two proteins with similar functions provides redundancy, 
and hence robustness, in the maintenance of membrane 
homeostasis. We note, however, that in all cell types it was 
the inhibition of AdipoR2 that had the strongest effect on 
membrane fluidity, suggesting that AdipoR2 plays a larger 
role than AdipoR1. This is interesting because the AdipoR2 
knockout mice are reported to have a more severe pheno-
type, including an enlarged brain, male sterility, low weight, 
and increased risk of diabetes (5, 35), than the AdipoR1 
mice, which primarily show a retina defect that is also 
found in humans with mutations in AdipoR1 (7, 8, 36, 37), 

as well as a tendency to gain weight (5). That the two genes 
have overlapping functions is clear from the fact that dou-
ble-mutant mice lacking both AdipoR1 and AdipoR2 have 
more severe metabolic defects than either single mutants 
(2) and may even be embryonic lethal according to an-
other study (6). The situation in mice therefore echoes 
that in C. elegans, in which the two AdipoR homologues, 
paqr-1 and paqr-2, are also partially redundant (the double 
mutant is more severe than the single mutant), although 
paqr-2 is clearly more important because it shows strong 
phenotypes as a single mutant (cold and SFA intolerance 
and a morphology defect in the thin membranous tail tip) 
that are accompanied by the loss of membrane fluidity 
(17).

The knowledge that AdipoR1 and AdipoR2 are impor-
tant for membrane homeostasis, primarily promoting FA 
desaturation to restore fluidity, may lead to a better under-
standing of several of the mouse mutant phenotypes. For 
example, the enlarged brain of the AdipoR2 knockout 
mice may be secondary to an inability to sustain membrane 
fluidity in the mutant (5). The brain is exceedingly depen-
dent on membrane fluidity for the process of neurotrans-
mitter vesicle trafficking and fusion at the synapses (38). 
Similarly, spermatogenesis is critically dependent on an 
abundance of fluid membrane, and desaturase mutants are 
therefore sterile (39). It will be interesting to revisit these 
and other AdipoR2 knockout mouse phenotypes and test 
the specific hypothesis that they are the result of failures in 
membrane fluidity homeostasis. Further, several articles 
have implicated the AdipoRs as being important in pre-
venting metabolic syndrome complications, for example, 
when mice are fed high-fat diets. Given the extensive litera-
ture documenting high SFA content and membrane rigid-
ity in diabetics (40, 41), it will be very interesting to see 
whether the alleged protective effects of the AdipoRs may 
be explained precisely because they help delay or even pre-
vent such membrane rigidification. In particular, pancreatic 
-cell function depends on delicate membrane trafficking 
and fusion events essential for insulin secretion (42). Such 
processes are very sensitive to membrane rigidification, and 
the maintenance of membrane fluidity in -cells may be an 
important function of the AdipoRs in the context of the 
metabolic syndrome.

The AdipoRs were initially identified as adiponectin re-
ceptors in a cDNA expression screen to identify clones that 

TABLE 1. qPCR results for the detection of adiponectin (primer set I) 
and PPIA expression in all cell types studied

Sample Adiponectin PPIA

Subcutaneous fat 17.01 20.47
Breast fat 16.76 19.91
HUVEC 1 Nondetected 15.13
HUVEC 2 Nondetected 16.75
HUVEC 3 Nondetected 17.82
HEK293 1 Nondetected 15.80
HEK293 2 Nondetected 15.96
HepG2 Nondetected 16.98
1321N1 1 Nondetected 15.30
1321N1 2 Nondetected 15.19
Nontemplate control Nondetected 34.63

The CT values are indicated for each sample/gene. Results from 
different cDNA preparations are shown for several samples (numbered 
1, 2, or 3).

