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Research in context 41 

What is already known about this subject? 42 

• Wnt1-inducible signalling pathway protein-1 (WISP1) was recently identified as a pro-43 

inflammatory adipokine. 44 

• WISP1 expression and secretion is associated with obesity and affected by diet-45 

induced changes of body weight. 46 

What is the key question? 47 

• Are WISP1 expression and circulating levels altered in type 2 diabetes, and does 48 

WISP1 affect insulin signalling in muscle cells and hepatocytes? 49 

What are the new findings? 50 

• Circulating WISP1 and WISP1 expression in VAT are increased in obesity 51 

independent of glycaemic status. 52 

• Circulating WISP1 levels were positively associated with blood glucose in the oral 53 

glucose tolerance test and serum heme oxygenase-1 and negatively with 54 

adiponectin. 55 

• WISP1 impaired insulin signalling in primary human skeletal muscle cells and murine 56 

hepatocytes. 57 

How might this impact on clinical practice in the foreseeable future? 58 

• WISP1 may regulate whole body insulin sensitivity due to its effects on insulin 59 

signaling in liver and muscle and is a promising target for prevention and treatment 60 

of obesity and diabetes. 61 

 62 

Words: 160 63 

 64 

  65 
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ABSTRACT 66 

Aims/hypothesis: Wnt1-inducible signalling pathway protein-1 (WISP1) was recently 67 

identified as a pro-inflammatory adipokine. We examined whether WISP1 expression and 68 

circulating levels are altered in type 2 diabetes, and whether WISP1 affects insulin signalling 69 

in muscle cells and hepatocytes.  70 

Methods: Serum and visceral adipose tissue (VAT) biopsies for analysis of circulating 71 

WISP1 levels by ELISA and WISP1 mRNA expression by qPCR were collected from normal-72 

weight control men (n=33), and obese men with (n=56) and without type 2 diabetes (n=46) 73 

undergoing surgery. Insulin signalling was analysed in primary human skeletal muscle cells 74 

(hSkMC) and murine AML12 hepatocytes following incubation with WISP1 and insulin by 75 

Western blotting. WISP1 effects on insulin-stimulated glycogen synthesis and 76 

gluconeogenesis were investigated in hSkMC cells and murine hepatocytes, respectively. 77 

Results: Circulating WISP1 levels were higher in obese men independent of type 2 diabetes 78 

than in controls (70.8 (55.2-86.4) ng/l vs. 42.6 (28.5-56.6) ng/l; p<0.05, respectively). VAT 79 

WISP1 expression was 1.9-fold higher in morbidly obese men versus controls (p<0.05). 80 

Circulating WISP1 levels were positively associated with blood glucose in the oral glucose 81 

tolerance test and circulating heme oxygenase-1 but negatively with adiponectin levels. In 82 

hSkMC cells and AML12 hepatocytes, recombinant WISP1 impaired insulin action by 83 

inhibiting the phosphorylation of insulin receptor, Akt, and its substrates glycogen synthase 84 

kinase 3β, FOXO1 and p70S6 kinase, as well as insulin-stimulated glycogen synthesis and 85 

suppression of gluconeogenic genes.  86 

Conclusions/interpretation: Circulating WISP1 and WISP1 expression in VAT are 87 

increased in obesity independent of glycaemic status. Furthermore, WISP1 impaired insulin 88 

signalling in muscle and liver cells. 89 

 90 

Keywords: adipokine, Akt, insulin resistance, insulin action, type 2 diabetes, visceral 91 

adipose tissue, WISP1  92 

  93 
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ABBREVIATIONS 94 

AUC, area under the curve; CRP, C-reactive protein; GSK3β, glycogen synthase kinase 3β; 95 

HO-1, heme oxygenase-1; HOMA-IR, homeostasis model for assessment of insulin 96 

resistance; hSkMC, human skeletal muscle cells; IRS, insulin receptor substrate; LRP, low-97 

density lipoprotein receptor-related protein; OGTT, oral glucose tolerance test; p70S6K, p70 98 

S6 kinase; SAT, subcutaneous adipose tissue; sFRP, secreted frizzled related protein; VAT, 99 

visceral adipose tissue; Wnt, wingless-type; WISP, Wnt-inducible signalling protein  100 

  101 
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INTRODUCTION 102 

 103 

The wingless-type (Wnt) signalling pathway is tightly associated with the pathophysiology of 104 

cancers, but has also been linked to adipogenesis and hypertrophic obesity [1, 2]. The 105 

regulation of the Wnt signalling system activity is complex, since it is comprised of multiple 106 

components, including 19 different Wnt-ligands that can bind to a family of 10 distinct 107 

Frizzled receptors, and 7 families of co-receptors, the most well-known being the low-density 108 

lipoprotein receptor-related proteins 5 and 6 (LRP5/6) [3]. Besides, numerous secreted 109 

proteins, including members of the secreted frizzled related protein (sFRP) and Dickkopf 110 

families, have been identified that antagonize Wnt signalling by preventing ligand-receptor 111 

interactions [4]. Depending on the ligand-receptor combination, activation of Wnt signalling 112 

pathways results in the activation of either the canonical or the less-well characterized non-113 

canonical Wnt-pathway [5, 6]. In the canonical pathway, activation of the frizzled receptors 114 

and LRP5/6 leads to inhibition of the activity of cytosolic glycogen synthase kinase 3β 115 

(GSK3β) [7, 8]. This results in stabilization of the transcriptional regulator β-catenin and 116 

induction of the expression of Wnt-target genes [5, 6]. Importantly, in vitro studies on pre-117 

adipocytes associate alterations in Wnt and LRP5-activity to the regulation of the insulin-118 

mediated phosphorylation of Akt and its substrate GSK3β, suggesting that changes in the 119 

activity of the Wnt signalling may participate in the pathophysiology of insulin resistance and 120 

type 2 diabetes [9]. 121 

Adipocytes have been found to express and/or release many targets and regulators of the 122 

activity of the Wnt signalling pathway, including the Wnt-inducible signalling protein 2 123 

(WISP2), sFRP1, sFRP2, sFRP4, and sFRP5 [10-12]. Moreover, expression and release of 124 

these proteins is altered in obesity [10-12]. We recently identified the Wnt-inducible signalling 125 

protein-1 (WISP1, also known as CCN4) as an adipokine in human and murine adipose 126 

tissue [13]. Cross-sectional observations in glucose tolerant humans have demonstrated that 127 

WISP1 mRNA levels in adipose tissue are positively associated with fasting insulin levels 128 

and macrophage infiltration in adipose tissue, and negatively with insulin sensitivity, as 129 
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measured by hyperinsulinemic-euglycaemic clamp [13]. Furthermore, WISP1 expression is 130 

affected by diet-induced changes in body weight [13]. In humans, weight loss led to a 131 

reduction in WISP1 expression, whereas feeding mouse a high-fat diet increased the 132 

expression of WISP1 in adipose tissue [13]. The study on women with gestational diabetes 133 

and insulin resistance showed increased circulating WISP1 and identified body mass index 134 

(BMI) and insulin resistance as determinants of WISP1 levels [14]. Another very recently 135 

published study observed the direct relation of circulating WISP1 levels to visceral adiposity 136 

and signs of insulin resistance independently of the glucose tolerance [15]. 137 

Despite these observations, data on the potential relevance of WISP1 in the pathophysiology 138 

of insulin resistance and type 2 diabetes are limited. This study examined whether WISP1 139 

expression in visceral adipose tissue and its circulating levels are altered in men with obesity 140 

with or without type 2 diabetes versus men with a normal body weight. Furthermore, we 141 

analysed in vitro whether WISP1 impairs insulin action in primary human skeletal muscle 142 

cells (hSkMC) and murine AML12 hepatocytes. 143 

 144 

 145 

MATERIALS AND METHODS 146 

 147 

Participant characteristics 148 

We recruited 33 normal weight men and 102 obese men, of whom 46 had type 2 diabetes 149 

according to the American Diabetes Association criteria [16], from the Obster [17] and 150 

HepObster [18] cohort. Obese men were scheduled for bariatric surgery, whereas normal 151 

weight men were scheduled for elective surgery in the abdominal region. At the surgery day, 152 

a blood sample was collected after overnight fasting. During surgery, visceral (VAT) and 153 

subcutaneous (SAT) adipose tissue biopsies were collected. In a subcohort of obese men 154 

(n=42), an oral glucose tolerance test (OGTT) was performed using 75 g glucose. The study 155 

protocol was approved by the Ethics Committee of Ghent University Hospital and conducted 156 



