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Abstract

Adiponectin is a pleiotropic adipokine implicated in obesity, metabolic syndrome and 

cardiovascular disease. Recent studies have identified adiponectin as a negative regulator of tissue 

fibrosis. Wnt/β-catenin signaling has also been implicated in metabolic syndrome and can promote 

tissue fibrosis, but the extent to which adiponectin cross-regulates Wnt/β-catenin signaling is 

unknown. Using primary human dermal fibroblasts and recombinant purified proteins, we show 

that adiponectin can limit β-catenin accumulation and downstream gene activation by inhibiting 

Lrp6 phosphorylation, a key activation step in canonical Wnt signaling. Inhibition of Wnt3a-

mediated Lrp6 phospho-activation is relatively rapid (e.g., by 30 minutes), and is not dependent on 

established adiponectin G-protein coupled receptors, AdipoR1 and R2, suggesting a more direct 

relationship to Lrp6 signaling. In contrast, the ability of adiponectin to limit Wnt-induced and 

baseline collagen production in fibroblasts requires AdipoR1/R2. These results suggest the 

possibility that the pleiotropic effects of adiponectin may be mediated through distinct cell surface 

receptor complexes. Accordingly, we propose that the anti-fibrotic activity of adiponectin may be 

mediated through AdipoR1/R2 receptors, while the ability of adiponectin to inhibit Lrp6 phospho-

activation may be relevant to other recently established roles for Lrp6 signaling in glucose 

metabolism and metabolic syndrome.
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Introduction

Adiponectin is a pleiotropic cytokine produced primarily by adipocytes [1]. Adiponectin is 

implicated in a constellation of diseases from obesity [2] and metabolic syndrome [3] to 

cardiovascular disease [4,5,6] and fibrosis [7,8]. At the cellular level, adiponectin regulates a 

number of metabolic processes, such as glucose flux, lipid catabolism, insulin sensitivity, 

energy balance and mitochondrial uncoupling reviewed in [9]. Currently, there are three 

established cell surface receptors mediating the diverse effects of adiponectin: the G-protein-

couple receptors, Adipo R1 and R2, and the GPI-linked cell-cell adhesion protein, T-

cadherin [10,11,12]. Whether the diverse cellular outcomes of adiponectin signaling are 

independently or coordinately mediated by these, or presently unidentified, surface 

receptors, remains incompletely understood.

Our interest in adiponectin stems from its recently characterized anti-fibrotic activities [7,8]. 

Organ fibrosis is a growing global health concern that is considered to contribute up to 45% 

of all deaths worldwide [13]. Gene expression profiling of fibrotic tissue reveals striking 

similarities to the same tissue during developmental morphogenesis, suggesting that aberrant 

regulation of core developmental signaling pathways (e.g., TGF-β, Wnt, Hh) may contribute 

to the persistent nature of fibrosis [14]. Indeed, we have shown that signaling via the Wnt 

co-receptor, Lrp5, is a driver of lung fibrosis [15], in part through promoting β-catenin-

dependent nuclear signaling activities that favor fibroblast differentiation, proliferation, 

migration and matrix secretion [16,17,18].

In our efforts to understand the mechanistic basis for the anti-fibrotic effects of adiponectin, 

we focused on the structurally similarity of adiponectin to complement C1q, a serum protein 

known for its role in the complement cascade [10]. C1q was recently implicated in age-

related organ fibrosis through its ability to cleave Wnt co-receptors, Lrp5/6, resulting in 

activation of β-catenin signaling [19]. This raised the possibility that some of the anti-

fibrotic activities of adiponectin might involve limiting Wnt/β-catenin signaling at the level 

of Lrp5/6. Therefore, we sought to evaluate adiponectin as an inhibitor of Wnt/β-catenin 

signaling, and the degree to which the anti-fibrotic effects of adiponectin might be mediated 

through Wnt co-receptor-versus AdipoR1/R2-signaling.