Fig. 6. Model for the role of the AdipoRs in mem-
brane homeostasis. In healthy cells challenged with 
exogenous SFAs, the AdipoRs sense membrane rigidi-
fication and signals to promote desaturase enzyme 
expression, resulting in increased incorporation of 
fluidizing UFAs into phospholipids. AdipoR-deficient 
cells fail to promote desaturase activity to compensate 
for the exogenously provided SFAs that become incor-
porated into phospholipids, leading to membrane ri-
gidification and hence lipotoxicity.
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would bind fluorescently labeled recombinant adiponectin 
(1). Several studies later suggested that the activity of the 
AdipoRs, for example in preventing metabolic defects upon 
high-fat diets in mice, were dependent on adiponectin, 
usually provided in its recombinant, E. coli-expressed form 
(2). The functionality of recombinant adiponectin has, how-
ever, been questioned (9), and the hypothesis that adipo-
nectin could act as a hormone may be questioned on the 
grounds that it is simply too abundant a serum protein to 
serve such a function (adiponectin is present at g/ml lev-
els compared with other hormones such as insulin or leptin 
that are present at ng/ml levels), although it is possible 
that much less abundant multimeric forms with dynami-
cally regulated levels are the true nature of adiponectin as 
a hormone (43, 44). In any case, the three different cell 
lines and human primary cells studied here do not express 
adiponectin, and yet we could demonstrate clear functions 
for both AdipoR1 and AdipoR2 in preventing membrane 
rigidification by PA; the addition of recombinant adipo-
nectin also did not improve the ability of HEK293 cells to 
maintain membrane fluidity when challenged with palmi-
tate, suggesting that it is not limiting for AdipoR function 
in these assays. This again echoes the situation in C. elegans, 
in which no adiponectin homologue has so far been identi-
fied and in which several forward genetic screens for sup-
pressors or genocopiers of paqr-2 have failed to identify a 
putative ligand (17, 20, 22, 45).

One limitation of our experiments is that we do not 
know the extent of protein activity reduction achieved by 
the siRNA treatments. Good antibodies to these proteins 
have been difficult to produce. For AdipoR1, more than 15 
different antibodies were recently rigorously tested, and a 
single one was found to specifically recognize AdipoR1 in a 
useful way (8). Using this antibody in Western blot shows a 
>90% and 50% reduction in AdipoR1 levels in siRNA-
treated HEK293 and HepG2 cells, respectively (supple-
mental Figs. S1A, S4B). We also tried two different AdipoR2 
antibodies without success: both produced a very high level 
of background bands. This likely explains why AdipoR2  
antibodies have so rarely been used in studies to detect  
the endogenous protein. However, we are confident in the 
siRNA successfully inhibiting AdipoR2 in our experiments 
for several reasons: 1) two different siRNA oligo pairs pro-
duce the same membrane rigidification effect (19); 2) the 
qPCR clearly shows efficient downregulation of the Adi-
poR2 mRNA in cell lines and primary cells (Figs. 3C, 5E); 
3) the effects of siRNA against AdipoR2 are additive with 
that of AdipoR1 knockdown; and 4) the membrane rigidi-
fication caused by siRNA against AdipoR2 is accompanied 
by excess SFAs in phospholipids in all cell types tested, just 
as it is in C. elegans (19, 20).

Finally, it is interesting to note that the methods used to 
evaluate membrane properties (FRAP and Laurdan dye 
fluorescence) and composition (lipidomics) did not distin-
guish among the various organellar membranes of the cells 
examined. Rather, all three methods scored the entire 
cells. Of the three methods, it is the Laurdan dye fluores-
cence that provides the best spatial resolution. An exami-
nation of the generalized polarization index pseudocolor 

images (e.g., Fig. 2A for HEK293 cells, Fig. 4A for HepG2 
cells, and Fig. 5B for HUVECs) indicates membrane rigidi-
fication across the entire cells but clearly most pronounced 
in the plasma membranes. This is interesting because the 
AdipoRs are the only sense-and-response membrane sen-
sors localized to the plasma membrane and may therefore 
be especially important for plasma membrane homeosta-
sis. The AdipoRs may therefore complement the activities 
of other guardians of cellular membranes, such as PCYT1A 
and Tafazzin [sense and repair packing defects in the inner 
nuclear membrane and mitochondria, respectively (46, 47)], 
IRE1 [senses bilayer stress in the ER (48)], or the SREBPs 
(sense cholesterol and PC levels (49, 50)]. It will be inter-
esting in the future to perform cell-fractionation experi-
ments in AdipoR-deficient cells to better understand the 
organelle-specific roles of these proteins.