 7 

according to the principles of the Declaration of Helsinki. All participants gave their written 157 

informed consent. See electronic supplementary material (ESM) Methods for more details. 158 

 159 

Serum analysis 160 

Serum WISP1 levels were determined using a Duoset human WISP-1/CCN4 Elisa assay 161 

(R&D systems, Wiesbaden, Germany). C-reactive protein (CRP), insulin, adiponectin, 162 

chemerin, MCP-1, leptin, omentin and heme oxygenase-1 (HO-1) serum levels were 163 

quantified using commercial assays as described in ESM Methods. 164 

 165 

Determination of adipocyte cell size 166 

VAT and SAT biopsies were used to assess adipocyte cell size. See ESM Methods. 167 

 168 

Culture of adipose tissue explants 169 

Adipose tissue explants were obtained from morbidly obese individuals and cultured in 170 

DMEM/F12 (Gibco, Darmstadt, Germany). See ESM Methods for further details. 171 

 172 

Cell culture 173 

hSkMC differentiated from proliferating satellite cells and were cultured as previously 174 

described [19]. The mouse AML12 (alpha mouse liver 12) hepatocyte cell line was 175 

maintained in DMEM/F12 (Thermo Fisher Scientific, Waltham, MA) for 48h. 3T3-L1 176 

fibroblasts were differentiated to adipocytes. Primary hepatocytes were isolated from male 177 

C57BL/6 mice as described [20, 21]. See ESM Methods. 178 

 179 

Cell treatment with recombinant WISP1 180 

Myotubes and primary hepatocytes were serum-starved, whereas AML12 cells were cultured 181 

in medium without insulin and serum for 4h followed by 24h exposure to recombinant WISP1 182 

prior to insulin stimulation. See ESM Methods.  183 

 184 
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Knockdown of WISP1 in 3T3-L1 adipocytes 185 

Differentiated 3T3-L1 adipocytes were transfected with siRNA for WISP1 or scrambled 186 

siRNA (used as a control). See ESM Methods. 187 

 188 

Gene expression analysis 189 

Real-time quantitative RT-PCR using specific primers (ESM Table 1) was performed to 190 

determine expression levels of mRNAs for WISP1, MCP1, Chemerin, Omentin, HO-1 in 191 

human adipose tissue and Wisp1, Il-6, Tnfa, Mcp-1, G6pc and Pck1 in mouse 3T3-L1 192 

adipocytes or primary hepatocytes. See ESM Methods.  193 

 194 

Analysis of protein phosphorylation and abundance 195 

Analysis of insulin signalling was performed in hSkMC and AML12 lysates by Western 196 

blotting with antibodies recognizing phosphorylated and/or non-phosphorylated Akt, glycogen 197 

synthase kinase (GSK), FoxO1, p70S6kinase (p70S6K), insulin receptor β (IRβ), insulin 198 

receptor substrate (IRS1 and IRS2), -tubulin and GAPDH as described in ESM Methods. 199 

 200 

Analysis of glycogen synthesis in primary human skeletal muscle cells  201 

Glycogen synthesis in hSkMC was assessed by the incorporation of D-[14C(U)]-glucose into 202 

glycogen in the absence or presence of insulin (100 nM). See ESM Methods. 203 

 204 

Statistical analysis 205 

Statistical analysis on the clinical data and cell culture experiments was performed using 206 

SPSS Statistics (IBM, version 24.0) and GraphPad Prism (version 7.0, La Jolla, CA, USA), 207 

respectively. The data are expressed as mean (95% confidence interval). Differences 208 

between groups were calculated by ANOVA followed by a Bonferroni correction for multiple 209 

comparisons. Gutt index of insulin sensitivity was calculated as described [22]. Linear 210 

regression analysis with adjustments for age and/or BMI was applied to identify correlates of 211 

WISP1 mRNA expression in VAT as well as circulating WISP1 levels and determinants of 212 
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adipose tissue and glucose metabolism. In the correlation and regression analysis of glucose 213 

in OGTT, HOMA-IR and Gutt index, individuals treated with insulin (inclusive all patients with 214 

diabetes) were excluded. Variables showing a skewed distribution were log-transformed prior 215 

to analysis. In all analyses, p-value of <0.05 was considered as statistically significant.  216 
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RESULTS 217 

 218 

Participant cohort 219 

The characteristics of the 33 normal-weight men and 102 morbidly obese men, of whom 46 220 

had type 2 diabetes are listed in Table 1. The obese men without type 2 diabetes had a 221 

higher body mass index (BMI), fat mass, increased fasting insulin levels and larger 222 

adipocytes versus normal-weight men (all p<0.001) and a reduced insulin sensitivity and 223 

increased beta cell function, both estimated by HOMA modelling (p<0.05). The obese 224 

participants with type 2 diabetes were slightly elder than the obese men without type 2 225 

diabetes (p<0.001). In addition, fat mass and increased fasting glucose levels were higher, 226 

and beta cell function was reduced in the morbidly obese men with type 2 diabetes versus 227 

those without type 2 diabetes (all p<0.001). A subgroup of forty-two morbidly obese men, of 228 

whom 8 had type 2 diabetes, underwent an OGTT. As expected, the post-load glucose levels 229 

were higher in individuals with type 2 diabetes (ESM Figure 1a/b), while post-load insulin 230 

levels were lower (ESM Figure 1c/d), versus participants without type 2 diabetes.  231 

 232 

WISP1 serum levels and gene expression in VAT in obesity and type 2 diabetes 233 

WISP1 circulating levels were obtained in 123 out of 135 participants. In samples from two 234 

participants (1 normal-weight and 1 obese participant), WISP1 levels were below the limit of 235 

detection. In the other cases, no serum sample was available for analysis. Circulating WISP1 236 

levels in normal-weight men (n=30) were 42.6 (28.5-56.6)ng/l (Figure 1a). In obese men 237 

(n=93), WISP1 levels were 70.8 (55.2-86.4)ng/l (p<0.05 versus normal-weight men). There 238 

were no statistically significant differences in circulating WISP1 levels between obese men 239 

with (69.4 (48.5-90.3)ng/l; n=44) or without type 2 diabetes (72.2 (48.4-95.6) ng/l; n=49) 240 

(Figure 1a).  241 

VAT biopsies to analyse WISP1 gene expression levels were available for 92 participants 242 

from the ‘HepObster’ cohort. The expression of WISP1 was 1.9-fold higher in VAT from 243 

obese men (n=76) versus VAT from normal-weight men (n=16) (p<0.05). Comparable to the 244 
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data for circulating WISP1 levels, we observed no statistically significant differences in 245 

WISP1 expression levels between obese men with (n=31) or without type 2 diabetes (n=45) 246 

(Figure 1b). In paired SAT samples, WISP1 mRNA levels were very low, and a reliable 247 

detection of WISP1 (Ct-value below 35 and single peak melting curve) was achieved in only 248 

9 of the 33 samples analysed (data not shown). In addition, we compared WISP1 mRNA 249 

expression levels in the explants of paired SAT and VAT samples collected from study 250 

participants with morbid obesity (4 males, 2 females, BMI=47.94±3.96 kg/m2, 251 

age=43.73±4.59 years). In accordance to our previous report [13], WISP1 expression in VAT 252 

was 9 fold higher compared with SAT (p<0.001) (Figure 1c). Therefore, only values of the 253 

WISP1 expression in VAT were used for further analysis. 254 

 255 

Correlation of WISP1 serum levels and WISP1 VAT gene expression with determinants 256 

of body composition and glucose metabolism 257 

WISP1 VAT expression was positively associated with HOMA-IR (r=0.272, p=0.034), and 258 

fasting glucose levels (r=0.262, p=0.042) (ESM Table 2). Furthermore, a trend for a positive 259 

association with fasting insulin levels was observed (r=0.231, p=0.073). Adjusting for age 260 

had no major impact on the relations between WISP1 gene expression and HOMA-IR 261 

(=0.261, p=0.041), but the associations with fasting glucose (=0.232, p=0.085) and fasting 262 

insulin (=0.233, p=0.069) lost their statistical significance.  263 

 Circulating WISP1 levels displayed a negative association with age (r=-0.193, 264 

p=0.034) and showed positive associations with determinants of body composition (e.g. BMI 265 

(r=0.207, 0.022) as well as with subcutaneous adipocyte cell size (r=0.368, p=0.015), and a 266 

trend to association with visceral adipocyte cell size (r=0.292, p=0.058) (ESM Table 2). Also, 267 

several determinants of glucose metabolism were positively associated with serum WISP1 268 

levels, namely fasting insulin (r=0.255, p=0.022) and glucose levels (r=0.188, p=0.094), 269 

