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The novel adipokine WISP1 associates with insulin resistance
and impairs insulin action in human myotubes and mouse hepatocytes
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Abstract

Aims/hypothesis Wingless-type (Wnt) inducible signalling pathway protein-1 (WISP1) has been recently identified as a proin-

flammatory adipokine.We examined whetherWISP1 expression and circulating levels are altered in type 2 diabetes and whether

WISP1 affects insulin signalling in muscle cells and hepatocytes.

Methods Serum and visceral adipose tissue (VAT) biopsies, for analysis of circulating WISP1 levels by ELISA and WISP1

mRNA expression by real-time quantitative RT-PCR, were collected from normal-weight men (control group, n = 33) and obese

men with (n = 46) and without type 2 diabetes (n = 56) undergoing surgery. Following incubation of primary human skeletal

muscle cells (hSkMCs) and murine AML12 hepatocytes with WISP1 and insulin, insulin signalling was analysed by western

blotting. The effect of WISP1 on insulin-stimulated glycogen synthesis and gluconeogenesis was investigated in hSkMCs and

murine hepatocytes, respectively.

Results Circulating WISP1 levels were higher in obese men (independent of diabetes status) than in normal-weight men (mean

[95% CI]: 70.8 [55.2, 86.4] ng/l vs 42.6 [28.5, 56.6] ng/l, respectively; p < 0.05). VATWISP1 expression was 1.9-fold higher in

obese men vs normal-weight men (p < 0.05). Circulating WISP1 levels were positively associated with blood glucose in the

OGTT and circulating haem oxygenase-1 and negatively associated with adiponectin levels. In hSkMCs and AML12
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hepatocytes, recombinant WISP1 impaired insulin action by inhibiting phosphorylation of insulin receptor, Akt and its substrates

glycogen synthase kinase 3β, FOXO1 and p70S6 kinase, and inhibiting insulin-stimulated glycogen synthesis and suppression of

gluconeogenic genes.

Conclusions/interpretation Circulating WISP1 levels and WISP1 expression in VAT are increased in obesity independent of

glycaemic status. Furthermore, WISP1 impaired insulin signalling in muscle and liver cells.

Keywords Adipokine . Akt . Insulin action . Insulin resistance . Type 2 diabetes . Visceral adipose tissue .WISP1

Abbreviations

CRP C-reactive protein

FOXO1 Forkhead box O1

GSK3β Glycogen synthase kinase 3β

HO-1 Haem oxygenase-1

hSkMC Human skeletal muscle cell

IRβ Insulin receptor β

LRP LDL receptor-related protein

MCP-1 Monocyte chemotactic protein 1

p70S6K p70 S6 kinase

SAT Subcutaneous adipose tissue

sFRP Secreted frizzled-related protein

VAT Visceral adipose tissue

Wnt Wingless-type

WISP1 Wnt-inducible signalling protein-1

Introduction

The wingless-type (Wnt) signalling pathway is closely asso-

ciated with the pathophysiology of cancers and has been linked

to adipogenesis and hypertrophic obesity [1, 2]. Regulation of

the Wnt signalling system is complex and involves multiple

components, including 19 different Wnt ligands that can bind

to a family of ten distinct frizzled receptors and seven families

of co-receptors, the most well-known being the LDL receptor-

related proteins (LRPs) 5 and 6 [3]. Numerous secreted

proteins that antagonise Wnt signalling by preventing ligand–

receptor interactions have been identified, including members

of the secreted frizzled-related protein (sFRP) and Dickkopf

families [4]. Depending on the ligand–receptor combination,

activation of Wnt signalling pathways results in the activation

of either the canonical or the less-well-characterised non-

canonical Wnt pathway [5, 6]. In the canonical pathway, acti-

vation of the frizzled receptors and LRP5/6 leads to inhibition

of the activity of cytosolic glycogen synthase kinase 3β

(GSK3β) [7, 8]. This results in stabilisation of the transcrip-

tional regulator β-catenin and induction of the expression of

Wnt target genes [5, 6]. Importantly, in vitro studies on pre-

adipocytes report an association between alterations inWnt and

LRP5 activity and the regulation of the insulin-mediated phos-

phorylation of Akt and its substrate GSK3β, suggesting that

changes in the activity of Wnt signalling may participate in the

pathophysiology of insulin resistance and type 2 diabetes [9].

•

•

•

•

•

•

•
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Adipocytes have been found to express and/or release many

targets and regulators of the Wnt signalling pathway, including

Wnt-inducible signalling protein (WISP) 2, sFRP1, sFRP2,

sFRP4 and sFRP5 [10–12]. Moreover, expression and release

of these proteins is altered in obesity [10–12]. Recently, we

identified WISP1 (also known as CCN4) as an adipokine in

human and murine adipose tissue [13]. Cross-sectional obser-

vations in glucose-tolerant humans have demonstrated that

WISP1mRNA levels in adipose tissue are positively associated

with fasting insulin levels and macrophage infiltration in adi-

pose tissue and are associated negatively with insulin sensitiv-

ity, as measured by hyperinsulinaemic–euglycaemic clamp

[13]. Furthermore, WISP1 expression is affected by diet-

induced changes in body weight [13]. In humans, weight loss

led to a reduction inWISP1 expression, whereas feedingmice a

high-fat diet increased the expression of WISP1 in adipose

tissue [13]. A study in women with gestational diabetes and

insulin resistance showed increased circulating levels of

WISP1 and identified BMI and insulin resistance as determi-

nants of WISP1 levels [14]. Another very recently published

study observed a direct relationship between circulating

WISP1 levels and visceral adiposity and signs of insulin resis-

tance, independently of glucose tolerance [15].

