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Adiponectin (Acrp30) is an adipokine associated with protection
from cardiovascular disease, insulin resistance, and inflammation.
Although its effects are conventionally attributed to binding
Adipor1/2 and T-cadherin, its abundance in circulation, role in
ceramide metabolism, and homology to C1q suggest an overlooked
role as a lipid-binding protein, possibly generalizable to other C1q/
TNF-related proteins (CTRPs) and C1q family members. To investi-
gate this, adiponectin, representative family members, and variants
were expressed in Expi293 cells and tested for binding to lipids in
liposomes using density centrifugation. Binding to physiological lip-
ids were also analyzed using gradient ultracentrifugation, liquid
chromatography-mass spectrometry, and shotgun lipidomics. Inter-
estingly, adiponectin selectively bound several anionic phospho-
lipids and sphingolipids, including phosphatidylserine, ceramide-1-
phosphate, glucosylceramide, and sulfatide, via the C1q domain in
an oligomerization-dependent fashion. Binding to lipids was ob-
served in liposomes, low-density lipoproteins, cell membranes,
and plasma. Other CTRPs and C1q family members (Cbln1, CTRP1,
CTRP5, and CTRP13) also bound similar lipids. These findings sug-
gest that adiponectin and CTRPs function not only as hormones,
but also as lipid opsonins, as may other C1q family proteins.
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Since the discovery of adiponectin as a metabolic hormone
secreted by adipocytes, many studies have described the pro-

tective effects of adiponectin against cardiovascular disease, in-
sulin resistance, and inflammation in sepsis and metabolic disease
(1–8). Many of these discoveries were complemented by studies
on the putative adiponectin receptors Adipor1 and Adipor2 (1, 9),
which are thought to mediate the myriad effects of adiponectin
by inducing 5′ AMP-activated protein kinase (AMPK) signaling,
peroxisome proliferator-activated receptor-α transcriptional pro-
grams, and receptor-intrinsic ceramidase activity (10). This ability
of adiponectin to reduce tissue ceramide levels has been posited
to explain its insulin-sensitizing and anti-inflammatory properties
(11–13). Adiponectin also has been shown to bind a separate
glycosylphosphatidylinositol-linked receptor, T-cadherin (14), which
has recently been shown to similarly reduce tissue ceramide levels
by triggering the release of exosomes (15). Together, these findings
suggest that adiponectin ameliorates metabolic disease by altering
tissue lipids, especially ceramides, via receptor binding and activa-
tion of downstream intracellular processes. Closely related C1q/
TNF-related proteins (CTRPs) have been found to similarly affect
metabolism (16, 17).
However, several features of adiponectin biology are not readily

consistent with the prevailing view that adiponectin functions
solely as a classical hormone. First, adiponectin circulates in blood
at micromolar levels (18), in the range of carrier proteins such as
insulin-like growth factor-binding proteins and retinol-binding
proteins. Other hormones, such as insulin and leptin, circulate in
the nanomolar range. Another unexplained feature of adiponectin
is its existence as multimers and cleaved forms, which appear to
have different physiological effects. Adiponectin spontaneously
forms trimers, which assemble into dimers of trimers and 4- and

5-mers of trimers, respectively referred to as low molecular weight
(LMW), medium molecular weight (MMW), and high molecular
weight (HMW) complexes. Adiponectin can also be cleaved by
serum elastases and thrombin between the globular C1q-like head
domain and the collagenous tail domain, forming globular adi-
ponectin (gAd). While gAd appears to bind AdipoR1/2 and ac-
tivate AMPKmore strongly than full-length protein (19, 20), levels
of HMW multimers are more strongly associated with insulin
sensitivity (21, 22), have a longer half-life in circulation (18), and
are selectively bound by T-cadherin over globular/trimeric forms
(14). The basis of these differences is difficult to explain with the
current receptor-ligand paradigm of adiponectin. Finally, several
studies have shown an important protective role of adiponectin in
clearing apoptotic cells and preventing the development of auto-
immunity, supposedly mediated in part by binding to calreticulin
(23, 24). How this nonmetabolic role of adiponectin relates to its
metabolic role is also unclear.
Interestingly, HMW adiponectin appears almost identical to

C1q (25), with which adiponectin and CTRPs share extensive
structural and sequence homology (16, 26, 27). While these
similarities have been noted, the possibility that these proteins
may have similar functions has not been explored. C1q is best
known in innate immunity as an opsonin and initiator of the
classical complement cascade. Unlike adiponectin, which forms
homotrimers, C1q is a heterotrimer of three distinct subunits
(C1qA, B, and C), which together bind diverse ligands including
the FC domain of various immunoglobulins, C-reactive protein,
β-amyloid, carbohydrates, and anionic phospholipids like lipo-
polysaccharide, cardiolipin, and phosphatidylserine (27). Adipo-
nectin, CTRPs, and C1q family proteins also resemble collectins

Significance

Adiponectin, a member of the CTRP family of secreted proteins
produced by adipose tissue, is thought to function as an en-
docrine hormone. An unusual feature of adiponectin is that it is
present in high concentrations in circulation and thus may have
noncanonical endocrine functions. Here we show that adipo-
nectin as well as several other CTRPs and C1q family proteins
bind anionic phospholipids, suggesting that their mode of ac-
tion is opsonization of cells with specific plasma membrane
phospholipid compositions. These findings suggest a new
perspective on CTRP family function.