HOMA-IR (r=0.275, p=0.014), and post-load glucose levels at multiple time points (t=30 min: 270 

r=0.312, p=0.072; t=60 min: r=0.443, p=0.009; t=120 min: r=0.335, p=0.052, AUC glucose 0-271 

120min: r=0.413, p=0.015) (ESM Table 2). The associations with BMI (=0.192, p=0.033), 272 
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subcutaneous adipocyte size (=0.322, p=0.039), post-load glucose t=60 min (=0.442, 273 

p=0.013), and AUC glucose 0-120min (=0.428, p=0.021) remained significant after adjusting for 274 

age (Table 2). When adjusting for age and BMI, the associations between circulating WISP1 275 

and post-load glucose t=60 min (=0.434, p=0.018), and AUC glucose 0-120min (=0.420, 276 

p=0.028) were still statistically significant (Table 2). Moreover, circulating WISP1 levels were 277 

negatively associated with Gutt’s index of insulin sensitivity (r=-0.400, p=0.035, n=28) which 278 

remained significant after adjusting for age and BMI (=-0.437, p=0.037). 279 

As shown in ESM Table 3, the association between HOMA-IR and WISP1 gene expression 280 

lost statistical significance upon adjustment for age and BMI (=0.240, p=0.101). 281 

 282 

Correlates of WISP1 serum and gene expression levels with markers of adipose tissue 283 

and systemic inflammation 284 

Because WISP1 was previously shown to induce an inflammatory response in human 285 

macrophages [13], we additionally investigated the association of WISP1 expression and 286 

serum levels with markers of adipose tissue inflammation (mRNA levels of 287 

ADIPOQ/adiponectin, RARRES2/chemerin, CCL2/MCP1, ITLN1/omentin) and systemic 288 

inflammation (adiponectin, CRP, chemerin, leptin, MCP-1, omentin). Moreover, we 289 

investigated WISP1 association with serum heme oxygenase-1 (HO-1) encoded by HMOX1 290 

gene that is associated with insulin resistance and adipose tissue inflammation and activates 291 

WNT signalling [23, 24]. Compared to normal-weight participants, circulating levels of 292 

adiponectin, leptin and CRP were increased, and VAT mRNA ADIPOQ levels were 293 

decreased in obese individuals (p<0.001, p<0.001, p=0.014, and p=0.002, respectively). 294 

Serum and VAT mRNA levels of chemerin were higher in obese individuals with diabetes 295 

(p=0.014 and p=0.010, respectively) (Table 1).  296 

Circulating WISP1 levels showed a negative association with serum adiponectin (r= -297 

0.190, p=0.031) and a highly significant positive association with serum HO-1 levels (r= 298 

0.437, p=1.3x10-5) (ESM Table 4). An association with serum adiponectin remained 299 

significant after adjusting for age (=-0.176, p=0.041). An association with HO-1 remained 300 
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significant after adjusting for age (=0.319, p=0.002) and for age and BMI (=0.303, 301 

p=0.004). WISP1 mRNA expression in VAT showed a positive correlation with CCL2 302 

expression (r=0.253, p=0.021) (ESM Table 4) which was still statistically significant after 303 

adjusting for age and BMI (=0.266, p=0.015). 304 

However, we did not find any effect of the WISP1 silencing with siRNA in 3T3-L1 305 

adipocytes on mRNA expression of Il-6, Tnfα, and Mcp-1 (ESM Figure 2). 306 

 307 

Effects of WISP1 on insulin signalling 308 

The observed relation between circulating WISP1 and HOMA-IR as well as post-load 309 

glucose levels in accompaniment to our previous observation of the negative association 310 

between WISP1 VAT expression and hyperinsulinemic-euglycaemic clamp derived insulin 311 

sensitivity [13] lead us to test the hypothesis that WISP1 may interfere with insulin signalling. 312 

To examine this in more detail, we exposed primary human skeletal muscle cells to 313 

recombinant WISP1 before analysis of insulin action. As shown in Figure 2 a/b, the insulin-314 

mediated induction of Akt on Thr308 and Ser473 phosphorylation in primary human skeletal 315 

muscle cells was reduced by 40% in cells that were exposed to 1 µg/lWISP1 before the 316 

addition of insulin. The reductions in insulin-mediated Akt phosphorylation induced by WISP1 317 

were accompanied by decreases in insulin-mediated GSK3-Ser9, p70S6K-Thr389 and IRβ-318 

Tyr-1150/1151 phosphorylation (Figure 2c-e). This inhibition of the insulin-mediated 319 

phosphorylation was achieved already in the presence of 0.1 µ/lWISP1. It should further be 320 

noted that the reductions in phosphorylation levels could not be ascribed to changes in the 321 

protein abundances of Akt, IRβ, GSK3 and p70S6K, respectively (ESM Figure 3). In 322 

contrast, the protein abundance of IRS1 was reduced by ~50% in cells that were exposed to 323 

WISP1 (Figure 2f).  324 

To demonstrate the functional relevance of the reduced insulin signalling, we further 325 

investigated effects of the WISP1 treatment on the insulin-stimulated glycogen synthesis. 326 

Insulin treatment (100 nM) for 3h significantly increased glycogen synthesis in primary 327 
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human myotubes compared to basal conditions (controls), whereas in cells pre-incubated 328 

with 0.1 or 1 µg/l WISP1 for 24 h, this effect was completely abrogated (Figure 3). 329 

Largely comparable data were obtained for the murine hepatocyte cell line AML12. As 330 

shown in Figure 4, exposing AML12 cells to WISP1 caused a dose-dependent reduction in 331 

insulin-induced Akt-Thr308 and Akt-Ser473 phosphorylation (Figure 4a/b). The induction of 332 

GSK3-Ser9 phosphorylation by insulin in hepatocytes was not affected by WISP1 333 

(Figure4C). Whereas the inhibition of insulin-induced Akt-phosphorylation was accompanied 334 

by a reduction in p70S6K-Thr389 phosphorylation and pIRβ-Tyr-1150/1151 (Figure 4d, e). 335 

Therefore, to corroborate the effects of WISP1 on distal Akt-signalling, we analysed another 336 

Akt-substrate, namely phosphorylation of FOXO1 at Ser256. Figure 4f shows that incubating 337 

AML12 cells with 0.1 and 1 µg/l WISP1 impaired the induction of FOXO1-Ser256 338 

phosphorylation by insulin. In contrast to myotubes, the protein abundance of IRS1 was 339 

doubled in cells exposed to WISP1 (Figure 4g), whereas WISP1 did not affect the 340 

abundances of Akt, GSK3, P70S6K, IRβ and FOXO1 (ESM Figure 4). Also, the abundance 341 

of IRS2, the preferred insulin receptor substrate in the liver [25], was not affected by WISP1 342 

incubation. Further, WISP1 treatment abrogated the insulin-mediated suppression of the 343 

gluconeogenic genes Pck1 and G6pc in primary hepatocytes (Figure 5). 344 

 345 

 346 

 347 

  348 
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DISCUSSION 349 

 350 

Our study showed that both circulating levels and mRNA expression of WISP1 in VAT are 351 

increased in morbidly obese men, irrespective of type 2 diabetes status. Regression analysis 352 

showed that WISP1 expression and circulating levels were associated with parameters 353 

reflecting insulin resistance and adipose tissue inflammation, even after adjusting for age and 354 