In conclusion, the present findings indicate that the Adi-
poRs are important regulators of membrane fluidity in 
most cell types, including human primary endothelial cells, 
and that they can carry out this function without any ligand 
being present.

We acknowledge the Centre for Cellular Imaging at the University 
of Gothenburg and the National Microscopy Infrastructure, 
NMI (VR-RFI 2016-00968) for providing assistance in microscopy. 
The authors thank Pablo Guridi Fernández for his help with 
some of the experiments.

REFERENCES

 1. Yamauchi, T., J. Kamon, Y. Ito, A. Tsuchida, T. Yokomizo, S. Kita, T. 
Sugiyama, M. Miyagishi, K. Hara, M. Tsunoda, et al. 2003. Cloning 
of adiponectin receptors that mediate antidiabetic metabolic effects. 
Nature. 423: 762–769.

 2. Yamauchi, T., Y. Nio, T. Maki, M. Kobayashi, T. Takazawa, M. Iwabu, 
M. Okada-Iwabu, S. Kawamoto, N. Kubota, T. Kubota, et al. 2007. 
Targeted disruption of AdipoR1 and AdipoR2 causes abrogation of 
adiponectin binding and metabolic actions. Nat. Med. 13: 332–339.

 3. Kubota, N., W. Yano, T. Kubota, T. Yamauchi, S. Itoh, H. Kumagai, 
H. Kozono, I. Takamoto, S. Okamoto, T. Shiuchi, et al. 2007. 
Adiponectin stimulates AMP-activated protein kinase in the hypo-
thalamus and increases food intake. Cell Metab. 6: 55–68.

 4. Iwabu, M., T. Yamauchi, M. Okada-Iwabu, K. Sato, T. Nakagawa, 
M. Funata, M. Yamaguchi, S. Namiki, R. Nakayama, M. Tabata,  
et al. 2010. Adiponectin and AdipoR1 regulate PGC-1alpha and mi-
tochondria by Ca(2+) and AMPK/SIRT1. Nature. 464: 1313–1319.

 5. Bjursell, M., A. Ahnmark, M. Bohlooly-Y, L. William-Olsson, M. 
Rhedin, X-R. Peng, K. Ploj, A-K. Gerdin, G. Arnerup, A. Elmgren, 
et al. 2007. Opposing effects of adiponectin receptors 1 and 2 on 
energy metabolism. Diabetes. 56: 583–593.

 6. Lindgren, A., M. Levin, S. Rodrigo Blomqvist, J. Wikström, A. 
Ahnmark, C. Mogensen, G. Böttcher, M. Bohlooly-Y, J. N. Borén, 
L-M. Gan, et al. 2013. Adiponectin receptor 2 deficiency results in 
reduced atherosclerosis in the brachiocephalic artery in apolipo-
protein E deficient mice. PLoS One. 8: e80330.

 7. Rice, D. S., J. M. Calandria, W. C. Gordon, B. Jun, Y. Zhou, C. M. 
Gelfman, S. Li, M. Jin, E. J. Knott, B. Chang, et al. 2015. Adiponectin 
receptor 1 conserves docosahexaenoic acid and promotes photore-
ceptor cell survival. Nat. Commun. 6: 6228.

 8. Sluch, V. M., A. Banks, H. Li, M. A. Crowley, V. Davis, C. Xiang, J. 
Yang, J. T. Demirs, J. Vrouvlianis, B. Leehy, et al. 2018. ADIPOR1 
is essential for vision and its RPE expression is lost in the Mfrprd6 
mouse. Sci. Rep. 8: 14339.

 9. Tullin, S., A. Sams, J. Brandt, K. Dahl, W. Gong, C. B. Jeppesen, T. N. 
Krogh, G. S. Olsen, Y. Liu, A. A. Pedersen, et al. 2012. Recombinant 
adiponectin does not lower plasma glucose in animal models of 
type 2 diabetes. PLoS One. 7: e44270.