Despite these observations, data on the potential relevance

ofWISP1 in the pathophysiology of insulin resistance and type

2 diabetes are limited. This study examinedwhether circulating

levels of WISP1 and its expression in visceral adipose tissue

(VAT) are altered in obese men with or without type 2 diabetes

vs normal-weight men. Furthermore, we investigated in vitro

whether WISP1 impairs insulin action in primary human skel-

etal muscle cells (hSkMCs) and murine AML12 hepatocytes.

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

[16], from the Obster [17] and HepObster [18] cohort.

Obese men were scheduled for bariatric surgery, whereas

normal-weight men were scheduled for elective surgery in

the abdominal region. On the day of surgery, a blood sample

was collected after overnight fasting. During surgery, VATand

subcutaneous adipose tissue (SAT) biopsies were collected. In

a subcohort of obese men (n = 42), an OGTT was performed

using 75 g glucose. The study protocol was approved by the

Ethics Committee of Ghent University Hospital and conduct-

ed according to the principles of the Declaration of Helsinki.

All participants gave their written informed consent. See elec-

tronic supplementary material (ESM) Methods for more de-

tails. Samples collected from the participants were not

randomised and no blinding regarding group assignment

was applied.

Serum analysis SerumWISP1 levels were determined using a

Duoset human WISP-1/CCN4 ELISA assay (R&D systems,

Wiesbaden, Germany). C-reactive protein (CRP), insulin,

adiponectin, chemerin, monocyte chemotactic protein 1

(MCP-1), leptin, omentin and haem oxygenase-1 (HO-1) se-

rum levels were quantified using commercial assays as de-

scribed in ESM Methods.

Determination of adipocyte cell size VAT and SAT biopsies

were used to assess adipocyte cell size by hematoxylin–eosin

staining of VAT and SAT paraffin slides. See ESM Methods

for details.

Culture of adipose tissue explants Adipose tissue explants

were obtained from obese individuals and cultured in

DMEM/F12 (Gibco, Darmstadt, Germany). See ESM

Methods for details.

Cell culture hSkMCs were differentiated from proliferating sat-

ellite cells and were cultured as previously described [19]. The

mouse AML12 (alpha mouse liver 12) hepatocyte cell line was

maintained in DMEM/F12 (Thermo Fisher Scientific,

Waltham, MA, USA) for 48 h. Primary hepatocytes were iso-

lated from male C57BL/6 mice as described [20, 21]. 3T3-L1

fibroblasts were differentiated to adipocytes in Iscove’s

Modified Dulbecco’s Medium IMDM, PAN Biotech,

Aidenbach, Germany). See ESM Methods for details.

Cell treatment with recombinant WISP1Myotubes and prima-

ry hepatocytes were serum-starved and AML12 cells were

cultured in medium without insulin and serum for 4 h follow-

ed by 24 h exposure to recombinant WISP1 prior to insulin

stimulation. See ESM Methods for details.

Knockdown of WISP1 in 3T3-L1 adipocytes Before initiating

differentiation into adipocytes, 3T3-L1 cells were transfected

with siRNA for WISP1 or scrambled siRNA (used as a con-

trol). See ESM Methods for details.

Gene expression analysis Real-time quantitative RT-PCR

using specific primers (ESM Table 1) was performed to deter-

mine expression levels of mRNAs for WISP1, CCL2

(encoding MCP-1), RARRES2 (encoding chemerin), ITLN1

(encoding omentin), HMOX1 (encoding HO-1), RPS18,

UBE2D2, YWHAZ and RPLP0 in human adipose tissue and

Wisp1, Il6, Tnf,Ccl2,G6pc Pck, Rplp0 and 18s in mouse 3T3-

L1 adipocytes or primary hepatocytes. See ESMMethods and

ESM Table 1 for details.

Analysis of protein phosphorylation and abundance Analysis

of insulin signalling was performed in hSkMCs and AML12

lysates by western blotting with antibodies recognising phos-

phorylated and/or non-phosphorylated Akt, glycogen
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synthase kinase, forkhead box O1 (FOXO1), p70S6kinase

(p70S6K), insulin receptor β (IRβ), IRS1 and IRS2, α-

tubulin and GAPDH all used as per manufacturer’s instruc-

tions and as described in ESM Methods.

Analysis of glycogen synthesis in primary hSkMCs Glycogen

synthesis in hSkMCs was assessed by the incorporation of

D-[U-14C]glucose into glycogen in the absence or presence

of insulin (100 nmol/l). See ESM Methods for details.