BMI. In vitro studies on primary human skeletal muscle cells as well as the mouse 355 

hepatocyte cell line AML12 showed that recombinant WISP1 directly impaired insulin action 356 

by inhibiting the Akt-signalling pathway. 357 

The increased WISP1 expression in VAT of morbidly obese men is in line with 358 

previous reports from our and other groups [13-15, 26], suggesting that WISP1 expression is 359 

regulated by body weight. High-fat feeding in mice increased the expression of WISP1 in 360 

adipose tissue [13, 27], while diet-induced weight loss in humans lowered WISP1 expression 361 

in adipose tissue [13]. The present study also detailed the relation between WISP1 and 362 

insulin sensitivity. In normal glucose-tolerant individuals WISP1 expression in adipose tissue 363 

was related to determinants of insulin sensitivity [13, 26]. Here, we additionally showed that 364 

circulating levels of WISP1 are negatively associated with insulin sensitivity. Although the 365 

associations with fasting glucose and insulin levels as well as HOMA-IR in this cohort of 366 

obese men were confounded by BMI, this was not the case when considering glucose 367 

clearance after an OGTT. The association between circulating WISP1 and post-load glucose 368 

levels was not impacted by adjustments for age and BMI, and strongly suggests that WISP1 369 

may interfere with insulin signalling in target tissues for insulin action. 370 

One other interesting finding is that circulating WISP1 level is positively associated 371 

with plasma glucose in OGTT (independently from BMI) and a negatively with Gutt index of 372 

insulin sensitivity which confirms an association of WISP1 with insulin resistance. However, 373 

circulating WISP1 was not further increased in obese individuals with diabetes and shows no 374 

association with HOMA-IR after the adjustment to BMI. It should be noted that in the analysis 375 

of glucose in OGTT, HOMA-IR and Gutt index, patients treated with insulin were excluded 376 
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from the analysis. In our cohort, all individuals with diabetes were treated with insulin, so that 377 

all patients with diabetes were completely excluded from the analysis. For the correct 378 

analysis of WISP1 association with plasma glucose, drug naïve diabetic patients should be 379 

investigated in future studies. Nevertheless, our results confirm that WISP1 level is directly 380 

related to adiposity independent of glycaemic status. This is in agreement with previously 381 

published data of Barchetta et al. [15] and Tacke et al [26], who also did not find differences 382 

of plasma WISP1 levels between diabetic and nondiabetic participants.  383 

The in vitro data reported in this study indeed corroborate with suggestion that WISP1 384 

may interfere with insulin signalling in insulin target tissues (Figure 6). Recombinant WISP1 385 

was found to impair insulin signalling in two different cell types, namely primary human 386 

skeletal muscle cells and murine AML12 hepatocytes. In both cells types, WISP1 inhibited 387 

the insulin-mediated phosphorylation of Akt, an important regulator of multiple aspects of 388 

glucose metabolism, such as glucose uptake, glycogen synthesis and suppression of hepatic 389 

glucose production by insulin. Moreover, we were able to demonstrate the functional 390 

relevance of the reduced insulin signalling in both cell types. Human myotubes pre-incubated 391 

with WISP1 impaired the insulin-stimulated glycogen synthesis and WISP1 exposure 392 

abrogated the insulin-mediated suppression of the gluconeogenic genes Pck1 and G6pc in 393 

primary hepatocytes. These in vitro observations should be validated in further animal 394 

studies in vivo. WISP1 deficiency in mice leads to a slightly lower body weight than the wild 395 

type animals but unfortunately no data about the glucose traits or insulin sensitivity are 396 

available today [28]. In contrast, WISP1 did not interfere with insulin-mediated Akt-397 

phosphorylation in our previous study on 3T3L1 adipocytes [13]. Apart from potential tissue-398 

specific effects, other possible reasons for this difference may include the duration of WISP1 399 

exposure, which was 24h in the present study versus 30 min in the 3T3-L1 experiment, as 400 

well as the concentration of WISP1 applied. Here we used WISP1 concentrations 401 

representative for the levels found in the circulation, whereas the 3T3-L1 adipocytes were 402 

exposed to supraphysiological concentrations of WISP1. Moreover, different signalling 403 

pathways might be involved in effects of WISP1 in various cell types [27]. Importantly, the 404 
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impaired insulin-mediated Akt-phosphorylation in primary human skeletal muscle cells and 405 

AML12 hepatocytes was accompanied by inhibition of the phosphorylation of several of its 406 

well-characterized substrates. In myotubes, reductions in the insulin-mediated 407 

phosphorylation of GSK3 and p70S6K paralleled the inhibition of Akt-phosphorylation. 408 

Strikingly, in AML12 hepatocytes, the insulin-mediated phosphorylation of GSK3 was not 409 

impaired by recombinant WISP1, whereas the phosphorylation of p70S6K and FOXO1 were 410 

markedly reduced or even abrogated. Tissue-specific differences in the phosphorylation of 411 

Akt-substrates have also been reported by others [29, 30]. Gene silencing experiments in 412 

cultured cells as well as studies on mouse models suggest that tissue-specific changes in the 413 

abundance of Akt isoforms as well as that of the insulin receptor substrates IRS1 and IRS2 414 

contribute to Akt substrate selection [29, 30].  415 

As previously mentioned, WISP1 is a pro-inflammatory adipokine [13] and circulating 416 

WISP1 showed an association with systemic levels of IL-8 [15]. In our study, we further 417 

reveal the association between circulating WISP1 and markers of adipose tissue and 418 

systemic inflammation. Interestingly, the serum heme oxygenase-1 (HO-1) levels were the 419 

strongest predictor of circulating WISP1 even after adjustment for age and BMI. HO-1 420 

encoded by HMOX1 is a stress induced protein that is critical for stem cell differentiation [31]. 421 

Induction of HO-1 gene in vivo is protective against deleterious obesity phenotype as 422 

characterized by reduction of number of enlarged adipocytes, an increase of small 423 

adipocytes and higher adiponectin concentrations [24]. Moreover, increased HO-1 424 

expression in human mesenchymal stem cell-derived adipocytes decreases differentiation 425 

and lipid accumulation of adipocytes via upregulation of the WNT signalling cascade [23]. 426 

These data allow us to speculate that upregulation of WNT signalling by HO-1 leads to 427 

higher expression and possibly production of WISP1 from younger adipocytes which in turn 428 

made the redistribution of in-tissue as well as in-body insulin sensitivity with consequences of 429 

increased insulin resistance in older cells i.e. redistribution of glucose and other substrates 430 

with better supply of young and proliferating cells.  431 
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A limitation of the present study is that we could not detail the mechanism via which 432 

WISP1 inhibits insulin action especially because of the high complexity of the WNT signalling 433 

pathway [3]. Based on the modular structure of WISP1, several functional receptors have 434 

been identified. Previous studies showed that WISP1 interacted with integrin α(5)β in human 435 

bone marrow stromal cells [32]. Furthermore, WISP1 has been identified to bind decorin and 436 

biglycan in the extracellular matrix of fibroblasts [33]. The presence of an IGFBP domain in 437 

CCN proteins including WISP1 suggests an interference with the IGF and insulin signalling 438 

pathway [34-36]. Our observations showed a decrease in the insulin-mediated tyrosine 439 

phosphorylation of insulin receptor-β/ IGF-1 receptor by WISP1 which indicates that WISP1 440 

might act by interfering with these receptors in myotubes and hepatocytes. The inhibition of 441 

insulin action by adipo(cyto)kines is frequently associated with a decreased protein 442 

abundance of IRS1 [19, 25]. Although WISP1 was found to decrease the abundance of IRS1 443 

in myotubes, this was not the case in AML12 hepatocytes. The latter cell line even displayed 444 

an increase in IRS1 protein levels following WISP1 exposure, whereas the abundance of 445 

IRS2, which is considered to be the major insulin receptor substrate in the liver [25], was 446 

unaltered by WISP1 treatment. This raises the possibility that WISP1 may use alternative 447 

mechanisms to impair insulin action in myotubes and hepatocytes.  448 

The second limitation of our study is that it was conducted in men (but not in women), and 449 

that the oral glucose tolerance data were collected in a subgroup of the obese men. Without 450 

additional studies, caution should be taken when generalizing these findings to the entire 451 

population.  452 

 453 

Taken together, our study identifies WISP1 as a determinant of obesity in men. The 454 

increases in circulating WISP1 levels associate with parameters reflecting insulin resistance 455 

in vivo in individuals with morbid obesity. In vitro studies corroborate the associations 456 

observed in the clinical study by showing that recombinant WISP1 impairs insulin signalling 457 

in myotubes and hepatocytes with consequences of impaired gluconeogenesis and glycogen 458 

synthesis (Figure 6). Thus, WISP1 may regulate the whole body insulin sensitivity and 459 
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glucose uptake due to its effects on insulin signalling in liver and muscle and is an attractive 460 

target for the prevention and care of obesity and diabetes. 461 
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Table 1. Participant characteristics 586 
 587 

Variable Normal-weight Obese  Obese + type 2 
diabetes 

P 

n 33 56 46  

Age, years 46.9 (42.3-51.5) 42.1 (39.2-45.1) 52.0 (49.2-54.8) §§§ <0.001 

BMI, kg/m2 24.2 (23.2-25.2) 41.2 (39.7-42.6) *** 43.1 (41.1-45.1) *** <0.001 

Fat, % body weight 24.2 (22.1-26.4) 37.6 (33.5-41.7) *** 44.1 (41.3-46.9) ***, § <0.001 