Author contributions: J.J.Y. and R.M. designed research; J.J.Y. performed research; X.B.
and J.L. contributed new reagents/analytic tools; J.J.Y. and R.M. analyzed data; and J.J.Y.
and R.M. wrote the paper.

Reviewers: I.A., Weizmann Institute; and G.W.W., Johns Hopkins University School
of Medicine.

The authors declare no competing interest.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: ruslan.medzhitov@yale.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1922270117/-/DCSupplemental.

First published July 6, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.1922270117 PNAS | July 21, 2020 | vol. 117 | no. 29 | 17381–17388

PH
YS

IO
LO

G
Y

https://orcid.org/0000-0001-8392-7423
https://orcid.org/0000-0002-6075-2656
https://orcid.org/0000-0002-7021-2012
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1922270117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ruslan.medzhitov@yale.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922270117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922270117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922270117


(e.g., surfactant proteins, mannose-binding lectins) and ficolins,
which, like C1q, bind various phospholipids and carbohydrates
(28–30).
Given adiponectin’s structural similarity to C1q, involvement in

apoptotic cell clearance, unexplained high circulating levels, and
relation with tissue ceramides, along with the known effects of
ectopic lipid deposition on insulin resistance and metabolic dis-
ease (31, 32), we hypothesized that adiponectin may bind and help
clear unwanted lipids. Using biochemical approaches, we find that
adiponectin binds a range of anionic phospholipids and sphingo-
lipids, including phosphatidylserine, sulfatide, glucosylceramide,
and ceramide-1-phosphate, suggesting a modified model of adi-
ponectin function in which its activity as a lipid opsonin promotes
lipid clearance. We also find that this property extends to multiple
CTRPs and C1q family members, which may influence our un-
derstanding of their biology as well.

Results
Adiponectin Binds Multiple Anionic Phospholipids and Sphingolipids.
For initial screens, recombinant murine adiponectin cloned with a
C-terminal V5-6xHis tag was expressed in Expi293 cells, harvested
in cell supernatant, and tested for binding to lipids on nitrocellulose
strips using dot blot assays. Remarkably, adiponectin showed
binding to a variety of anionic phospholipids and sphingolipids,
including phosphatidic acid, phosphatidylserine (PS), phosphatidy-
linositol phosphate (PIP), phosphatidylinositol 4,5-bisphosphate
(PIP2), phosphatidylinositol (3,4,5)-trisphosphate (PIP3), cardiolipin
(CL), sulfatide (ST), ceramide-1-phosphate (Cer1P), and dihy-
droceramide-1-phosphate (DHCer1P) (Fig. 1A). Binding to Cer1P
is especially interesting given the relationship of adiponectin with
ceramide metabolism (10, 11). Little or no binding was observed to
triglycerides, diacylglycerol, cholesterol, neutral sphingolipids and
phospholipids—including ceramide and phosphatidylcholine—or
single-tailed sphingosines. Lipid binding was lost on deletion of the
C1q domain, suggesting a specific protein–lipid interaction. Binding
patterns were also identical between unpurified supernatant and
adiponectin isolated by nickel-nitrilotriacetic acid (Ni-NTA) affinity
chromatography (SI Appendix, Fig. S1), suggesting direct lipid
binding. Purified protein was used for all subsequent experiments.
Because dot plots are prone to false-positive results from

nonphysiological interactions of proteins with randomly oriented
desiccated lipids, binding of adiponectin to a subset of lipid targets
was validated using a liposome pulldown assay, in which lipids are
presented to proteins in a more physiological orientation and
environment. In brief, sucrose-loaded liposomes with varying
amounts of target lipid in the membrane were blocked, incubated
with protein at 37 °C, washed, isolated by density centrifugation,
and analyzed for bound protein. Plain DOPC liposomes were used
as a negative control. By this method, adiponectin binding was
validated to PS, Cer1P, glucosylceramide (GlcCer), CL, and ST, to
which binding was remarkably strong (Fig. 1B and SI Appendix,
Fig. S2). Of note, a large excess of recombinant protein remained
unbound in the supernatant irrespective of liposome type, despite
differences in protein binding. Detectable liposome binding also
required a high concentration of target lipids: >50% for PS and
Cer1P and >10% lipids for ST (SI Appendix, Fig. S3). Binding to
dot blot lipids furthermore diminished with decreasing tail length
(SI Appendix, Fig. S4A). Interestingly, despite apparent co-
ordination of Ca2+ ions by adiponectin (33), calcium removal
or chelation did not affect lipid binding to strips or liposomes
(SI Appendix, Fig. S4 B and C).