1004 Journal of Lipid Research Volume 60, 2019

 10. Tanabe, H., Y. Fujii, M. Okada-Iwabu, M. Iwabu, Y. Nakamura, T. 
Hosaka, K. Motoyama, M. Ikeda, M. Wakiyama, T. Terada, et al. 
2015. Crystal structures of the human adiponectin receptors. Nature. 
520: 312–316.

 11. Mattiazzi Ušaj, M., M. Prelec, M. Brložnik, C. Primo, T. Curk, J. 
Ščančar, L. Yenush, and U. Petrovič. 2015. Yeast Saccharomyces 
cerevisiae adiponectin receptor homolog Izh2 is involved in the 
regulation of zinc, phospholipid and pH homeostasis. Metallomics. 
7: 1338–1351.

 12. Villa, N. Y., B. R. Kupchak, I. Garitaonandia, J. L. Smith, E. Alonso, 
C. Alford, L. A. Cowart, Y. A. Hannun, and T. J. Lyons. 2009. 
Sphingolipids function as downstream effectors of a fungal PAQR. 
Mol. Pharmacol. 75: 866–875.

 13. Holland, W. L., J. Y. Xia, J. A. Johnson, K. Sun, M. J. Pearson, A. X. 
Sharma, E. Quittner-Strom, T. S. Tippetts, R. Gordillo, and P. E. 
Scherer. 2017. Inducible overexpression of adiponectin receptors 
highlight the roles of adiponectin-induced ceramidase signaling in 
lipid and glucose homeostasis. Mol. Metab. 6: 267–275.

 14. Holland, W. L., R. A. Miller, Z. V. Wang, K. Sun, B. M. Barth, H. H. 
Bui, K. E. Davis, B. T. Bikman, N. Halberg, J. M. Rutkowski, et al. 
2011. Receptor-mediated activation of ceramidase activity initiates 
the pleiotropic actions of adiponectin. Nat. Med. 17: 55–63.

 15. Vasiliauskaité-Brooks, I., R. Sounier, P. Rochaix, G. Bellot, M. 
Fortier, F. Hoh, L. De Colibus, C. Bechara, E. M. Saied, C. Arenz, 
et al. 2017. Structural insights into adiponectin receptors suggest 
ceramidase activity. Nature. 544: 120–123.

 16. Pei, J., D. P. Millay, E. N. Olson, and N. V. Grishin. 2011. CREST–a 
large and diverse superfamily of putative transmembrane hydro-
lases. Biol. Direct. 6: 37.

 17. Svensson, E., L. Olsen, C. Mörck, C. Brackmann, A. Enejder, N. J. 
Faergeman, and M. Pilon. 2011. The adiponectin receptor homo-
logs in C. elegans promote energy utilization and homeostasis. PLoS 
One. 6: e21343.

 18. Svensk, E., R. Devkota, M. Ståhlman, P. Ranji, M. Rauthan, F. 
Magnusson, S. Hammarsten, M. Johansson, J. N. Borén, and M. 
Pilon. 2016. Caenorhabditis elegans PAQR-2 and IGLR-2 protect 
against glucose toxicity by modulating membrane lipid composi-
tion. PLoS Genet. 12: e1005982.

 19. Devkota, R., E. Svensk, M. Ruiz, M. Ståhlman, J. N. Borén, and 
M. Pilon. 2017. The adiponectin receptor AdipoR2 and its 
Caenorhabditis elegans homolog PAQR-2 prevent membrane rigidifi-
cation by exogenous saturated fatty acids. PLoS Genet. 13: e1007004.

 20. Svensk, E., M. Ståhlman, C-H. Andersson, M. Johansson, J. N. Borén, 
and M. Pilon. 2013. PAQR-2 regulates fatty acid desaturation during 
cold adaptation in C. elegans. PLoS Genet. 9: e1003801.

 21. Bodhicharla, R., R. Devkota, M. Ruiz, and M. Pilon. 2018. Membrane 
fluidity is regulated cell nonautonomously by Caenorhabditis elegans 
PAQR-2 and its mammalian homolog AdipoR2. Genetics. 210: 
189–201.