Statistical analysis Statistical analysis of the clinical data and

cell culture experiments was performed using SPSS Statistics

(version 24.0; IBM, Armonk, NY, USA) and GraphPad Prism

(version 7.0; GraphPad Software, La Jolla, CA, USA), respec-

tively. The data are expressed as mean (95% CI) unless stated

otherwise. Differences between groups were calculated by

ANOVA followed by a Bonferroni correction for multiple

comparisons. Gutt index of insulin sensitivity was calculated

as described [22]. Linear regression analysis with adjustments

for age and/or BMI was applied to identify correlates of

WISP1 mRNA expression in VAT as well as circulating

WISP1 levels and determinants of adipose tissue and glucose

metabolism. In the correlation and regression analysis of glu-

cose in OGTT, HOMA-IR and Gutt index, individuals treated

with insulin (inclusive of all individuals with diabetes) were

excluded. Variables showing a skewed distribution were log-

transformed prior to analysis. In all analyses, a p value of

<0.05 was considered as statistically significant.

Results

Participant cohort The characteristics of the 33 normal-weight

men and 102 obese men, of whom 46 had type 2 diabetes, are

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

higher BMI, fat mass, and larger adipocytes than normal-

weight men (all p < 0.001), increased fasting insulin levels

(p < 0.01), a reduced insulin sensitivity (p < 0.05) and in-

creased beta cell function (p < 0.001), both estimated by

HOMA modelling (p < 0.05). The obese participants with

type 2 diabetes were older than the obese men without type

2 diabetes (p < 0.001). In addition, fat mass (p < 0.05) and

fasting glucose levels (p < 0.001) were higher, and beta cell

function (p < 0.05) was reduced in the obese men with type 2

diabetes vs those without type 2 diabetes. A subgroup of 42

obese men, of whom eight had type 2 diabetes, underwent an

OGTT. As expected, the post-load glucose levels were higher

in individuals with type 2 diabetes (ESM Fig. 1a, b), while

post-load insulin levels were lower (ESM Fig. 1c, d), when

compared with participants without type 2 diabetes.

WISP1 serum levels and gene expression in VAT in obesity

and type 2 diabetes WISP1 circulating levels were obtained

in 123 out of 135 participants. In samples from two partici-

pants (one normal weight and one obese), WISP1 levels were

below the limit of detection; in the other participants without

data, no serum sample was available for analysis. The circu-

lating WISP1 level was 42.6 (28.5, 56.6) ng/l in normal-

weight men (n = 30) and 70.8 (55.2, 86.4) ng/l in obese men

(n = 93) (p < 0.05, Fig. 1a). There was no statistically signifi-

cant difference in circulatingWISP1 level between obese men

with (69.4 [48.5, 90.3] ng/l; n = 44) and without type 2 diabe-

tes (72.2 [48.4, 95.6] ng/l; n = 49) (Fig. 1a).

VAT biopsies to analyseWISP1 gene expression levels were

available for 92 participants from the ‘HepObster’ cohort. The

expression of WISP1 was 1.9-fold higher in VAT from obese

men (n = 76) than in VAT from normal-weight men (n = 16)

(p < 0.05). As with circulating WISP1 levels, we observed no

statistically significant differences in WISP1 expression levels

between obese men with (n = 31) and without type 2 diabetes

(n = 45) (Fig. 1b). In paired SAT samples, WISP1 mRNA

levels were very low; reliable detection of WISP1 (Ct < 35

and single-peak melting curve) was achieved in only nine of

the 33 samples analysed (data not shown). In addition, we

compared WISP1 mRNA expression levels in the explants of

paired SAT and VAT samples collected from study participants

with obesity (four men, two women, BMI 47.94 ± 3.96 kg/m2,

age 43.73 ± 4.59 years). In accordance with our previous report

[13], WISP1 expression was ninefold higher in VAT than in

SAT (p < 0.05) (Fig. 1c). Therefore, only values of the WISP1

expression in VATwere used for further analysis.

Correlation of WISP1 serum levels and WISP1 VAT gene ex-

pression with determinants of body composition and glucose

metabolismWISP1 VATexpression was positively associated

with HOMA-IR (r = 0.272, p = 0.034) and with fasting glu-

cose levels (r = 0.262, p = 0.042) (ESM Table 2).

Furthermore, a positive association with fasting insulin levels

was observed (r = 0.231), although this did not reach statisti-

cal significance (p = 0.073). Adjusting for age had no major

impact on the relationship between WISP1 gene expression

and HOMA-IR (β = 0.261, p = 0.041) but the associations

with fasting glucose (β = 0.232, p = 0.085) and fasting insulin

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

Circulating WISP1 levels displayed a negative association

with age (r = −0.193, p = 0.034) and positive associations with

determinants of body composition (e.g. BMI [r = 0.207, p =

0.022]) as well as with subcutaneous adipocyte cell size (r =

0.368, p = 0.015) (ESM Table 2). There was also an associa-

tion between circulating WISP1 level and visceral adipocyte

cell size (r = 0.292, p = 0.058), although this did not reach

statistical significance. Several determinants of glucose me-

tabolism were positively associated with serumWISP1 levels:

fasting insulin (r = 0.255, p = 0.022) and glucose (r = 0.188,

p = 0.094); HOMA-IR (r = 0.275, p = 0.014); post-load glu-

cose levels at multiple time points (30 min [r = 0.312, p =
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0.072] 60 min [r = 0.443, p = 0.009], 120 min [r = 0.335, p =