SAT cell size, m2 3508 (2724-4292) 6425 (5726-7123) *** 5765 (5237-6294) *** <0.001 

VAT cell size, m2 3494 (2679-4309) 6004 (5027-6982) *** 5576 (4899-6253) *** <0.001 

Fasting glucose, mmol/l 5.06 (4.67-5.45) 5.67 (5.21-6.13) 8.09 (7.18-9.01) ***, §§§ <0.001 

Fasting insulin, pmol/l 37.4 (30.0-44.7) 136 (90.3-181) ** 170 (135-204) *** <0.001 

HOMA-IR 1.20 (0.94-1.47) 5.79 (2.94-8.63) * 8.85 (6.86-10.84) ** <0.001 

HOMA2-%B 81.8 (64.1-100) 139 (118-160) *** 106 (87.3-124) § <0.001 

HbA1c(%)a 

(mmol/mol) 
n/a 5.78 (5.47-6.09) 

(39.67 (36.28-43.06)) 
7.48 (6.51-8.45) §§ 

(58.25 (47.65-68.85)) 
 

Adiponectin, mg/l 8.86 (7.35-10.38) 32.04 (24.71-39.37) *** 34.94 (29.66-40.23) *** <0.001 

CRP, mg/l 
(nmol/l) 

2.31 (1.08-3.54) 
22 (10.29-33.71) 

4.78 (3.57-5.99) * 

45.52 (34-57.05) 
3.74 (2.62-4.87) 
35.62 (24.95-46.38) 

<0.01 

Chemerin, µg/l 188 (162.9-214.8) 206.70 (188-225.4) 235 (213.1-256.9) * <0.05 

Leptin, µg/l 3.74 (2.41-5.06) 32.04 (24.71 -39.37) *** 34.94 (29.66 -40.23) *** <0.001 

MCP1, ng/l 220 (338-499.1) 334.9 (300.2-369.6) 408.1 (358.3-457.9) <0.05 

Omentin, µg/l 383.5 (349.5-417.6) 387.6 (348.8-426.5) 442.8 (400.6-485) >0.05 

HO-1, ng/l 555.0 (294.2–815.8) 867.1 (563.5-1170.7) 578.4 (344.4-812.3) 0.072 

ADIPOQ/adiponectin VAT 
(AU) 

171.7 (61.8-281.6) 43.6 (32.9-54.2) ** 54.6 (32.9-76.3) **, §§ <0.01 

RARRES2/chemerin VAT 
(AU) 

1.16 (0.87-1.45) 0.92 (0.82-1.02) 0.81 (0.70-0.93) * <0.05 

CCL2/MCP1 VAT (AU) 3.09 (0.90-5.28) 1.463 (0.83-2.10) 1.39 (0.66-2.12) >0.05 

ITLN1/Omentin VAT (AU) 9.04 (-0.60-18.68) 13.86 (7.7-20.03) 16.56 (9.07-24.04) >0.05 

HMOX1/HO-1 VAT (AU) aa 1.75 (0.95-2.55) 1.96 (-0.29-4.22) 2.17 (1.18-3.16) 0.791 

The data are presented as mean (95% confidence interval of the mean). Differences 588 

between the participant groups were calculated using ANOVA and Bonferroni correction for 589 

multiple comparisons. BMI, body mass index; SAT, subcutaneous adipose tissue; VAT, 590 

visceral adipose tissue; CRP, C-reactive protein; MCP1, monocyte chemotactic protein 1; ***, 591 

**, and * indicate p<0.001, p<0.01, and p<0.05 for differences versus normal weight control 592 

men, respectively, whereas §§§, §§ and § indicate p<0.001, p<0.01, and p<0.05 for differences 593 

between obese men with and without type 2 diabetes. a For HbA1c, only data for 10 obese 594 

participants and 15 participants with T2D available. aa For HMOX1 expression, data for 15 595 

normal-weight, 5 obese individuals and 16 individuals with T2D available.  596 
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Table 2. Regression analysis of circulating WISP1 levels 597 

Variable Unadjusted Age Age + BMI 

BMI, kg/m2 0.207 (0.022)* 0.192 (0.033)* n.a. 

Fat, % body weight 0.279 (0.067) 0.288 0.056) -0.115 (0.794) 

SAT cell size, m2 0.368 (0.015)* 0.322 (0.039)* 0.191 (0.399) 

VAT cell size, m2 0.292 (0.058) 0.265 (0.081) 0.146 (0.397) 

Fasting glucose, mmol/la 0.202 (0.091) 0.201 (0.079) 0.183 (0.114) 

Fasting insulin, pmol/la 0.241 (0.044)* 0.182 (0.123) 0.128 (0.385) 

HOMA-IRab 0.262 (0.028)* 0.210 (0.073) 0.171 (0.231) 

HOMA2-%Bab 0.099 (0.415) 0.035 (0.771) -0.056 (0.676) 

ISI Gutt0-120 b -0.401 (0.035)* -0.397 (0.042)* -0.438 (0.037)* 

Glucose, OGTT, t=30ab 0.312 (0.072) 0.312 (0.107) 0.313 (0.108) 

Glucose, OGTT, t=60ab 0.443 (0.009)** 0.442 (0.013)* 0.434 (0.018)* 

Glucose, OGTT, t=120ab 0.335 (0.052) 0.331 (0.077) 0.320 (0.100) 

AUC glucose, mmol/lab 0.416 (0.015)* 0.428 (0.021)* 0.420 (0.028)* 

 598 

The data indicate standardized regression coefficient β (p-value). Variables with a skewed 599 

distribution (a) were log-transformed prior to the regression analysis. b Participants treated 600 

with insulin were excluded from the analysis. BMI, body mass index; SAT, subcutaneous 601 

adipose tissue; VAT, visceral adipose tissue; OGTT, oral glucose tolerance test; AUC, area 602 

under the curve. ** and * indicate p<0.01, and p<0.05. 603 

  604 
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FIGURE LEGENDS 605 

 606 

Figure 1. WISP1 serum levels and gene expression in visceral adipose tissue. 607 

Quantification of circulating WISP1 levels (a) and gene expression in visceral adipose tissue 608 

(b) from normal-weight (control, n=30/16) and morbidly obese men with (n=44/31) and 609 

without type 2 diabetes (n=49/45) (T2D). Expression of WISP1 in paired samples of visceral 610 

(VAT) and subcutaneous (SAT) adipose tissue (c, n=6). Data (a, b) are presented as dot plot 611 

or bar graph (c), in which the lines represent the mean ± 95% confidence interval for each 612 

group. Differences among the groups were analysed by ANOVA and Bonferroni correction 613 

for multiple comparisons. Data were analysed by paired Student’s t test (c). The * indicates 614 

p<0.05 for the difference between normal-weight and obese individuals (a, b) or between 615 

VAT and SAT (c). 616 

 617 

Figure 2. Effect of WISP1 on insulin signalling in primary human skeletal muscle cells. 618 

Representative Western blots and bar graphs for the effects of WISP1 on insulin-stimulated 619 

phosphorylation of Akt-Thr308 (a), Akt-Ser473 (b), GSK3β-Ser9 (c), and p70 S6 kinase-620 

Thr389 (d), IRβ-Tyr1150/1151 (e) protein abundance of IRS1 (f). The dividing lines in the 621 

blots in panel f indicate places where the blot has been cut. The scattered bar graphs 622 

indicate the mean ± standard deviation for the phosphorylation levels obtained in 3-5 623 

independent experiments in primary human skeletal muscle cells obtained from different 624 

donors. The phosphorylation levels were normalized for the protein abundances of the non-625 

phosphorylated protein, GAPDH and -tubulin, respectively. The values obtained in cells 626 

incubated with 100 nM insulin only were considered as control and set at 100%. The effects 627 

of WISP1 and insulin were analysed by two-way ANOVA and Bonferroni correction for 628 

multiple comparisons. The ***, **, and * indicate p<0.001, p<0.01, and p<0.05 for the effects 629 

of WISP1 incubation, whereas †††, †† and † indicate p<0.001, p<0.01, and p<0.05 for the 630 

effects of insulin stimulation.  631 

 632 
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Figure 3. Effect of WISP1 on insulin-stimulated glycogen synthesis in primary human 633 

skeletal muscle cells. Myotubes were exposed to WISP1 for 24h before glycogen synthesis 634 

was determined as incorporation of D-[14C(U)]-glucose into glycogen in the absence or 635 

presence of insulin (100 nM) for 3 h. Data show incorporation of 14C-glucose as glycogen 636 

synthesis normalized to protein amount for three independent experiments (n=3) represented 637 

as mean ± SEM. The effects of WISP1 and insulin were analysed by two-way ANOVA and 638 