Lipid Binding Occurs via the C1q Domain of Adiponectin and Is
Affected by Mutation of R134. The loss of adiponectin lipid bind-
ing in dot blots on deletion of the C1q domain suggests that it
mediates the observed lipid binding. Additional experiments with
“headless” C1q domain-deleted (C1qΔ) and “tailless” collagenous
domain-deleted (collΔ) adiponectin mutants corroborate this

idea, showing that the C1q domain is both necessary and suf-
ficient for lipid binding to PS, ST, and Cer1P in dot plots and
liposomes (Fig. 2A and SI Appendix, Figs. S1 and S5). However,
lipid binding in liposomes was much weaker for collΔ than for
WT adiponectin, suggesting that isolated C1q domains bind
lipids less avidly than full-length protein.
Given these data and the preference of adiponectin for an-

ionic phospholipids and sphingolipids, we hypothesized that
positive residues in the adiponectin C1q head domain may be
involved in ligand selectivity. Since previous work implicated the
R111 residue of human C1qC (R139 in mouse) in interactions
with the serine headgroup of PS (34), we investigated an anal-
ogous arginine (R134) in murine adiponectin conserved in hu-
mans. This residue also interacted with the negative headgroups
of ST and Cer1P when docked onto a model of the adiponectin
C1q domain (Protein Data Bank ID 4DOU) (33) using Swiss-
Dock (35), yielding conformations with estimated ΔG = −10.24
kcal/mol and −8.75 kcal/mol, respectively. Interestingly, site-
directed mutagenesis of the R134 residue to alanine did not
abolish lipid binding; however, it did increase the relative affinity
of adiponectin to PS and decrease binding to Cer1P (Fig. 2C). In
addition, a G87R mutation that is outside the C1q domain but
has a weak clinical association with diabetes (21) marginally de-
creased binding of adiponectin to PS and Cer1P, and an H224A
mutation targeting the tip of the C1q protein had no effect on
lipid binding.

Oligomerization of Adiponectin Is Required for Lipid Binding. In the
adiponectin bands in the pulldown assays, we noted a predomi-
nance of the upper 60-kDa band in liposome-bound protein vs. an
equivalent or flipped distribution of the 30-kDa and 60-kDa bands
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Fig. 1. Adiponectin binds multiple anionic phospholipids and sphingolipids.
(A) Binding of recombinant murine adiponectin to lipids on commercial lipid
strips by dot blot, quantified at right. Density was normalized to a blank or
reference spot. n ≥ 3 experiments. (B) Binding of adiponectin to liposome
lipids in pulldown assay. Adiponectin in pellet (liposome-bound) and in su-
pernatant (Sup) are shown. The percentage of target lipids in liposomes is
indicated above each lane. Two exposures are shown to highlight strong and
weak bands. (C) Densiometric quantification of adiponectin V5 signal in li-
posome pulldown Western blots over multiple experiments. Band densities
are normalized to liposome rhodamine fluorescence and averaged over n ≥
5 experiments. Error bars represent SD from the mean. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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in the unbound supernatant (Fig. 3A). As adiponectin monomers
run around 30 kDa, the 60-kDa band, which collapses to 30 kDa in
reducing conditions, was thought to represent a disulfide-bonded
adiponectin dimer. Since adiponectin trimers are held together by
hydrophobic interactions (36), we surmised that the dimers must
be formed by intertrimer bonds at the N-terminal cysteine in HMW
and MMW oligomers, analogous to those seen in C1q complexes
(37). Thus, the predominance of the dimer band in liposome-bound
fractions may reflect preferential lipid binding by HMW adipo-
nectin oligomers, which is corroborated by the observed differences
in lipid binding between WT and collΔ adiponectin and the distinct
physiological effects of adiponectin oligomers. Gel filtration also
showed evidence of HMW, MMW, and LMW adiponectin com-
plexes in the isolated adiponectin used in the foregoing assays (SI
Appendix, Fig. S6).
To assess the contribution of adiponectin oligomerization to li-

posome lipid binding, we tested the effect of reducing the disulfide
bonds by β-mercaptoethanol. Retinol-binding protein 4 (RBP4), a
monomeric protein with some binding to PS, was used to control
for nonspecific effects of reducing conditions on lipid binding.
Consistent with our hypothesis, reduction of adiponectin disulfide
bonds abrogated adiponectin binding to PS liposomes and elimi-
nated the 60-kDa and higher MW adiponectin bands (Fig. 3B and
SI Appendix, Fig. S7). Conversely, RBP4 showed increased binding
to PC and PS liposomes in the reduced state, suggesting that re-
ducing conditions do not indiscriminately reduce lipid binding. To
confirm the effect of adiponectin oligomerization on lipid binding
in native conditions, site-directed mutagenesis was used to in-
troduce an adiponectin C39S mutation that had been previously
shown to abrogate oligomerization (20). As with reduced protein,
C39S adiponectin did not form a 60-kDa band, confirming that it
arises from oligomerization, and had vastly diminished binding to
target liposomes (Fig. 3 C and D). Light binding with ST was still
seen, however, indicating that binding was not completely lost.