0.052]) and AUC for glucose between 0 and 120 min (r =

0.413, p = 0.015) (ESM Table 2). The associations with BMI

(β = 0.192, p = 0.033), subcutaneous adipocyte size (β =

0.322, p = 0.039), post-load glucose at 60 min (β = 0.442,

p = 0.013) and AUC glucose0–120min (β = 0.428, p = 0.021)

remained significant after adjusting for age (Table 2). After

adjusting for age and BMI, the associations between circulat-

ing WISP1 and post-load glucose at 60 min (β = 0.434, p =

0.018) and AUC glucose 0-120min (β = 0.420, p = 0.028) were

still statistically significant (Table 2). Moreover, circulating

WISP1 levels were negatively associated with Gutt’s index

of insulin sensitivity (r = −0.401, p = 0.035; n = 28; ESM

Table 2) and this association remained significant after

adjusting for age and BMI (β = −0.438, p = 0.037; Table 2).

As shown in ESMTable 3, the association between HOMA-

IR andWISP1 gene expression lost statistical significance upon

adjustment for age and BMI (β = 0.240, p = 0.101).

Correlation of WISP1 serum and gene expression levels with

markers of adipose tissue and systemic inflammation

Because WISP1 has been shown to induce an inflammatory

response in human macrophages [13], we additionally inves-

tigated the association of WISP1 expression and serum levels

with markers of adipose tissue inflammation (mRNA levels of

ADIPOQ, RARRES2, CCL2, ITLN1) and systemic inflamma-

tion (adiponectin, CRP, chemerin, leptin, MCP-1, omentin).

Moreover, we investigated the association of WISP1 with se-

rum HO-1 which is associated with insulin resistance and

adipose tissue inflammation and activates Wnt signalling

Table 1 Participant characteristics

Variable Normal weight Obese Obese + type 2 diabetes p value

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, μm2 3508 (2724, 4292) 6425 (5726, 7123)*** 5765 (5237, 6294)*** <0.001

VAT cell size, μm2 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, mmol/mola NA 39.67 (36.28, 43.06) 58.25 (47.65, 68.85)††

HbA1c, %
a NA 5.78 (5.47, 6.09) 7.48 (6.51, 8.45)††

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

CRP, nmol/l 22 (10.29, 33.71) 45.52 (34.00, 57.05)* 35.62 (24.95, 46.38)

CRP, mg/l 2.31 (1.08, 3.54) 4.78 (3.57, 5.99)* 3.74 (2.62, 4.87) <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

MCP-1, 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

VAT gene expression levels, AU

ADIPOQ 171.7 (61.8, 281.6) 43.6 (32.9, 54.2)** 54.6 (32.9, 76.3)**,†† <0.01

RARRES2 1.16 (0.87, 1.45) 0.92 (0.82, 1.02) 0.81 (0.70, 0.93)* <0.05

CCL2 3.09 (0.90, 5.28) 1.463 (0.83, 2.10) 1.39 (0.66, 2.12) >0.05

ITLN1 9.04 (−0.60, 18.68) 13.86 (7.7, 20.03) 16.56 (9.07, 24.04) >0.05

HMOX1b 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% CI)

Differences between the participant groups were calculated using ANOVA and Bonferroni correction for multiple comparisons

*p < 0.05, **p < 0.01 and ***p < 0.001 obese men vs normal-weight men; † p < 0.05, †† p < 0.01 and ††† p < 0.001, obese men with vs without type 2

diabetes. The p values in the right hand column show the corresponding significance across all three groups by ANOVA
a For HbA1c, only data for ten obese participants and 15 participants with type 2 diabetes available
b For HMOX1 expression, data for 15 normal-weight individuals, five obese individuals and 16 individuals with type 2 diabetes available

HOMA2-%B, computer model of homeostasis model assessment (HOMA) for β-cell function (%B)
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[23, 24]. Compared with normal-weight participants, circulating

levels of adiponectin, leptin and CRP were increased and VAT

ADIPOQ mRNA levels were decreased in obese individuals

(p < 0.001, p < 0.001, p = 0.014 and p = 0.002, respectively)

(Table 1). Serum levels of chemerin and VAT levels of

RARRES2 mRNA were higher in obese individuals with vs

without diabetes (p = 0.014 and p = 0.010, respectively).

Circulating WISP1 levels showed a negative association

with serum adiponectin (r = −0.190, p = 0.031) and a highly

significant positive association with serum HO-1 levels (r =

0.437, p = 1.3 × 10−5) (ESM Table 4). The association with

serum adiponectin remained significant after adjusting for

age (β = − 0.176, p = 0.041); the association with HO-1

remained significant after adjusting for age (β = 0.319, p =

0.002) and for age and BMI (β = 0.303, p = 0.004). WISP1

mRNA expression in VAT showed a positive correlation with

CCL2 expression (r = 0.253, p = 0.021) (ESM Table 4) and

this association remained statistically significant after

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

WISP1 silencing with siRNA in 3T3-L1 adipocytes had no

effect onmRNA expression of Il6, Tnf andCcl2 (ESMFig. 2).