 22. Ruiz, M., R. Bodhicharla, E. Svensk, R. Devkota, K. Busayavalasa, H. 
Palmgren, M. Ståhlman, J. N. Borén, and M. Pilon. 2018. Membrane 
fluidity is regulated by the C. elegans transmembrane protein FLD-1 
and its human homologs TLCD1/2. eLife. 7: 1309.

 23. Ruiz, M., H. Okada, and B. Dahlbäck. 2017. HDL-associated ApoM 
is anti-apoptotic by delivering sphingosine 1-phosphate to S1P1 & 
S1P3 receptors on vascular endothelium. Lipids Health Dis. 16: 36.

 24. Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(-Delta 
Delta C(T)) Method. Methods. 25: 402–408.

 25. Löfgren, L., M. Ståhlman, G-B. Forsberg, S. Saarinen, R. Nilsson, 
and G. I. Hansson. 2012. The BUME method: a novel automated 
chloroform-free 96-well total lipid extraction method for blood 
plasma. J. Lipid Res. 53: 1690–1700.

 26. Jung, H. R., T. Sylvänne, K. M. Koistinen, K. Tarasov, D. Kauhanen, 
and K. Ekroos. 2011. High throughput quantitative molecular lipi-
domics. Biochim. Biophys. Acta. 1811: 925–934.

 27. Ekroos, K., C. S. Ejsing, U. Bahr, M. Karas, K. Simons, and A. 
Shevchenko. 2003. Charting molecular composition of phosphati-
dylcholines by fatty acid scanning and ion trap MS3 fragmentation. 
J. Lipid Res. 44: 2181–2192.

 28. Amrutkar, M., E. Cansby, E. Nuñez-Durán, C. Pirazzi, M. Ståhlman, 
E. Stenfeldt, U. Smith, J. N. Borén, and M. Mahlapuu. 2015. Protein 
kinase STK25 regulates hepatic lipid partitioning and progression 
of liver steatosis and NASH. FASEB J. 29: 1564–1576.

 29. Murphy, R. C., P. F. James, A. M. McAnoy, J. Krank, E. Duchoslav, 
and R. M. Barkley. 2007. Detection of the abundance of diacylglycerol 

and triacylglycerol molecular species in cells using neutral loss mass 
spectrometry. Anal. Biochem. 366: 59–70.

 30. Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image 
to ImageJ: 25 years of image analysis. Nat. Methods. 9: 671–675.

 31. Owen, D. M., C. Rentero, A. Magenau, A. Abu-Siniyeh, and K. Gaus. 
2011. Quantitative imaging of membrane lipid order in cells and 
organisms. Nat. Protoc. 7: 24–35.

 32. Radanović, T., J. Reinhard, S. Ballweg, K. Pesek, and R. Ernst. 2018. 
An emerging group of membrane property sensors controls the 
physical state of organellar membranes to maintain their identity. 
BioEssays. 40: e1700250.

 33. Harayama, T., and H. Riezman. 2018. Understanding the diversity 
of membrane lipid composition. Nat. Rev. Mol. Cell Biol. 19: 281–296.

 34. Mouritsen, O. G. 2011. Lipidology and lipidomics–quo vadis? A new 
era for the physical chemistry of lipids. Phys. Chem. Chem. Phys. 13: 
19195–19205.

 35. Liu, Y., M. D. Michael, S. Kash, W. R. Bensch, B. P. Monia, S. F. 
Murray, K. A. Otto, S. K. Syed, S. Bhanot, K. W. Sloop, et al. 2007. 
Deficiency of adiponectin receptor 2 reduces diet-induced insulin 
resistance but promotes type 2 diabetes. Endocrinology. 148: 683–692.

 36. Zhang, J., C. Wang, Y. Shen, N. Chen, L. Wang, L. Liang, T. Guo, 
X. Yin, Z. Ma, B. Zhang, et al. 2016. A mutation in ADIPOR1 causes 
nonsyndromic autosomal dominant retinitis pigmentosa. Hum. 
Genet. 135: 1375–1387.

 37. Xu, M., A. Eblimit, J. Wang, J. Li, F. Wang, L. Zhao, X. Wang, N. Xiao, 
Y. Li, L.-J. C. Wong, R. A. Lewis, and R. Chen. 2016. ADIPOR1 is mu-
tated in syndromic retinitis pigmentosa. Hum. Mut. 37:246–249.