Bonferroni correction for multiple comparisons. ††p<0.01 versus control. 639 

 640 

Figure 4. Effect of WISP1 on insulin signalling in AML12 hepatocytes. Representative 641 

Western blots and bar graphs for the effects of WISP1 on insulin-stimulated phosphorylation 642 

of Akt-Thr308 (a), Akt-Ser473 (b), GSK3β-Ser9 (c), p70 S6 kinase-Thr389 (d), IRβ-643 

Tyr1150/1151 (e), FOXO1-Ser256 (f) and protein abundance of IRS1 (g). The dividing lines 644 

in the blots in panel g indicate places where the blot has been cut. The scattered bar graphs 645 

indicate the mean ± standard deviation for the phosphorylation levels obtained in 3-4 646 

independent experiments. The phosphorylation levels were normalized for the protein 647 

abundances of the non-phosphorylated protein, GAPDH and -tubulin, respectively. The 648 

values obtained in cells incubated with 100 nM insulin only were considered as control and 649 

set at 100%. The effects of WISP1 and insulin were analysed by two-way ANOVA and 650 

Bonferroni correction for multiple comparisons. The ***, **, and * indicate p<0.001, p<0.01, 651 

and p<0.05 for the effects of WISP1 incubation, whereas †††, and †† p<0.001, p<0.01 for 652 

the effects of insulin stimulation.  653 

 654 

Figure 5. WISP1 impaired the insulin-mediated suppression of gluconeogenic gene 655 

expression in primary hepatocytes. Hepatocytes were exposed to WISP1 for 24h. The last 656 

60 min of WISP1 incubation time occurred in absence or presence of insulin (100 nM). Pck1 657 

(a) and G6pc (b) expression levels were assessed by quantitative RT-PCR and normalized 658 

to 18S. Data represent mean ± SEM of the expression levels of 5 independent experiments 659 

using cells from different mice. The values obtained for untreated cells were considered as 660 
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controls and set as 1. Differences among conditions were calculated by two-way ANOVA and 661 

Bonferroni correction for multiple comparisons. ††p<0.01 versus control; * p<0.05 control 662 

versus WISP1. 663 

 664 

Figure 6. WISP1 impairs insulin action in myotubes and hepatocytes. 665 

 666 

 667 

 668 

 669 

 670 
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ESM Table 1. Overview of real-time PCR primers and probes 

 

Species Target Accession Forward 5’->3’ Reverse 5’->3’ 

Human RPS18 NM_022551 Quantitect assay: QT02323251  

Human UBE2D2 NM_003339 CACAAGGAATTGAATGATCTGGCA ATAGGGACTGTCATTTGGCCC 

Human WISP1 NM_003882 GGCCAGGCTCTTCCTTGAAT TAGAGGAGTGTTCCAGGGCA 

Human YWHAZ NM_003406 TCTGGCTCCACTCAGTGTCT CTGTGGGATGCAAGCAAAGG 

Human MCP1 (CCL2) NM_002982 Quantitect assay: QT00212730 

Human chemerin 

(RARRES2) 

NM_002889 Quantitect assay: QT00091945 

Human omentin (ITLN1) NM_017625 TCAGCTTCCTGCTGTTTCTCATA GGAGACGAAGAACAGGTCCATT 

Human HO-1 (HMOX1) NM_002133 TCCGATGGGTCCTTACACTCA TCACATGGCATAAAGCCCTACA 

Human RPLP0 NM_001002 GCTTCCTGGAGGGTGTCC GGACTCGTTTGTACCCGTTG 

Mouse Rplp0 NM_007475 TCCCACCTTGTCTCCAGTCTTT ACCTCCTTCTTCCAGGCTTTG 

Mouse Wisp1 NM_018865 GCATTTCTTCCCTGCCTTGAT ATCTCTAACGTCAATGCCCGG 

Mouse Il-6 NM_031168 AGAAGGAGTGGCTAAGGACCAA AACGCACTAGGTTTGCCGAG 

Mouse Tnfa NM_013693 CGTGGAACTGGCAGAAGAGG CTGCCACAAGCAGGAATGAG 

Mouse Mcp-1 NM_011333 CTTCTGGGCCTGCTGTTCA GAGTAGCAGCAGGTGAGTGGG 

Mouse G6pc NM_008061 TaqMan™ Assays:Mm00839363 

Mouse Pck1 NM_011044 TaqMan™ Assays: Mm01247058 

Mouse 18s X03205 TaqMan™ Assays: 4310893E 
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ESM Table 2. Correlation analysis for WISP1 expression and serum levels with 

anthropometric and metabolic markers 

Variable WISP1 VAT* WISP1 serum* 

n 78 123 

Age, years 0.183 (0.084) -0.193 (0.034)* 

BMI, kg/m2 0.019 (0.859) 0.207 (0.022)* 

Fat, % body weight -0.477 (0.339) 0.279 (0.067) 

SAT cell size, m2 0.040 (0.932) 0.368 (0.015)* 

VAT cell size, m2 -0.064 (0.891) 0.292 (0.058) 

Fasting glucose, mmol/la 0.262 (0.042)* 0.188 (0.094) 

Fasting insulin, pmol/l* 0.231 (0.073) 0.255 (0.022)* 

HOMA-IRa 0.272 (0.034)* 0.275 (0.014)* 

HOMA2-%Ba 0.019 (0.886) 0.130 (0.252) 

ISI Gutt0-120 a 0.001 (0.995) -0.401 (0.035)* 

Insulin, OGTT, t=0a 0.142 (0.408) 0.110 (0.541) 

Insulin, OGTT, t=30 mina 0.114 (0.507) -0.008 (0.963) 

Insulin, OGTT, t=60 mina 0.073 (0.672) 0.205 (0.252) 

Insulin, OGTT, t=120 mina 0.007 (0.969) 0.176 (0.326) 

Insulin, OGTT, AUCa 0.051 (0.769) 0.100 (0.579) 

Glucose, OGTT, t=0a -0.048 (0.778) 0.172 (0.330) 

Glucose, OGTT, t=30 mina 0.019 (0.910) 0.312 (0.072) 

Glucose, OGTT, t=60 mina 0.014 (0.934) 0.443 (0.009)** 

Glucose, OGTT, t=120 mina -0.044 (0.795) 0.335 (0.052) 

Glucose, OGTT, AUCa 0.025 (0.884) 0.413 (0.015)* 

 

The data are presented as Pearson’s r (p). Variables with a skewed distribution (a) were log-

transformed prior to the analysis. In the analysis of OGTT data, participants with insulin 

treatment were excluded from the analysis. BMI, body mass index; SAT, subcutaneous 

adipose tissue; VAT, visceral adipose tissue; OGTT, oral glucose tolerance test; AUC, area 

under the curve. ** and * indicate p<0.01, and p<0.05.  
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ESM Table 3. Regression analysis WISP1 expression in visceral adipose tissue 

 

Variable Unadjusted Age adjusted Age and BMI adjusted 

BMI, kg/m2 0.024 (0.824) 0.020 (0.854) n.a. 

Fat, % body weight -0.477 (0.339) -0.497 (0.401) -4.584 (0.320) 

SAT cell size, m2 0.040 (0.932) 0.037 (0.944) 1.052 (0.733) 

VAT cell size, m2 -0.064 (0.891) -0.188 (0.775) -2.729 (0.320) 

Glucose, mmol/la 0.262 (0.042)* 0.232 (0.085) 0.212 (0.120) 

Insulin, pmol/la 0.231 (0.073) 0.233 (0.069) 0.205 (0.168) 

HOMA-IRa 0.272 (0.034)* 0.261 (0.041)* 0.240 (0.101) 

HOMA2-%Ba 0.019 (0.886) 0.065 (0.630) 0.002 (0.988) 

ISI Gutt0-120 a 0.001 (0.995) -0.007 (0.974) -0.068 (0.753) 

The data are  (p). Variables with a skewed distribution (a) were log-transformed prior to the 

regression analysis. BMI, body mass index; SAT, subcutaneous adipose tissue; VAT, 

visceral adipose tissue. * indicate p<0.01, and p<0.05. 
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ESM Table 4. Correlation analysis of WISP1 expression and serum levels with 

inflammatory markers 

Variable WISP1 VAT* WISP1 serum* 

n 78 123 

CRP, nmol/la 0.045 (0.691) -0.110 (0.246) 

Adiponectin, mg/la -0.092 (0.410) -0.190 (0.031)* 

Chemerin, µg/l 0.074 (0.511) -0.068 (0.449) 

Leptin, µg/l 0.114 (0.476) 0.103 (0.358) 

Omentin, µg/l 0.135 (0.228) -0.095 (0.283) 

MCP1, ng/la 0.080 (0.482) -0.181 (0.055) 

HO-1, ng/l -0.261 (0.073) 0.437 (1.3x10-5)*** 

ADIPOQ/adiponectin VAT (AU) 0.030 (0.797) -0.004 (0.963) 

RARRES2/chemerin VAT (AU) -0.132 (0.235) 0.005 (0.961) 

CCL2/MCP1 VAT (AU) 0.253 (0.021)* 0.008 (0.931) 

ITLN1/Omentin VAT (AU) 0.118 (0.295) -0.174 (0.070) 

HMOX1/HO-1 VAT (AU)b 0.122 (0.795) 0.124 (0.470) 

 

Variables with a skewed distribution (a) were log-transformed prior to the analysis. 