Results

Adiponectin inhibits Wnt/β-catenin signaling

To understand how adiponectin inhibits fibrosis, we sought to determine its effects on 

Wnt/β-catenin signaling. Using primary skin fibroblasts treated with recombinant Wnt3a as 

a model system [20], we found that adiponectin (high molecular weight) caused a dose-

dependent inhibition of two canonical Wnt/β-catenin target genes, AXIN2 and NAKED1, 

which are known to function as negative feedback regulators of Wnt signaling (Fig. 1A&B). 

Adiponectin treatment appears to be sufficient to limit β-catenin signaling broadly, as levels 

of the cadherin-free, cytoplasmic “signaling form” of β-catenin were significantly reduced 

by adiponectin, assessed using an established affinity-precipitation assay that targets the 

Wnt-stabilized pool of β-catenin [21] (Fig. 1C&D). Thus, adiponectin can limit Wnt-
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dependent accumulation of β-catenin and transcription of nuclear target genes in primary 

fibroblast cultures.

Adiponectin inhibits Lrp6 phospho-activation

To understand how adiponectin negatively regulates Wnt signaling, we sought to interrogate 

one of the most upstream steps in Wnt-receptor activation by focusing on Lrp6 

phosphorylation. We were particularly interested in Lrp6 in light of evidence that a 

structurally related factor, complement C1q, could activate Wnt signaling by promoting 

Lrp5/6 cleavage [19]. A series of experiments in primary dermal fibroblasts showed that 

adiponectin strongly inhibited Lrp6 phosphorylation induced by Wnt3a (Fig. 2A&B), as 

early as 30 minutes after treatment (Fig. 2A). This inhibition is specific to adiponectin and 

not simply due to co-incubation of Wnt3a-treated cells with a similarly abundant protein, 

since treatment of cells with an equivalent molar amount of BSA did not inhibit Lrp6 

phosphorylation (Fig. S1). Although apparently similar reductions in total Lrp6 were 

observed after stripping and reprobing these immunoblots with an antibody that recognizes 

all forms of Lrp6 (Fig. 2A&B), this reduction likely reflects incomplete stripping of high 

affinity anti-Lrp6 phospho-serine epitopes, leading to reduced detection by pan-Lrp6 

antibodies that recognize overlapping epitopes. Efforts to capture pLrp6 and pan-Lrp6 

simulaneously using LiCOR Odyssey imaging were unsuccessful due to the reduction in 

sensitivity of the latter method and apparent competition for similar epitopes (not shown). 

We found no evidence that adiponectin treatment could promote Lrp6 endocytosis and 

trafficking to a lysosome, which would be expected if the reduction in pan-Lrp6 levels were 

real (not shown). Thus, adiponectin can limit β-catenin accumulation and signaling by 

functioning as a rapid and robust inhibitor of Lrp6 phospho-activation by Wnt3a.

Adiponectin inhibits β-catenin signaling independently of AdipoR1/R2 and AMPK signaling

To determine whether the ability of adiponectin to limit Lrp6 phosphorylation and β-catenin 

signaling requires its G-protein coupled receptors, AdipoR1 and AdipoR2, we took 

advantage of readily available double-knockout MEFs [22]. We validated AdipoR1 and 

AdipoR2 gene disruption in these cells by genomic PCR (Fig. S2). Of interest, adiponectin 

efficiently inhibited Wnt3a-mediated Lrp6 phospho-activation in both wild-type and 

AdipoR1 and R2 knock-out MEFs (Fig. 3A&B). Moreover, adiponectin inhibited canonical 

targets of β-catenin signaling, AXIN2 and NAKED1 in double-knockout cells (Fig. 3C). 