Effects of WISP1 on insulin signalling The observed relation-

ship between circulating WISP1 and HOMA-IR as well as

post-load glucose levels, together with our previous observa-

tion of the negative association between WISP1 VAT expres-

sion and hyperinsulinaemic–euglycaemic clamp-derived insu-

lin sensitivity [13], led us to test the hypothesis that WISP1

may interfere with insulin signalling. To examine this in more

detail, we exposed primary hSkMCs to recombinant WISP1

before analysis of insulin action. As shown in Fig. 2 a, b, the

insulin-mediated induction of Akt on Thr308 and Ser473 phos-

phorylation in primary hSkMCs was reduced by 40% in cells

that were exposed to 1 μg/l WISP1 before the addition of

Table 2 Regression analysis of

circulating WISP1 levels Variable Unadjusted Age Age + BMI

BMI, kg/m2 0.207 (0.022)* 0.192 (0.033)* NA

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

SAT cell size, μm2 0.368 (0.015)* 0.322 (0.039)* 0.191 (0.399)

VAT cell size, μm2 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-IRa,b 0.262 (0.028)* 0.210 (0.073) 0.171 (0.231)

HOMA2-%Ba,b 0.099 (0.415) 0.035 (0.771) −0.056 (0.676)

ISI Gutt0–120 min
b

−0.401 (0.035)* −0.397 (0.042)* −0.438 (0.037)*

Glucose, OGTT at 30 mina,b 0.312 (0.072) 0.312 (0.107) 0.313 (0.108)

Glucose, OGTT, at 60 mina,b 0.443 (0.009)** 0.442 (0.013)* 0.434 (0.018)*

Glucose, OGTT, at 120 mina,b 0.335 (0.052) 0.331 (0.077) 0.320 (0.100)

AUC glucose0–20 min, mmol/la,b 0.416 (0.015)* 0.428 (0.021)* 0.420 (0.028)*

The data indicate standardised regression coefficientβ, with p value shown in parentheses usingmeasuredWISP1

serum data of study participants of all groups (normal-weight, obese, obese+T2D) combined
aVariables with a skewed distribution were log-transformed prior to the regression analysis
b Participants treated with insulin were excluded from the analysis

*p < 0.05 and **p < 0.01

ISI, insulin sensitivity index

Fig. 1 WISP1 serum levels and gene expression in VAT. (a, b)

Quantification of circulating WISP1 levels (a) and gene expression in

VAT (b) from normal-weight (control, n = 30 [a], n = 16 [b]) and obese

men with (n = 44 [a], n = 31 [b]) and without (n = 49 [a], n = 45 [b]) type

2 diabetes. (c) Expression ofWISP1 in paired samples of VATand SAT (c,

n = 6). Data (a–c) are presented as dot plot in which the mean and 95%CI

for each group are shown. Differences among normal-weight men and

obese men with and without T2D (brackets) were analysed by Mann–

Whitney U test (a, b). Brackets link data for obese men without and with

T2D for analysis. Differences among all groups were analysed by

ANOVA and Bonferroni correction for multiple comparisons (b). Data

were analysed by paired Student’s t test (c). *p < 0.05, obese vs normal-

weight men (a, b); *p < 0.05, VAT vs SAT (c). T2D, type 2 diabetes
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insulin. The reductions in insulin-mediated Akt phosphoryla-

tion induced by WISP1 were accompanied by decreases in

insulin-mediated GSK3β-Ser9, p70S6K-Thr389 and IRβ-

Tyr-1150/1151 phosphorylation (Fig. 2c–e). This inhibition of

the insulin-mediated phosphorylation was achieved already in

the presence of 0.1 μg/l WISP1. Of further note, the reductions

in phosphorylation levels could not be ascribed to changes in

the protein abundances of Akt, IRβ, GSK3β or p70S6K (ESM

Fig. 3). In contrast, the abundance of IRS1 protein was reduced

by ~50% in cells that were exposed to WISP1 (Fig. 2f).

To demonstrate the functional relevance of the reduced in-

sulin signalling, we further investigated effects of the WISP1

treatment on insulin-stimulated glycogen synthesis. Insulin

treatment (100 nmol/l) for 3 h significantly increased glycogen

synthesis in primary human myotubes compared with basal

conditions, whereas in cells pre-incubated with 0.1 or 1 μg/l

WISP1 for 24 h, this effect was completely abrogated (Fig. 3).

Largely comparable data were obtained for the murine he-

patocyte cell line AML12. Exposing AML12 cells to WISP1

caused a dose-dependent reduction in insulin-induced Akt-

Thr308 and Akt-Ser473 phosphorylation (Fig. 4a, b). The in-

duction of GSK3β-Ser9 phosphorylation by insulin in hepato-

cytes was not affected by WISP1 (Fig. 4c) whereas the inhibi-

tion of insulin-induced Akt phosphorylation was accompanied
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Fig. 2 Effect ofWISP1 on insulin

signalling in primary hSkMCs.

Representative western blots and

bar graphs show the effects of

WISP1 on insulin-stimulated

phosphorylation of Akt-Thr308

(a), Akt-Ser473 (b) GSK3β-Ser9

(c), p70S6 kinase (K)-Thr389 (d)

and IRβ-Tyr1150/1151 (e) and on

protein abundance of IRS1 (f).