Correlation analysis was performed using Pearson or Spearman test dependently on the 

data distribution and presented as r (p) or rho (p). VAT, visceral adipose tissue; CRP, C-

reactive protein; MCP1, monocyte chemotactic protein 1. b
 n=36. ***, ** and * indicate p<0.001, 

p<0.01, and p<0.05. 

 

 



Supplementary Methods 

Participant characteristics 

We recruited 33 normal weight men and 102 obese men, of whom 46 had type 2 diabetes 

according to the American Diabetes Association criteria [1], from the Obster [2] and 

HepObster [3] cohort. The obese men were scheduled for gastric banding or gastric bypass 

surgery, whereas the normal weight men were scheduled for elective surgery in the 

abdominal region, such as adhaesiolysis, hernia diaphragmatica, intestinal resection or 

Nissen fundoplication. At the surgery day, a blood sample was collected after overnight 

fasting. During surgery, visceral (VAT) and subcutaneous (SAT) adipose tissue biopsies 

were collected, immediately frozen in liquid nitrogen, and stored at -80oC until analysis.  

Before surgery, the participants underwent an oral glucose tolerance test (OGTT) after an 

overnight fast. Blood samples for the determination of plasma glucose and insulin levels 

were collected at t=0, t=30, t=60, and t=120 min after the ingestion of 75 g glucose. The area 

under the curve (AUC) for the insulin and glucose response was calculated by the 

trapezoidal method with baseline corrected glucose and insulin values.  

The study protocol was approved by the Ethics Committee of Ghent University Hospital and 

conducted according to the principles of the Declaration of Helsinki. All participants gave 

their written informed consent. 

 

Serum analysis 

Circulating WISP1 levels were determined in fasting serum samples using a Duoset human 

WISP-1/CCN4 Elisa assay (R&D systems, Wiesbaden, Germany) in combination with human 

serum albumin (A1887, Sigma, Germany) on 96-well high-binding assay plates (82.1581, 

Sarstedt, Germany). This ELISA utilizes a monoclonal capture antibody and polyclonal 

detection antibody. This assay displayed an inter-assay %CV of 16% and a detection range 

of 7.5-1000 ng/l. 

Glucose levels were determined using a colorimetric glucose oxidation assay (Roche 

Diagnostics, Mannheim, Germany). Insulin levels were determined using a modular 



immunoassay (Roche Diagnostics). Homeostasis model for assessment of insulin resistance 

(HOMA-IR) was calculated using the formula: fasting glucose [mmol/L] x fasting insulin 

[µU/mL])/22.5 [4]. HOMA2-%B was calculated using the formula (20 x fasting insulin 

[µU/mL]) / (glucose [mmol/l]-3.5) [5]. The HOMA-indices were calculated only for normal 

weight individuals and morbidly obese participants without type 2 diabetes and not taking 

glucose-lowering medication or insulin [6]. CRP was quantified with standard laboratory 

assays on an automated analyser (COBAS 8000 modular analyser series, Roche 

Diagnostics, Mannheim, Germany). Adiponectin, chemerin, MCP-1, leptin, and omentin 

serum levels were quantified using commercial enzyme-linked immunosorbent assay kits as 

described [2, 3]. Serum heme oxygenase-1 (HO-1) levels were assessed by the R&D 

Systems ELISA (Wiesbaden, Germany). 

 

Determination of adipocyte cell size 

Immediately after collection, biopsies from visceral and subcutaneous adipose tissue were 

fixated in formalin, buffered with 4% paraformaldehyde, at room temperature. After 

dehydration, cleaning and paraffin embedding, adipocyte cell size determination was 

performed exactly as described previously [7]. 

 

Culture of adipose tissue explants 

SAT and VAT samples were collected from 6 morbidly obese individuals during bariatric 

surgery (the study is registered at the German Clinical Trials Register, DRKS00009509). The 

study was approved by the Ethics Committee of Charité University Medicine Berlin and all 

participants gave their written informed consent. Adipose tissue explants (300-350 mg/well) 

were maintained in Dulbecco′s Modified Eagle′s Medium/Nutrient F-12 Ham Mixture 

(DMEM/F12, Gibco, Darmstadt, Germany) supplemented with 0.5% bovine serum albumin 

(BSA) (low endotoxin), 1% antibiotic-antimycotic mixtures, 0.7 nM insulin and 2.5 nM 

dexamethasone (all from Sigma Aldrich, St Louis, MO, USA) for 24 h. Explants were frozen 

in liquid nitrogen, and stored at -80oC until analysis. 



 

Cell culture 

Primary human skeletal muscle cells (hSkMC) were differentiated from proliferating satellite 

cells isolated from the quadriceps or psoas muscle and were purchased from Lonza (CC-

2580, Basel, Switzerland). Here, we used cells from 3 different healthy, 17-32 years-old 

Caucasian donors. The satellite cells were seeded in 6-well plates and differentiated into 

myotubes as described previously [8]. The mouse AML12 (alpha mouse liver 12) hepatocyte 

cell line was purchased from America Type Culture Collection (ATCC Number CRL-2254, 

Wesel, Germany), and cultured in DMEM/F12 (Thermo Fisher Scientific, Waltham, MA) 

supplemented with 15 mM L-Glutamine, 1.2 g/l HEPES, 0.005 g/l insulin, 0.005 g/l 

transferrin, 5 µg/l selenium, 40 µg/l dexamethasone and 10% foetal bovine serum (FBS). For 

experiments, the cells were seeded in 6-well plates in a density of 300.000 cells per well and 

cultured for 48 hours prior to treatment with WISP-1. 

3T3-L1 fibroblasts (ATCC Number CL-173, Wesel, Germany) were cultured in IMDM 

(Iscove’s Modified Dulbecco’s Medium, 4.5 g/l glucose, PAN-Biotech) with 10% NCS 

(newborn calf serum, PAN-Biotech) at 37°C and were differentiated in IMDM containing 10% 

FBS (fetal bovine serum, PAN-Biotech), 1.2 mg/l insulin (Roche), 0.5 mmol/l IBMX (3-

isobutyl-1-methylxanthine, Sigma-Aldrich), 0.25 µmol/l dexamethasone (Sigma-Aldrich) and 

2 µmol/l rosiglitazone (Sigma-Aldrich) as soon as they reached confluence.  

Primary hepatocytes were isolated from perfused livers from sacrificed male, 18-20-week-old 

C57BL/6 mice (inbred strain, 000664; The Jackson Laboratory, Bar Harbor, Maine, USA) by 

two-step collagenase perfusion of the liver as described previously [9, 10]. Mice were housed 

in a controlled environment on 12-hour light-dark cycle (22 ± 1°C, 50 ± 5% humidity), 

received water and standard laboratory food ad libitum (Ssniff, Soest, Germany). The Animal 

Care Committee of the University Duesseldorf approved animal care and procedures 

(Approval#Az.84-02.04.2015.A424). Hepatocytes were cultured on collagen-type-I coated 

plates at a density of 6.25 x 104 cells/cm2 in DMEM/F-12 (Thermo Fisher Scientific, Waltham, 

MA) supplemented with 10% fetal calf serum (FCS) (Biochrom GmbH, Berlin, Germany), 1 



µM dexamethasone (Sigma Aldrich, St Louis, MO, USA), 100 nM insulin (porcine insulin, 

Sigma Aldrich, St Louis, MO, USA) and 2% antibiotic-antimycotic mixtures (Thermo Fisher 

Scientific, Waltham, MA) for 4h. Following, hepatocytes were exposed to WISP1 in serum-

starvation medium consisting of DMEM/F-12 supplemented with 0.2% bovine serum albumin 

(BSA, Sigma Aldrich, St Louis, MO, USA) and 2% antibiotic-antimycotic mixtures overnight 

for 24h. All cells were free from mycoplasma as judged from routine monthly testing.  