These findings suggest that adiponectin is not working through its known receptors, 

AdipoR1 and R2, to repress Wnt/β-catenin signaling. Consistent with these data, 

pharmacologic activation of these receptors with the small molecule, AdipoRon, failed to 

inhibit either Wnt-induced Lrp6 phospho-activation or β-catenin target gene expression, 

even though AdipoRon and adiponectin were both competent to promote AMPK phospho-

activation, and AdipoRon could induce expression of MMP1, a known adiponectin target 

gene [23,24] (Fig. 3D&E). Furthermore, adiponectin inhibited Lrp6 phosphorylation and β-

catenin target gene expression even in the absence of AMPK, as shown using MEFs derived 

from AMPK knock-out animals (Fig. S3A&B), or a chemical inhibitor of AMPK, 

Compound C (Fig. S3C&D). Thus altogether, these data show that adiponectin’s capacity to 

inhibit Lrp6 phosphorylation and β-catenin signaling does not require signaling through the 

established AdipoR1/R2-AMPK signaling pathway.
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AdipoR1/R2 mediate the anti-fibrotic effects of adiponectin

Previous studies suggested that adiponectin has anti-fibrotic activities [7,8], while 

unrestrained Wnt signaling can promote fibrosis [15,25,26,27,28,29]. However, whether the 

anti-fibrotic effects of adiponectin are mediated through adiponectin receptors R1/R2, or 

through antagonizing Wnt/Lrp5/6 signaling is unknown. In primary human skin fibroblasts, 

adiponectin was a potent inhibitor of type 1 collagen synthesis (Fig. 4A&B). Remarkably, 

adiponectin not only attenuated the Wnt3a-induced stimulation of collagen production, but 

also reduced baseline collagen expression to undetectable levels, suggesting that adiponectin 

may be limiting collagen production through a more general, Wnt-independent mechanism. 

Consistent with this idea, adiponectin failed to inhibit collagen production in AdipoR1/R2 

null fibroblasts relative to WT fibroblasts (Fig. 4C&D), suggesting that its anti-fibrotic 

activities largely depend on signaling from these receptors.

Discussion

Adiponectin is a pleiotropic fat-derived cytokine broadly implicated in the regulation of 

metabolism, and its dysregulation has been linked to metabolic syndrome [1] and tissue 

fibrosis [7,8]. Since a familial mutation in the Wnt co-receptor, Lrp6, has been recently 

implicated in metabolic syndrome and reduced sensitivity to insulin signaling [30,31] and 

Wnt/β-catenin signaling can promote tissue fibrosis in a number of systems 

[15,25,26,27,28,29], we reasoned that adiponectin and Wnt/β-catenin signaling might be 

coordinated, and that some of the anti-fibrotic effects of adiponectin might involve 

inhibition of Wnt/β-catenin signaling at the level of Lrp5/6. Indeed, we found that 

adiponectin inhibits Wnt3a-mediated β-catenin accumulation and activation of established 

target genes in a dose-dependent manner. We showed that inhibition by adiponectin is 

reasonably rapid, and occurs at the level of Lrp6 phosphorylation, a key upstream step in 

Wnt-co-receptor activation [32,33]. The precise mechanism by which adiponectin limits 

Wnt3a-mediated Lrp6-phosphorylation remains unclear. Interestingly, adiponectin is 

structurally related to complement C1q, a factor recent found to activate β-catenin signaling 

by promoting cleavage of the Lrp5/6 extracellular domain [19], where the remaining 

transmembrane and cytoplasmic domain is known to manifest robust, constitutive β-catenin 

signaling [34]. Although Lrp5/6 cleavage is not a canonical mechanism of receptor 

activation, it is possible that adiponectin may limit Lrp6 phosphorylation through hindering 

access of Wnts to the Lrp5/6-Frizzled receptor complex, or by promoting a conformation of 

Lrp6 that limits is accessibility to kinases that activate it [32,33]. While direct evidence that 

Lrp6 is a bona fide receptor for adiponectin remains to be established, the kinetics of 

inhibition are relatively rapid, and are independent of adiponectin receptors AdipoR1 and 

R2, suggesting a more proximal relationship to signaling inhibition.