Adiponectin Binds Lipids in Low-Density Lipoprotein, Cell Membranes,
and Plasma. Our experiments thus far investigated binding of
adiponectin to selected target lipids at high concentrations in

liposomes. While this demonstrates adiponectin lipid binding in
physiological conditions, we wondered whether adiponectin also
binds physiological substrates with more complex lipid composi-
tion and less abundant targets, and also what might be “natural”
ligands of adiponectin in the body. Since its discovery, adiponectin
has been associated with cardiovascular protection (3) and is
known to bind atherosclerotic lesions (38, 39). Given these ob-
servations and the apparent lipid-binding property of adiponectin,
we tested binding of WT and C39S adiponectin to low-density
lipoprotein (LDL) particles. Using an LDL flotation assay, in
which blocked LDL is incubated with adiponectin, isolated by
gradient flotation, and then assessed for bound protein, we ob-
served a substantial amount of WT adiponectin in the LDL layer
that was lost in reduced protein and the C39S mutant, suggesting
that adiponectin binds to LDL via LDL lipids (Fig. 4A and SI
Appendix, Fig. S8). As in the liposome pulldown assays, most
protein remained unbound in the lower fractions.
We also tested whether adiponectin binds target lipids in cell

membranes using an untargeted liquid chromatography-mass
spectrometry (LC-MS) analysis of all lipids associated with adi-
ponectin simply on isolation from transfected cell supernatant.
Because Expi293 medium lacks serum or protein additives, any
bound lipids presumably are derived from the surrounding cells,
potentially from plasma membrane, exosomes, or other mem-
branous debris. Because lipids frequently adsorb nonspecifically
to proteins, leading to a high rate of false-positives, we per-
formed LC-MS with three protein isolates: WT adiponectin,
C1qΔ adiponectin, and RBP4. Only significant peaks specific to
WT adiponectin in both WT-C1qΔ and WT-RBP4 comparisons
were considered. Among the peaks meeting this criterion, 11
had ≥2.5-fold enrichment in WT adiponectin in both compari-
sons, P < 0.01, q < 0.01, and peak maximum intensity ≥20,000
(SI Appendix, Fig. S9 and Table S3 and Dataset S1). While many
peaks could not be mapped to a known compound using the
XCMS-MRM platform (40), two were mapped to triglyceride or
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Fig. 2. Lipid-binding properties of adiponectin are mediated by the C1q
domain and altered by R134A mutation. (A) Binding of WT, collΔ, and C1qΔ
adiponectin to liposome lipids by pulldown assay. Liposome ligands are la-
beled above each lane: PC, 99% DOPC; PS, 99% PS; ST, 75% ST; C1P, 60%
Cer1P. Excess unbound protein (Sup) is shown for comparison. Normalized
band density is averaged over n ≥ 2 experiments. (B) Position of adiponectin
residues selected for site-directed mutagenesis relative to a potential ST-
binding site predicted by SwissDock on a single-chain trimer of recombinant
globular human adiponectin (Protein Data Bank ID 4DOU) (33, 35). (C) Binding
of WT adiponectin and point mutants to liposome lipids, quantified over n ≥ 2
experiments. Error bars represent SD from the mean. **P < 0.01; *P < 0.05.
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Fig. 3. Oligomerization of adiponectin via disulfide bonds is required for
lipid binding. (A) Possible intertrimer disulfide bond orientations in adipo-
nectin multimers giving rise to ∼60-kDa and ∼30-kDa bands on nonreducing
denaturing SDS-polyacrylamide gel electrophoresis Western blots, which
disrupts intratrimer hydrophobic interactions. (B) Liposome binding of adi-
ponectin and RBP4 in normal (oxidized) or reducing conditions. (C and D)
Binding of WT and C39S adiponectin to liposome lipids. PC, 99% DOPC; PS,
99% PS; ST, 75% ST; C1P, 60% Cer1P. Excess unbound protein (Sup) is shown
at the right. Band density quantified in D normalized to total liposome pellet
fluorescence and expressed as mean and SD over n = 3 experiments. **P <
0.01; *P < 0.05.
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PC, one was mapped to PIP2, one was mapped to a glucosami-
nyldiphosphoenol, and one was mapped to galactosylceramide or
sphingomyelin. The last peak (m/z = 870.7) was further frag-
mented by MS/MS, given its potential similarity to adiponectin
lipid ligands in liposomes, and searched against METLIN MS/
MS and LipidMaps libraries (41, 42) (Fig. 4B). Of all possible
hits, only one hit obtained using the LipidMaps glycosylceramide
prediction tool accounted for two observed fragment peaks,
mapping the m/z = 870.7 and 261.2 peaks to the precursor and
C-fragment (glycosidic bond) ions of sulfogalactosyl-ceramide
(also known as ST). This corroborated the liposome lipid-
binding data and demonstrated that adiponectin binds ST in
cell membranes.
Given that adiponectin binds physiological lipid substrates, we

investigated whether differences in lipid levels could be observed
in vivo in WT vs. adiponectin (Adipoq) KO mice, especially in
plasma, where adiponectin circulates in high concentrations. To
do this, plasma of WT and KO mice were subjected to shotgun
lipidomics analysis. While most detected lipids were not adipo-
nectin ligands and were not significantly different between the
WT and KO mice, GlcCer species, which bind adiponectin in
liposome pulldowns (Fig. 1B and SI Appendix, Fig. S10), were
significantly elevated in KO plasma (Fig. 4C and SI Appendix, Fig.
S11 and Dataset S2), suggesting that adiponectin lipid binding
in vivo reduces levels of lipid ligands. Of note, sulfatides were not
included in the shotgun lipidomics panel.