The dividing lines in the blots in

(f) indicate places where the blot

has been cut. The scattered bar

graphs indicate the mean ± SD for

the phosphorylation levels

obtained in three to five

independent experiments in

primary hSkMCs obtained from

different donors. The

phosphorylation levels were

normalised for the protein

abundances of the non-

phosphorylated proteins, GAPDH

or α-tubulin, as indicated. The

values obtained in cells incubated

with 100 nmol/l insulin only were

considered as the control and set

at 100%. The effects of WISP1

and insulin were analysed by two-

way ANOVAwith Bonferroni

correction for multiple

comparisons. *p < 0.05,

**p < 0.01 and ***p < 0.001,

with vs without WISP1

incubation; †p < 0.05, ††p < 0.01

and †††p < 0.001, with vs without

insulin stimulation
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by a reduction in p70S6K-Thr389 and IRβ-Tyr-1150/1151

phosphorylation (Fig. 4d, e). Therefore, to corroborate the ef-

fects of WISP1 on distal Akt signalling, we analysed another

Akt substrate, namely phosphorylation of FOXO1 at Ser256.

Figure 4f shows that incubating AML12 cells with 0.1 and

1 μg/l WISP1 impaired the induction of FOXO1-Ser256 phos-

phorylation by insulin. In contrast to the findings in myotubes,

the abundance of IRS1 protein was doubled in AML12 cells

exposed to WISP1 (Fig. 4g), whereas the abundances of Akt,

GSK3β, P70S6K, IRβ and FOXO1 were not affected (ESM

Fig. 4). In addition, WISP1 incubation had no effect on the

abundance of IRS2, the preferred insulin receptor substrate in

the liver [25]. Further, WISP1 treatment abrogated the insulin-

mediated suppression of the gluconeogenic genes Pck1 and

G6pc in mouse primary hepatocytes (Fig. 5).

Discussion

Our study showed that both circulating levels of WISP1 and

expression of WISP1 mRNA in VAT are increased in obese

men, irrespective of type 2 diabetes status. Regression analy-

sis showed that WISP1 expression and circulating levels of

WISP1 were associated with variables reflecting insulin resis-

tance and adipose tissue inflammation, even after adjusting for

age and BMI. In vitro studies on primary hSkMCs as well as

the mouse hepatocyte cell line AML12 showed that recombi-

nant WISP1 directly impaired insulin action by inhibiting the

Akt signalling pathway.

The increasedWISP1 expression in VATof obese men is in

line with previous reports from our group and others [13–15,

26] suggesting that WISP1 expression is regulated by body

weight. High-fat feeding in mice increased the expression of

WISP1 in adipose tissue [13, 27] while diet-induced weight

loss in humans lowered WISP1 expression in adipose tissue

[13]. The present study also detailed the relationship between

WISP1 and insulin sensitivity. In individuals with normal

glucose tolerance,WISP1 expression in adipose tissue is relat-

ed to determinants of insulin sensitivity [13, 26]. Here, we

additionally showed that circulating levels of WISP1 are neg-

atively associated with insulin sensitivity. Although the associ-

ations with fasting glucose and insulin levels as well as

HOMA-IR in this cohort of obese men were confounded by

BMI, this was not the case when considering glucose clearance

after an OGTT. The association between circulating WISP1

and post-load glucose levels was not affected by adjustments

for age and BMI, strongly suggesting thatWISP1may interfere

with insulin signalling in target tissues for insulin action.

Another interesting finding is that circulating WISP1 level is

positively associated with plasma glucose in the OGTT (inde-

pendent of BMI) and negatively with the Gutt index of insulin

sensitivity, confirming the association of WISP1 with insulin

resistance. However, circulating WISP1 is not further increased

in obese individuals with diabetes and shows no association

with HOMA-IR after adjustment for BMI. It should be noted

that in the analysis of glucose in the OGTT, HOMA-IR andGutt

index, individuals treated with insulin were excluded from the

analysis. In our cohort, all individuals with diabetes were treated

with insulin, so that all those with diabetes were completely

excluded from the analysis. For the correct analysis of WISP1

association with plasma glucose in future studies, drug-naive

individuals with diabetes should be investigated. Nevertheless,

our results confirm that WISP1 level is directly related to adi-

posity independent of glycaemic status. This is in agreement

with previously published data of Barchetta et al [15] and

Tacke et al [26], who also found no difference in plasma

WISP1 levels between diabetic and non-diabetic individuals.

The in vitro data reported in this study corroborate the sugges-

tion that WISP1 may interfere with insulin signalling in insulin

target tissues (Fig. 6). Recombinant WISP1 was found to impair

insulin signalling in two different cell types, namely primary

hSkMCs and murine AML12 hepatocytes. In both cell types,

WISP1 inhibited the insulin-mediated phosphorylation of Akt,

an important regulator of multiple aspects of glucosemetabolism,

such as glucose uptake, glycogen synthesis and suppression of

hepatic glucose production by insulin.Moreover, wewere able to

demonstrate the functional relevance of the reduced insulin sig-

nalling in both cell types. Human myotubes pre-incubated with

WISP1 displayed impaired insulin-stimulated glycogen synthesis

and exposure to WISP1 abrogated the insulin-mediated suppres-

sion of the gluconeogenic genes Pck1 and G6pc in mouse pri-

mary hepatocytes. These in vitro observations should be validat-

ed in further animal studies in vivo.