Our previous work indicated that Wnt/β-catenin signaling promotes lung and skin fibrosis 

[15,17] and adiponectin antagonizes fibrosis [8]. Together with the present results showing 

that adiponectin inhibits Wnt/β-catenin signaling at the level of Lrp6 phospho-activation, 

this raised the possibility that some of the anti-fibrotic effects of adiponectin might be 

through limiting Wnt/β-catenin signaling. Indeed, while we found that Wnt3a can increase 

collagen production in fibroblasts, consistent with previous studies [18], adiponectin 
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treatment not only abrogated this increase, but also potently reduced the baseline expression 

of collagen. Since this inhibition required adiponectin receptors R1 and R2, it appears that at 

least one anti-fibrotic effect of adiponectin is largely mediated through R1/R2. Interestingly, 

we found that the ability of adiponectin to inhibit Lrp6 phosphoryation appeared 

independent of adiponectin receptors R1/R2, and its downstream mediator AMP kinase, 

suggesting that adiponectin’s action towards Lrp6 signaling serves an alternate function. 

Given that a familial mutation in Lrp6 has been associated with metabolic syndrome and 

cardiovascular disease [30,35], together with recent evidence that this mutation drives 

reduced sensitivity to insulin signaling [31], we reason that future studies into how 

adiponectin improves glucose metabolism should be considered in the context of its ability 

to antagonize Lrp6 phosphorylation and Wnt/β-catenin signaling.

Methods

Cell culture and reagents

Primary cultures of neonatal fibroblasts were established by explantation from human 

foreskin samples, as previously described [20]. Embryonic fibroblasts from AMPK−/− and 

wild-type mice were a gift from Yu-Ying He (University of Chicago). Embryonic fibroblasts 

from AdipoR1/R2 double-knockout mice were a gift from Philipp Scherer (University of 

Texas Southwestern). Unless indicated otherwise, fibroblasts lines and human embryonic 

kidney 293 cells were maintained at 37°C at an atmosphere of 5% CO2 in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 4.5gm/L glucose and L-glutamine with sodium 

pyruvate (Mediatech, Manassass, VA) plus 10% Fetal Bovine Serum (Hyclone, Waltham, 

MA) and penicillin/streptomycin (Mediatech). In select experiments, recombinant murine 

Wnt3a (PeproTech, Rocky Hill, NJ), recombinant full-length human Adiponectin 

(BioVendor, Candler, NC), the AMP-activated protein kinase (AMPK) inhibitor Compound 

C (Sigma, St Louis, MO), or the small molecule AdipoR1/R2 agonist AdipoRon (Xcess 

Biosciences, San Diego, CA) was added to the cultures at the indicated concentrations. 

Imaging was performed using Zeiss Axioskop with Cri Nuance multispectral camera 

(Thornton, NY).

Plasmids

The previously described HA-AdipoR1 and Flag-AdipoR2 constructs [36] were gifts from 

Louis Luttrell (Medical University of South Carolina).

Quantification of mRNA

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions. cDNA was generated by reverse transcription 

using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time reverse-

transcription PCR (qRT-PCR) was performed using Power SYBR Green PCR Master Mix 

(Applied Biosystems, Carlsbad, CA) in a Bio-Rad CFX96 Real-Time Detection System. 

mRNA levels were normalized to levels of GAPDH, and results are expressed as the fold 

change of Ct values (mean of 3 replicates) relative to controls, using the 2−ΔΔCt formula. 