Adiponectin Binds to Dead Cells but Not in a Lipid-Specific Manner.
Since adiponectin was seen to bind PS in liposomes, we tested
whether adiponectin also binds PS in necrotic or apoptotic cells
using flow cytometry. For this, purified WT adiponectin and
C39S adiponectin were used to stain a mixed-viability population
of Expi293 cells costained with Annexin V and propidium iodide
(PI). While recombinant WT adiponectin was able to clearly
bind to dead cells (Annexin V+, PI+) and a fraction of apoptotic
cells (Annexin V+, PI−), the same binding pattern was observed with
C39S adiponectin, seen earlier to lack PS binding (SI Appendix, Fig.

S12). This suggests that adiponectin may bind additional nonlipid
ligands exposed on dead cells, such as calreticulin.

Adiponectin Does Not Have Intermembrane Lipid Transfer Activity.
As a lipid-binding protein, adiponectin may function primarily by
binding, like an opsonin, or have additional lipid extraction or
transfer activity. While adiponectin lacks an obvious hydrophobic
pocket that might mediate lipid transfer, we formally assessed the
possibility using a lipid transfer assay based on loss of quenching by
Forster resonance energy transfer, where transfer of fluorescently
labeled lipid ligands from quenched donor liposomes to unlabeled
acceptor liposomes is monitored by the appearance of fluorescence
over time. From these experiments, adiponectin was found to have
no lipid transfer activity for ceramide, Cer1P, or PS (SI Appendix,
Fig. S13). Adiponectin also appeared unable to extract or transfer
ST, although high spontaneous lipid transfer between donor and
acceptor liposomes confounded this assessment.

CTRPs and C1q Family Members Bind a Similar Set of Anionic
Phospholipids and Sphingolipids. Adiponectin, C1q, and CTRPs
belong to the larger C1q family, which consists of C1q, emilin/
multimerin, C1q-like, and cerebellin subfamilies (43, 44). Because
these proteins share similar structures with conservation of the
C1q domain, differing primarily in the N-terminal tail, we won-
dered whether lipid binding also occurs in CTRPs and C1q family
proteins. To test this, liposome pulldown experiments were per-
formed with Expi293-expressed isolates of V5-6xHis–tagged mu-
rine Cbln1, CTRP1 (C1qtnf1), CTRP5 (C1qtnf5), and CTRP13
(C1ql3) (Fig. 5A and SI Appendix, Fig. S14). CTRP1, an adipokine
that affects glucose and lipid homeostasis (45), and CTRP5, a
retinal protein involved in age-related macular degeneration that
also inhibits insulin signaling (46, 47), belong to the C1q subfamily
with C1q and adiponectin. Cbln1 is a cerebellin that acts as a
synaptic organizer (48, 49), and CTRP13 is a C1q-like subfamily
protein expressed in brain cortex and retina that regulates syn-
aptogenesis and activates AMPK (50, 51). Expression levels of
each protein in Expi293 cells differed quite dramatically, which
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Fig. 4. Adiponectin binds physiological lipid substrates. (A) Oligomerization-dependent binding of adiponectin to LDL lipids. (Top) WT or C39S adiponectin in
iodixanol gradient fractions in LDL flotation assay detected by Western blot analysis. The photograph shows an LDL band in the gradient after ultracentrifugation.
(Bottom) Quantification of Sudan black (Upper) and adiponectin (Lower) bands in fractions. Yellow bars highlight LDL fractions. Data are representative of n = 3
experiments. (B) Adiponectin isolated from cell culture is associated with ST. (Left) LC-MS peak of ligand bound to adiponectin but not C1qΔ or RBP4 controls. (Right)
MS/MS ofm/z = 870.74. (Bottom) LipidMaps prediction matching the observed fragmentation pattern. (C) Shotgun lipidomics of WT and Adipoq KOmouse plasma.
Peak intensity reads, normalized to that of each internal standard, are summed over all identified lipids within a category and graphed as fold change over the WT
average. Error bars represent SD from the mean. Open circles are values from individual mice. **P < 0.01; *P < 0.05.
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limited the availability of CTRP5 and CTRP13 to test Cer1P
binding. Nonetheless, all CTRPs and C1q family proteins tested
showed binding to PS, Cer1P, and ST that, as with adiponectin,
depended on oligomerization mediated by disulfide bonds (Fig. 5B
and C and SI Appendix, Fig. S15). Qualitatively, affinities of each
protein to various lipids were similar to those of adiponectin, but
some variability was observed among family members. CTRP1 had
stronger binding to PS relative to ST, reminiscent of the R134A
adiponectin mutant. Cbln1 also appeared to have a higher affinity
for ST, as evidenced by the strong binding to ST liposomes despite
lower levels of protein in the supernatant.
In sequence alignments of human and mouse adiponectin and