WISP1 deficiency in mice leads to a slightly lower body

weight than found in wild-type animals but unfortunately no

data on glucose traits or insulin sensitivity are available yet

[28]. In contrast, WISP1 did not interfere with insulin-

mediated Akt phosphorylation in our previous study on

3T3L1 adipocytes [13]. Apart from potential tissue-specific

effects, other possible reasons for this difference may include

Fig. 3 Effect of WISP1 on insulin-stimulated glycogen synthesis in pri-

mary hSkMCs. Myotubes were exposed to WISP1 for 24 h before gly-

cogen synthesis was determined as incorporation of D-[U-14C]glucose

into glycogen in the absence or presence of insulin (100 nmol/l) for 3 h.

Data are normalised to amount of protein for three independent experi-

ments (n = 3) and are shown as mean ± SD. The effects of WISP1 and

insulin were analysed by two-wayANOVA and Bonferroni correction for

multiple comparisons. ††p < 0.01, with vs without insulin

Diabetologia (2018) 61:2054–2065 2061



a

c

b

- + - + - +Insulin

p-p70S6K-Thr389

α-Tubulin

p70S6Kβ

- + - + - +Insulin

p-GSK3β-Ser9

α-Tubulin

GSK3β

- + - + - +Insulin

p-Akt-Ser473

α-Tubulin

Akt

- + - + - +Insulin

p-Akt-Thr308

GAPDH

Akt

150

100

50

0

150

100

50

0

150

100

50

0

150

100

50

0

150

100

50

0

Insulin - +

0 0.1 1

- +- + - + - +

0 0.1 1

- +

d

- + - + - +Insulin

200

150

100

50

Insulin - +

0 0.1 1

- + - +

WISP1 (µg/l)

WISP1 (µg/l)

Insulin - +

0 0.1 1

- + - +

WISP1 (µg/l)

WISP1 (µg/l)

Insulin - +

0 0.1 1

- +- + Insulin - + - +- +

WISP1 (µg/l) 0 0.1 1WISP1 (µg/l)

Insulin

WISP1 (µg/l)

0

100

**

150

200

250

50

0
0 0.1 1

p
-I

R
β
-T

y
r1

1
5
0
/1

1
5
1

(%
 o

f 
c
o
n
tr

o
l)

IR
S

(%
 o

f 
c
o
n
tr

o
l)

p
-G

S
K

3
β
-S

e
r9

(%
 o

f 
c
o
n
tr

o
l)

p
-p

7
0
S

6
K

-T
h
r3

8
9

(%
 o

f 
c
o
n
tr

o
l)

p
-F

O
X

O
1
-S

e
r2

5
6

(%
 o

f 
c
o
n
tr

o
l)

p
-A

k
t-

T
h
r3

0
8

(%
 o

f 
c
o
n
tr

o
l)

p
-A

k
t-

S
e
r4

7
3

(%
 o

f 
c
o
n
tr

o
l)

p-IRβ-
Tyr1150/1151

α-Tubulin

IRβ

e f
- + - + - +Insulin

p-FOXO1-Ser256

α-Tubulin

FOXO1

WISP1 0 0.1 1WISP1 0 0.1 1

WISP1 0 0.1 1 WISP1 0 0.1 1

WISP1 0 0.1 1WISP1 0 0.1 1

WISP1 0 0.1 1

α-Tubulin

IRS1

g

††
†

††† †††

* **
*

†††
†††

†††

†††
†††

†††
†††

**
**

††† †††

†††

††

Fig. 4 Effect ofWISP1 on insulin

signalling in AML12

hepatocytes. Representative

western blots and bar graphs

show the effects of WISP1 on

insulin-stimulated

phosphorylation of Akt-Thr308

(a), Akt-Ser473 (b), GSK3β-Ser9

(c), p70S6 kinase (K)-Thr389 (d),

IRβ-Tyr1150/1151 (e) and

FOXO1-Ser256 (f) and on protein

abundance of IRS1 (g). The

dividing lines in the blots in (g)

indicate places where the blot has

been cut. The scattered bar graphs

indicate the mean ± SD for the

phosphorylation levels obtained

in three or four independent

experiments. The

phosphorylation levels were

normalised for the protein

abundances of the non-

phosphorylated protein, GAPDH

or α-tubulin, as indicated. The

values obtained in cells incubated

with 100 nmol/l insulin only were

considered as the control and set

at 100%. The effects of WISP1

and insulin were analysed by two-

way ANOVAwith Bonferroni

correction for multiple

comparisons. *p < 0.05 and

**p < 0.01, with vs without

WISP1 incubation; †p < 0.05,
††p < 0.01 and †††p < 0.001, with

vs without insulin stimulation
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the duration of WISP1 exposure (24 h in the present study vs

30 min in the 3T3-L1 experiment) as well as the concentration

of WISP1 applied. Here, we used WISP1 concentrations rep-

resentative of the levels found in the circulation whereas the

3T3-L1 adipocytes were exposed to supraphysiological con-

centrations of WISP1. Moreover, different signalling pathways

might be involved in the actions ofWISP1 in various cell types

[27]. Importantly, the impaired insulin-mediated Akt phos-

phorylation in primary hSkMCs and AML12 hepatocytes

was accompanied by inhibition of the phosphorylation of sev-

eral of its well-characterised substrates. In myotubes, reduc-

tions in the insulin-mediated phosphorylation of GSK3β and

p70S6K paralleled the inhibition of Akt phosphorylation.