Primer sequences are as follows: Human Axin2 forward primer 5’-

CCAACACCAGGCGGAACGAAG and reverse primer 5’- 

Reinke et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CGCCCAATAAGGAGTGTAAGGAC; human Nkd1 forward primer 5’- GGG AAA 

CTTCACTCCAAGCCG and reverse primer 5’- GTCTCCCGATCCACTCCTCG; human 

GAPDH forward primer 5’- CCTGGGCTACACTGAGCACC and reverse primer 5’- 

GTGGTCGTTGAGGGCAATGC; human MMP1 forward primer 5’- 

GCACAAATCCCTTCTACCCG and reverse primer 5’- 

TGAACAGCCCAGTACTTATTCC; mouse Axin2 forward primer 5’ - ACC TCA AGT 

GCA AAC TCT CAC CCA and reverse primer 5’ - AGC TGT TTC CGT GGA TCT CAC 

ACT; mouse Nkd1 forward primer 5’ - GAC AAC AAT GGC AAA GTG ACC CGT and 

reverse primer 5’ - TGC TCT GCA GAT CGG TAT GGT TGA; mouse RPL19 forward 

primer 5’-AGCCTGTGACTGTCCATTC and reverse primer 5’- 

ATCCTCATCCTTCTCATCCAG.

Genotyping of AdipoR1/R2 double-knockout MEFs

Genomic DNA was isolated from MEFs using the Blood & Cell Culture DNA Kit (Qiagen) 

according to the manufacturer’s instructions. PCR reactions were conducted using GoTaq 

DNA Polymerase (Promega), and PCR products were run on 2% agarose gels.

Antibodies

Antibodies used in this study are as follows: AdipoR1 (Sigma-Aldrich, Saint Louis, MO); 

AdipoR2 (Novus Biologicals, Littleton, CO); pAMPK, Total AMPK, pLRP6, and Total 

LRP6 (Cell Signaling Technology, Danvers, MA); β-catenin (BD Transduction 

Laboratories, Franklin Lakes, NJ); GAPDH (Santa Cruz Biotechnology Inc., Santa Cruz, 

CA); α-Tubulin (Sigma-Aldrich); Type I Collagen (Southern Biotech, Birmingham, AL).

GST-ICAT pulldown assays

Intracellular levels of cadherin-free β-catenin were determined by pull-down assays, using 

glutathione S-transferase [37]/β-catenin–interacting protein (ICAT), as previously described 

[21] with slight modifications. In brief, cells were harvested in 1% Triton X-100 lysis buffer. 

Total protein from cell lysates was incubated with GST-ICAT and a 50% suspension of 

glutathione-coupled Sepharose beads (GE Healthcare) for 2 h at 4°C. Precipitated proteins 

were washed and subjected to SDS-PAGE and immunoblot analysis using standard 

procedures. Densitometric analysis was performed using ImageJ (National Institutes of 

Health).

Statistics

Unless indicated otherwise, data are presented as means ± SD. Statistical analysis was 

performed by Student’s t test or one-way analysis of variance (ANOVA) followed by 

Bonferroni’s multiple comparison test. A p value of less than 0.05 was considered 

significant. Statistical analyses were performed using GraphPad Prism software (Graph Pad 

Software Inc, La Jolla, CA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Adiponectin inhibits Wnt-dependent β-catenin accumulation and target-gene 

expression

• Adiponectin antagonizes Lrp6 phosphorylation

• Inhibition of Lrp6 phosphorylation is independent of adiponectin receptors, 

AdipoR1 and R2

• Ability adiponectin to inhibit Wnt/β-catenin signaling has implications for 

adiponectin’s roles in tissue fibrosis and metabolic syndrome
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Figure 1. Adiponectin inhibits Wnt/β-catenin signaling
Primary human skin fibroblasts were grown to confluency and serum-starved overnight. 