 

Cell treatment with recombinant WISP1 

To analyse the effects of WISP-1 on insulin action, myotubes and primary hepatocytes were 

serum-starved, whereas the AML12 cells were cultured in medium without insulin and serum. 

After 4h of starvation, the medium was supplemented with recombinant WISP-1 (Peprotech, 

Hamburg, Germany), that was dissolved in phosphate-buffered saline supplemented with 

0.1% BSA. The WISP1 concentrations used in this study were 0.1 µg/l and 1 µg/l, thus 

covering the range found in the circulation. After 24h of exposure to WISP1, hSkMC and 

AML12 hepatocytes were either harvested or incubated for additional 10 min with 100 nM 

insulin (porcine insulin, Sigma Aldrich, St Louis, MO, USA) before cell lysis for analysis of 

protein phosphorylation and abundance. In glycogen synthesis studies, hSkMC were 

exposed 24h to WISP1 before glucose starvation and insulin stimulation. For analysis of the 

expression of the gluconeogenic gene Pck1 and G6pc, primary hepatocytes were exposed to 

insulin (100 nM) for 60 min upon 24h WISP1 treatment followed by cell lysis. 

 

Knockdown of WISP1 in 3T3-L1 adipocytes 

Before initiating differentiation in 3T3-L1 adipocytes, cells were transfected with siRNA for 

WISP1 (6 nmol per 6-well plate, Dharmacon, Lafayette, CO, USA) using electroporation to 

suppress gene expression, and scrambled siRNA was used as a control. Samples were 

collected 3, 5, and 7 days after transfection. 

 



Gene expression analysis 

Total RNA was extracted from 100 mg adipose tissue biopsies with an RNeasy lipid tissue kit 

(Qiagen, Hilden, Germany). RNA content and quality was determined using a Nanodrop. 

RNA was transcribed using the GoScript™ reverse transcription system (Promega) or High-

Capacity cDNA Reverse Transkription Kit (Applied Biosystems, Darmstadt, Germany). Total 

RNA from primary hepatocytes and 3T3-L1 adipocytes was extracted using RNeasy Mini Kit 

and RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany), respectively, according to 

manufacturer’s instructions. cDNA synthesis was performed with help of Moloney Murine 

Leukemia Virus Reverse Transcriptase (M-MLV RT) and Random Primers (Promega, 

Mannheim, Germany). Gene expression levels were determined via real time PCR on a 

StepOne Plus real-time PCR system using GoTaq® qPCR Master Mix (Promega), ViiA 7 

Real-Time PCR System using Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific, Waltham, MA) or TaqMan™ Assays (Thermo Fisher Scientific, Waltham, MA) as 

indicated in Table S1. The expression of human WISP1 was calculated from the obtained 

threshold cycle (Cq) values after normalization for the geometric mean of the expression of 

stable reference genes (RPS18, YWHAZ, UBE2D2) or RPLP0. Gene expression in mouse 

samples was normalized to the expression of the stable reference genes 18S or RPLP0. 

Primers were either designed using PrimerBlast (NCBI) and ordered from Eurogentec 

(Cologne, Germany) and Invitrogen (Thermo Fisher Scientific, Waltham, MA) or ordered as 

Quantitect assay (Qiagen) or TaqMan™ Assays. Primer sequences are listed in Table S1. 

 

Analysis of protein phosphorylation and abundance 

Primary hSkMC and AML12 hepatocytes were lysed on ice buffer containing 30 mM Tris-

HCL (pH7.5), 1 mM EDTA, 150 mM NaCl, 0.5 % Triton X-100, 0.5% Na-deoxycholate, 

supplemented with protease (Complete) and phosphatase (PhosStop) inhibitor cocktails 

(Roche, Mannheim, Germany). Lysates were cleared by centrifugation (10 min; 14000 x g at 

4oC), and protein content was determined using the Pierce BCA protein assay kit (Thermo 

Fisher Scientific).  



Proteins were separated by SDS-PAGE (10 µg per lane) and transferred to polyvinylidene 

difluoride membranes (Millipore, Schwalbach, Germany) by Western blotting as described 

[8]. Following a 1h incubation with Tris‐buffered saline (TBS) containing 0.1% Tween‐20 

(TBS-T) and either 5% non-fat dry milk or 5% BSA to block non-specific binding, the 

membranes were incubated overnight at 4°C with primary antibodies recognizing phospho-

Akt-Thr308 (#4056), phospho-Akt-Ser473 (#9271), non-phosphorylated Akt (#9272), 

phospho-glycogen synthase kinase (GSK) 3β-Ser9 (#9315), non-phosphorylated GSK3β 

(#9323), phospho-FoxO1-Ser256 (#9461), non-phosphorylated FoxO1 (#2880), phospho-

p70S6kinase (p70S6K) Thr389 (#9234), non-phosphorylated p70S6kinase (#2707) (all 

diluted 1:1000) which all were purchased from Cell Signaling Technology (Danvers, CA, 

USA). Insulin receptor substrate 1 (IRS1) (dilution 1:500, 06-248) was obtained from Millipore 

(Charlottesville, USA) and phospho-insulin receptor β-Tyr1150/1151 (dilution 1:250, sc-

81500) and non-phosphorylated insulin receptor β (IRβ) (dilution 1:500, sc-711) were both 

from Santa Cruz (Biotechnology, Santa Cruz, CA, USA). Polyclonal antibodies for IRS2 

(dilution 1:500) were described previously [11]. After washing the membranes in TBS-T, 

bound primary antibodies were detected by incubation with either secondary goat anti-rabbit 

IgG (#7074) or horse anti-mouse IgG (#7076) antibodies (dilution 1:1000) both coupled to 

horseradish peroxidase (Cell Signaling Technology, Danvers, CA, USA) and 

chemiluminescence using Immobilon Western detection reagents (Millipore, Schwalbach, 

Germany) on a VersaDoc 4000 MP (BioRad Laboratories) workstation. Images were 

analysed using Quantity One analysis software (BioRad Laboratories, version 5.2.1), and 

protein signals were normalized for -tubulin (#3873, dilution 1:1000) and GAPDH (#2118, 

dilution 1:5000) (Cell Signaling Technology) protein abundance. 

 

Analysis of glycogen synthesis in primary human skeletal muscle cells  

Primary human skeletal muscle cells were starved in glucose-free DMEM (D5030, Sigma 

Aldrich, St Louis, MO, USA) supplemented with 1 mM sodium pyruvate, 2 mM GlutaMAX™, 

1x MEM Vitamin Solution, 1x MEM Non-Essential Amino Acids Solution (Thermo 



Fisher Scientific, Waltham, MA) and 2.2 g/l sodium bicarbonate (NaHCO3) (Merck 

Chemicals GmbH, Darmstadt, Germany) for 90 min. Following, myotubes were incubated in 

Minimum Essential Media (MEM) (Thermo Fisher Scientific, Waltham, MA) containing 5 mM 

glucose supplemented with D-[14C(U)]-glucose (2 μCi/mL) (PerkinElmer Cellular 

Technologies GmbH, Hamburg, Germany) in the presence or absence of 100 nM insulin 

(porcine insulin, Sigma Aldrich, St Louis, MO, USA) for 3h as described [12]. Briefly, after 

washing cells twice with ice-cold phosphate buffered saline (PBS), cells were exposed to 1 M 

potassium hydroxide (KOH) for solubilization. Afterwards, samples were incubated with a 

final concentration of 3 M KOH and 20 g/l glycogen (Sigma-Aldrich, St Louis, MO, USA) and 

heated at 80°C for 20 min. Glycogen precipitates were received by adding ice-cold absolute 

ethanol, washed once with ethanol 70% and dissolved in 500 μl distilled water. Incorporated 

D-[14C(U)]-glucose was assessed by liquid scintillation counting of 300 µl lysate in 3 

ml Rotiszint® eco plus (Carl Roth, Karlsruhe, Germany). Protein content was determined in 

remaining cell lysates by BCA Protein Assay Kit (Pierce, Rockford, IL) and used for 

normalization of corresponding CPM (counts per minute) measurements.  
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