C1qC, Cbln1, CTRP1, CTRP5, and CTRP13, differences in lipid
ligand affinity approximately correlated with differences in basic
residues in the first C-terminal–directed solvent-exposed loop of
each protein’s C1q domain (SI Appendix, Fig. S16). Specifically,
the mAdipoq R134 residue, conserved across human and mouse
adiponectin and C1qC (green triangle) and partially conserved in
Cbln1, CTRP5, and CTRP13, is lost in CTRP1, making the C1
loop of CTRP1 electrostatically similar to the R134A adipo-
nectin mutant and explaining their similar lipid affinity patterns.
Additional basic residues further upstream in the C1 segment
likely maintain their overall preference for anionic lipids, how-
ever. Because the solvent-exposed loops are less critical for
structural integrity of the C1q domain, the variability there likely
contributed to the specificity of different C1q family proteins for
various C-terminal ligands and other special properties; for in-
stance, the (Y/F)FGGWP sequence in the C3 loop of CTRP5
forms a unique hydrophobic patch (52). Of note, however, all
family members show strong conservation of the mAdipoq C39
residue (blue triangle), suggesting that oligomerization is a key
unifying functional feature.

Discussion
In this study, we have demonstrated that adiponectin selectively
binds anionic phospholipids and sphingolipids, including PS,
Cer1P, GlcCer, and ST, in synthetic liposomes, LDL, biological

cell membranes, and plasma. The C1q domain was necessary and
sufficient for binding, but protein oligomerization via disulfide
bonds at C39 in the collagenous domain was also required.
Properties of the amino acids in the C-terminal solvent-exposed
loops also modulated the selectivity for lipid ligands, as an
R134A mutation altered the relative affinity of adiponectin for
Cer1P and PS. More generally, we found that other represen-
tative CTRPs and C1q family members also bind to similar lipid
ligands in a likewise oligomerization-dependent manner, and
that natural variability in the first C-terminal solvent-exposed
loop corresponds to different lipid affinity patterns.
The ability of adiponectin to bind anionic phospholipids and

sphingolipids is consistent with reports of C1q binding to CL and
PS (27, 34), as well as with the known carbohydrate- and
phospholipid-binding properties of collectins and ficolins (28–30).
In C1q, collectins, and ficolins, collectively referred to as “defense
collagens,” ligand binding mediates opsonization of microbes. By
analogy, lipid binding in adiponectin may facilitate opsonization
of extracellular lipids like LDL and other membranous debris
enriched in target anionic phospholipids and sphingolipids. While
adiponectin-mediated lipid uptake was not directly shown (given
confounding C1q secretion by phagocytes), it is likely, given the
stable binding of adiponectin to target liposomes through multiple
washes, lack of lipid transfer activity, and putative orientation of
bound adiponectin with C1q heads toward target lipids and collagen
tails outward, available for recognition by phagocyte collagen and
scavenger receptors. It is also supported by the accumulation of
GlcCer in Adipoq KO vs. WT plasma, as well as the previously
reported evidence that adiponectin and C1q promote apoptotic cell
uptake (24).
Of note, the requirement for high ligand density and oligomeri-

zation for lipid binding by adiponectin and CTRP/C1q proteins
suggests that individual protein–lipid interactions are weak, and that
multiple interactions are required for sufficient avidity. This may
actually serve to regulate the extent and location of lipid binding by
adiponectin and C1q proteins. In most membranes, target lipid
abundance is low (∼3 to 10% for PS and ST and <0.1% for Cer1P
in some membranes) (53, 54). Thus, binding may occur only at
patches of high-density target lipids assembled in lipoproteins or
membrane rafts or selectively exposed during cell activation or
apoptosis. The common chemical properties of the observed target
lipids also may mark lipids to be opsonized; PS is known to mark
apoptotic cells, CL is associated with necrosis, and ST is released
from damaged myelin and senescent fibroblasts (55, 56). Indeed,
the macrophage scavenger receptor Trem2 binds a similar set of
anionic and zwitterionic “damage-associated” lipids, including PS
and ST, mediating amyloid accumulation in brain and lipid ho-
meostasis in adipose tissue (55, 57).
While opsonization of lipids followed by phagocytosis is likely