Cells were then treated with recombinant adiponectin (APN; 1 or 5 µg/ml). Twenty-four 

hours later, cells were treated with Wnt3a (100ng/ml). After 24 hours, RNA was isolated 

and qPCR was conducted on β-catenin target genes, Axin2 (A) and Naked1 (B). Graphs 

represent means from independent experiments and error bars represent standard deviation 

(SD) (n = 4 or 3 in A or B, respectively). C&D. Twenty-four hours after Wnt3a treatment, 

lysates were collected and GST-ICAT pull-down assays were used to measure levels of 

cadherin-free β-catenin. The graph in D shows relative levels of cadherin-free β-catenin 

normalized to total β-catenin from 4 independent experiments. Panel C shows representative 

blot from those graphed in D. Asterisks * and ** represent statistical significance by 

Student’s t-test, p<0.05 and <0.01, respectively).
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Figure 2. Adiponectin inhibits phosphorylation of the Wnt co-receptor LRP6
Primary human skin fibroblasts serum-starved overnight, then treated with adiponectin 

(APN; 1 or 5 µg/ml) and 24 hours later treated with Wnt3a (100ng/ml). Lysates were 

collected after 30 minutes and 2 hours (A), or after five days (B), and immunoblotted to 

assess levels of phospho-and total LRP6. GAPDH served as a loading control. The bar graph 

in C depicts the average relative total LRP6 levels 30 minutes after Wnt3a treatment from 

two independent experiments, including that shown in B. Error bars represent SD.
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Figure 3. AdipoR1 and AdipoR2 receptors are not required for adiponectin-mediated inhibition 
of LRP6 phosphorylation and Wnt/β-catenin target gene expression
A-C) Mouse embryonic fibroblasts (WT or AdipoR1/R2 KO) were serum-starved overnight. 

In A and B, cells were treated with adiponectin (APN; 1, 5, or 10 µg/ml). Two hours later, 

cells were treated with Wnt3a (100ng/ml), and 30 minutes after Wnt3a treatment, lysates 

were subjected to immunoblot analysis with antibodies to phosho- and total LRP6. GAPDH 

served as a loading control. Phosphorylation of AMPK (pAMPK) served as a positive 

control for the addition of adiponectin (n = 3 independent experiments, including that shown 

in A). Error bars represent SD. In C, AdipoR1/R2 KO MEFs were treated with APN (1, 5, or 
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10 µg/ml) 24 hours before treatment with Wnt3a (100ng/ml). Twenty-four hours after Wnt3a 

treatment, RNA was isolated and qRT-PCR conducted to measure Wnt target genes, 

including Axin2 (left) and Nkd1 (right). In D and E, fibroblasts were serum-starved 

overnight and then treated with adiponectin (APN; 1, 5, or 10 µg/ml) or the small-molecule 

AdipoR1/R2 agonist AdipoRon (20µM or 50µM) two hours before treatment with Wnt3a. 

(D) Thirty minutes after Wnt3a treatment, lysates were subject to immunoblot analysis. (E) 

Twenty-four hours after Wnt3a treatment, RNA was isolated and qRTPCR was conducted to 

measure expression of Wnt target genes including Axin2 (left). Expression of the AMPK 

target gene MMP1 (right) was assessed to demonstrate effectiveness of AdipoRon at 

activating signaling via AdipoR1/R2. Bar graphs depict averages of two independent 

experiments. Error bars represent SD.
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Figure 4. Adiponectin represses Type I Collagen expression independently of AdipoR1/R2 
receptors
A and B) Primary human skin fibroblasts were serum-starved overnight and then treated 

with adiponectin (APN; 1 or 5 µg/ml). Twenty-four hours later, cells were treated with 

Wnt3a (100ng/ml). Five days after Wnt3a treatment, lysates were subjected to immunoblot 

analysis to measure type I collagen. The graph in B shows relative collagen expression from 

at least four independent experiments. The Mann-Whitney U test shows that Wnt3a causes a 

statistically significant decrease in collagen (p = .0016). Panel A depicts a representative 

blot from those graphed in panel B. GAPDH served as a loading control. (C and D) Wild-

type (WT) or AdipoR1/R2 KO MEFs were serum-starved overnight and then treated with 

adiponectin (APN; 5 or 10 µg/ml). Five days later lysates were subjected to immunoblot 

analysis for type I collagen. Bands shown in panel C are quantified in panel D. Na+/k+-

ATPase immunoblot served as a loading control.
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