 38. Manni, M. M., M. L. Tiberti, S. Pagnotta, H. Barelli, R. Gautier, and 
B. Antonny. 2018. Acyl chain asymmetry and polyunsaturation of 
brain phospholipids facilitate membrane vesiculation without leak-
age. eLife. 7: 15114.

 39. Roqueta-Rivera, M., C. K. Stroud, W. M. Haschek, S. J. Akare, M. 
Segre, R. S. Brush, M-P. Agbaga, R. E. Anderson, R. A. Hess, and M. 
T. Nakamura. 2010. Docosahexaenoic acid supplementation fully 
restores fertility and spermatogenesis in male delta-6 desaturase-
null mice. J. Lipid Res. 51: 360–367.

 40. Pilon, M. 2016. Revisiting the membrane-centric view of diabetes. 
Lipids Health Dis. 15: 167.

 41. Gianfrancesco, M. A., N. Paquot, J. Piette, and S. Legrand-Poels. 
2018. Lipid bilayer stress in obesity-linked inflammatory and meta-
bolic disorders. Biochem. Pharmacol. 153: 168–183.

 42. Hastoy, B., A. Clark, P. Rorsman, and J. Lang. 2017. Fusion pore in 
exocytosis: More than an exit gate? A -cell perspective. Cell Calcium. 
68: 45–61.

 43. Pajvani, U. B., M. Hawkins, T. P. Combs, M. W. Rajala, T. Doebber, 
J. P. Berger, J. A. Wagner, M. Wu, A. Knopps, A. H. Xiang, et al. 
2004. Complex distribution, not absolute amount of adiponectin, 
correlates with thiazolidinedione-mediated improvement in insulin 
sensitivity. J. Biol. Chem. 279: 12152–12162.

 44. Pajvani, U. B., X. Du, T. P. Combs, A. H. Berg, M. W. Rajala, T. 
Schulthess, J. Engel, M. Brownlee, and P. E. Scherer. 2003. Structure-
function studies of the adipocyte-secreted hormone Acrp30/adipo-
nectin. Implications fpr metabolic regulation and bioactivity. J. Biol. 
Chem. 278: 9073–9085.

 45. Svensk, E., J. Biermann, S. Hammarsten, F. Magnusson, and M. 
Pilon. 2016. Leveraging the withered tail tip phenotype in C. elegans 
to identify proteins that influence membrane properties. Worm. 5: 
e1206171.

 46. Haider, A., Y-C. Wei, K. Lim, A. D. Barbosa, C-H. Liu, U. Weber, 
M. Mlodzik, K. Oras, S. Collier, M. M. Hussain, et al. 2018. PCYT1A 
regulates phosphatidylcholine homeostasis from the inner nuclear 
membrane in response to membrane stored curvature elastic stress. 
Dev. Cell. 45: 481–495.e8.

 47. Schlame, M., D. Acehan, B. Berno, Y. Xu, S. Valvo, M. Ren, D. L. 
Stokes, and R. M. Epand. 2012. The physical state of lipid substrates 
provides transacylation specificity for tafazzin. Nat. Chem. Biol. 8: 
862–869.

 48. Halbleib, K., K. Pesek, R. Covino, H. F. Hofbauer, D. Wunnicke, I. 
Hänelt, G. Hummer, and R. Ernst. 2017. Activation of the unfolded 
protein response by lipid bilayer stress. Mol. Cell. 67: 673–684.e8.

 49. Goldstein, J. L., R. A. DeBose-Boyd, and M. S. Brown. 2006. Protein 
sensors for membrane sterols. Cell. 124: 35–46.

 50. Walker, A. K., R. L. Jacobs, J. L. Watts, V. Rottiers, K. Jiang, D. M. 
Finnegan, T. Shioda, M. Hansen, F. Yang, L. J. Niebergall, et al. 
2011. A conserved SREBP-1/phosphatidylcholine feedback circuit 
regulates lipogenesis in metazoans. Cell. 147: 840–852.