a common function of C1q, adiponectin, CTRPs, collectins, and
ficolins, each of these proteins may also have specific functions
mediated by different downstream binding partners (Fig. 6). For
instance, C1q, mannose-binding lectin, and ficolins fix comple-
ment via C1r/s or MASP serine proteases (58). Adiponectin does
not appear to activate complement in the native state (59) but
instead exerts metabolic effects, potentially by engaging Adipor1/2
and promoting uptake and recycling of lipid cargo via Appl- and
Cav3-mediated endocytosis and receptor-activated ceramidase
activity. Although the enzymatic activity of the Adipor1/2 recep-
tors has been characterized for ceramides, other phospholipids
and sphingolipids could be similarly hydrolyzed if able to enter the
active site. For lipids with large or anionic headgroups, this could
be facilitated by coupled phosphatase or glycosidase activity on
endocytosis; however, this assumes that lipid binding does not
impede receptor activation and that adiponectin actually binds
Adipor1/2, which is generally accepted but has been debated (60).
This and other specific functions may be key in differentiating the
biological roles of adiponectin and CTRPs, which have roles in

A B

C D CTRP lipsome binding

Fig. 5. Other CTRPs and C1q family proteins also bind lipids in liposomes with
similar but distinct affinity patterns. (A) Simplified tree diagram showing the
relationships between CTRPs and C1q family members cloned for this study. (B)
Binding of Cbln1, CTRP1, CTRP5, and CTRP13 to liposome lipids. PC, 99%DOPC;
PS, 99% PS; PS 75, 75% PS; ST, 75% ST; C1P, 60% Cer1P; Cer, 60% ceramide. (C)
Loss of lipid binding of CTRP1 to target liposome lipids in reducing conditions.
(D) Quantification of CTRP lipid binding in liposome pulldown blots. Band
density is normalized to liposome rhodamine fluorescence. NT, not tested. Bars
represent mean and SD over n ≥ 2 experiments.
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metabolism (61), from other C1q proteins. The specific functions
may also compete; for instance, adiponectin lipid binding may
reduce the substrates available to bind C1q or other complement
fixing proteins, which may promote inflammation if a critical
amount of C3b is deposited (62).
Thus, our working model is that adiponectin HMW/MMW

oligomers bind anionic phospholipids and sphingolipids enriched
in LDL, lipid rafts, or other membranous debris and mediate
their delivery to phagocytes recognizing the collagenous domain
or Adipor1/2-expressing cells for recycling by receptor-intrinsic
hydrolysis, removing those lipids from vessels and extracellular tis-
sue spaces where they can cause insulin resistance, inflammation,
and/or inappropriate complement fixation (Fig. 7). LMW/globular
adiponectin may complement this opsonization activity by pro-
moting receptor activation without lipid delivery, priming the met-
abolic state of the receiving tissue for lipid oxidation. This model is
consistent with the known metabolic effects of adiponectin and
suggests a more complete mechanism for achieving those effects,
for instance, by targeting ectopic lipids to macrophages and Adi-
poR1/2-expressing cells while activating AMPK to prevent insulin
resistance, or by clearing LDL while directly limiting inflammation
in macrophages to prevent atherosclerosis (3, 63). Our findings also
explain the association of HMW vs. LMW adiponectin with pro-
tection against type 2 diabetes and metabolic syndrome (21, 22), as
well as the observed induction of and binding to exosomes by adi-
ponectin (15, 64). Furthermore, they have interesting implications
for the mechanism of action of other CTRPs, which circulate at
100- to 1,000-fold lower levels than adiponectin but still may have
important local effects, and the contribution of lipid binding to the
function of other C1q family proteins. Continuing research in this
area will be instrumental in building a clearer understanding of
extracellular lipid handling and its role in organismal health and
disease.

Materials and Methods
Additional information on the materials and methods used in this study
available in SI Appendix.

Protein Expression and Isolation. cDNAs for murine adiponectin, CTRPs, and
C1q family proteins were cloned into pcDNA 3.1 vectors with a C-terminal V5
6xHis tag and expressed using the Expi293 mammalian cell expression sys-
tem. On day 5 posttransfection, protein was harvested, filtered, and isolated
using Ni-NTA affinity purification in HNC isolation buffer (25 mM Hepes,
150 mM NaCl, and 1 mM CaCl2, pH 7.4). Protein was stored at 4 °C until use in
experiments.

Dot Blot. Lipids spotted on nitrocellulose strips were obtained commercially
from Echelon Biosciences and Avanti Polar Lipids or made in-house with lipids
purchased from Avanti Polar Lipids. Blots were blocked with 3% fatty acid-
free BSA in TBST, incubated with protein overnight, washed, probed with
rabbit anti-6×His primary antibody followed by goat anti-rabbit peroxidase-
conjugated secondary antibody, and then developed using enhanced
chemiluminescence substrate.

Liposome Pulldown Assay. Here 1,000-nm sucrose-containing liposomes of
varying lipid composition with 1% rhodamine-PE for visualization were syn-
thesized and then incubated at 0.5 mM with 10 μg/mL isolated recombinant
protein in the presence of 10 mg/mL fatty acid-free BSA block in HNC buffer at
37 °C for 1 h. For use in experiments, reduced protein was prepared by adding
β-mercaptoethanol to a final concentration of 2% to recombinant protein
before addition to lipids. After binding, liposomes were washed twice with
HNC (with centrifugation at 15,000 rpm for 15 min) and then lysed with Triton
X-100 (final concentration 1%) in a black opaque 96-well plate. Rhodamine
fluorescence was measured at 553/627 nm, and samples were denatured with
5× nonreducing sodium dodecyl sulfate (SDS) sample buffer, boiled, and an-
alyzed for V5 by Western blot analysis. For each protein in each experiment,
liposome-bound samples were run alongside excess unbound protein in su-
pernatant, diluted 1:20, for comparison.

LDL Flotation Assay. Human LDL (final concentration 1 mg/mL) was incubated
with 10 μg/mL isolated recombinant protein in the presence of 10 mg/mL
fatty acid-free BSA block and 1 mg/mL Sudan black in HNC buffer at 37 °C for
1 h. Reduced protein was prepared as described above. After incubation, the
50-μL LDL-protein mixture was added to 280 μL of OptiPrep iodixanol solu-
tion (STEMCELL Technologies), then overlaid with an iodixanol-HNC gradi-
ent (1×, 70%; 2×, 36%; 2×, 0% OptiPrep). Pairs of gradients were then
ultracentrifuged at 50,000 rpm for 20 h at 4 °C, and fractions were collected
by tube puncture. Absorbance at 600 nm was measured for each fraction,
then selected fractions were collected into 5× nonreducing SDS sample
buffer and analyzed for V5 by Western blot analysis.

Protein-Bound Lipid Analysis by LC-MS and MS/MS. Expressed proteins con-
centrated to 80 to 100 μL were capped under N2 atmosphere and then snap-
frozen. Subsequent LC-MS and MS/MS analyses were performed by the Scripps
Center for Metabolomics and Mass Spectrometry. Samples were extracted
with 50:50 methanol:acetonitrile and subjected to LC-MS (Bruker Impact II

Fig. 6. Binding of adiponectin to anionic sphingolipids and phospholipids
fits known structural and ligand-binding features of C1q, collectins, and
ficolins but fills a functional niche in metabolism. Similarities and differences
between proteins in terms of oligomeric structure, C- and N-terminal do-
mains, C-terminal binding targets, and currently understood function are
shown. Possible shared features, like opsonization, are in gray; possible
unique features are in colored boxes. Adipoq, adiponectin; MBL, mannose-
binding lectin; SFD, surfactant protein D; FCN1, ficolin 1.

Fig. 7. Adiponectin lipid binding may promote lipid clearance and limit
complement-mediated inflammation. Adiponectin, C1q, and CTRP/C1q family
proteins bind similar target lipids, including PS, Cer1P, GlcCer, and ST poten-
tially found in lipoproteins, exosomes, and membranous debris. Unlike C1q,
however, adiponectin does not generally fix complement and may mediate
clearance by binding AdipoR1/2. The collagenous N-terminal domain may also
permit uptake via macrophage scavenger receptors. Thus, adiponectin may
promote clearance and recycling of lipid debris and also dampen activation of
complement by competing for overlapping lipid targets.
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Q-TOF coupled to an Agilent 1200 LC stack). Positive ions were analyzed using
XCMS (65). MS/MS peaks were searched against the METLIN and LipidMaps
databases, including the glycerophospholipid search tool (www.lipidmaps.org/
tools/ms/glycosylcer_gen.html).

Plasma Collection and Lipidomics.Whole blood was harvested by retro-orbital
collection from 8- to 10-wk-old male WT C57B6/J (The Jackson Laboratory;
stock no. 000644) and Adipoq KO mice (B6;129-Adipoqtm1Chan/J; The Jackson
Laboratory; stock no. 008195) housed in a specific pathogen-free facility
with a regulated 12-h light/dark cycle and ad libitum access to standard
chow and water. Plasma was isolated using BD lithium-heparin coated
plasma separator tubes and stored at −20 °C. Lipidomics was performed by
the West Coast Metabolomics Center at University of California Davis.
Sample extraction was performed in methyl tertiary-butyl ether with the
addition of internal standards, followed by ultra-high-performance liquid
chromatography on a Waters CSH column, interfaced to a quadrupole
time-of-flight mass spectrometer. Data were collected in positive and neg-
ative ion modes and analyzed using MassHunter (Agilent).

Quantification and Statistical Analysis. Films and images were quantified using
FIJI. For liposome pulldown assays, band densities were normalized to total
pellet rhodamine fluorescence. Means, SDs, and statistical significance were
calculated using GraphPad Prism. Student’s t test (two-tailed) was used for

single comparisons between groups, and ANOVA with Dunnett’s correction
for multiple testing was used when multiple comparisons were made with
the same control. P values <0.05 were considered significant.

Data Availability Statement. All data necessary for replication of these ex-
periments are provided in the main text and SI Appendix, including lip-
idomics datasets in SI Appendix and Datasets S1 and S2. No original code was
written for analysis of the data; algorithms and tools used for lipidomics
analysis have been published previously as referenced.
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