Strikingly, in AML12 hepatocytes, the insulin-mediated phos-

phorylation of GSK3β was not impaired by recombinant

WISP1, whereas the phosphorylation of p70S6K and

FOXO1 were markedly reduced or even abrogated. Tissue-

specific differences in the phosphorylation of Akt substrates

Fig. 5 WISP1 impairs the insulin-mediated suppression of

gluconeogenic gene expression in primary hepatocytes. Hepatocytes

were exposed to WISP1 for 24 h. The last 60 min of the WISP1 incuba-

tion was carried out in the absence or presence of insulin (100 nmol/l).

Pck1 (a) and G6pc (b) expression levels were assessed by quantitative

RT-PCR and normalised to 18S. Data represent mean ± SD of the

expression levels of five independent experiments using cells from dif-

ferent mice. The values obtained for untreated cells were considered as

controls and set as 1. Differences among conditions were calculated by

two-way ANOVA and Bonferroni correction for multiple comparisons.

*p < 0.05, with vs withoutWISP1 incubation; ††p < 0.01, with vs without

insulin stimulation
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Fig. 6 Schematic diagram showing howWISP1 impairs insulin action in

myotubes and hepatocytes. During obesity, WISP1 VAT expression and

WISP1 serum levels increase. In vitro, physiological concentrations of

WISP1 impair insulin action on phosphorylation of IRβ, Akt and GSK3β

in myotubes and reduce insulin-mediated phosphorylation of IRβ, Akt,
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gluconeogenic gene expression (purple arrow upwards). Examined

effects (solid arrow), potential effects (dotted arrow). Images ©Les
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have also been reported by others [29, 30]. Gene silencing

experiments in cultured cells as well as studies on mouse

models suggest that tissue-specific changes in the abundance

of Akt isoforms as well as the insulin receptor substrates IRS1

and IRS2 contribute to Akt substrate selection [29, 30].

As previously mentioned, WISP1 is a proinflammatory

adipokine [13] and circulating WISP1 showed an association

with systemic levels of IL-8 [15]. In our study, we further reveal

the association between circulating WISP1 and markers of adi-

pose tissue and systemic inflammation. Interestingly, the serum

HO-1 level was the strongest predictor of circulating WISP1,

even after adjustment for age and BMI. HO-1, encoded by

HMOX1, is a stress-induced protein that is critical for stem cell

differentiation [31]. Induction of the Hmox1 gene in mice is

protective against deleterious obesity phenotype as characterised

by a reduced number of enlarged adipocytes, an increased num-

ber of small adipocytes and a higher adiponectin concentration

[24]. Moreover, increased HO-1 expression in human mesen-

chymal stem cell-derived adipocytes decreases differentiation

and lipid accumulation of adipocytes via upregulation of the

Wnt signalling cascade [23]. These data allow us to speculate

that upregulation of Wnt signalling by HO-1 leads to higher

expression levels and possibly production ofWISP1 from youn-

ger adipocytes. This, in turn, might result in the redistribution of

in-tissue and in-body insulin sensitivity and an increased insulin

resistance in older cells (i.e. redistribution of glucose and other

substrates with better supply of young and proliferating cells).

A limitation of the present study is that we could not detail

the mechanism by which WISP1 inhibits insulin action espe-

cially because of the high complexity of the Wnt signalling

pathway [3]. Based on the modular structure of WISP1, sev-

eral functional receptors have been identified. Previous studies

showed that WISP1 interacted with integrin α(5)β in human

bone marrow stromal cells [32]. Furthermore, WISP1 has

been shown to bind decorin and biglycan in the extracellular

matrix of fibroblasts [33]. The presence of an IGF binding

protein domain in CCN proteins including WISP1 suggests

an interference with the IGF and insulin signalling pathway

[34–36]. Our observations showed a decrease in the insulin-

mediated tyrosine phosphorylation of insulin receptor-β/IGF-

1 receptor by WISP1, indicating that WISP1 might act by

interfering with these receptors in myotubes and hepatocytes.

The inhibition of insulin action by adipo(cyto)kines is fre-

quently associated with a decreased protein abundance of

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

abundance of IRS1 in myotubes, this was not the case in

AML12 hepatocytes. The latter cell line even displayed an

increase in IRS1 protein levels following WISP1 exposure,

whereas the abundance of IRS2, which is considered to be

the major insulin receptor substrate in the liver [25], was un-

altered by WISP1 treatment. This raises the possibility that

WISP1 may use alternative mechanisms to impair insulin ac-

tion in myotubes and hepatocytes.

The second limitation of our study is that it was conducted

in men (but not in women), and that the OGTT data were

collected in a subgroup of the obese men. Without additional

studies, caution should be taken when generalising these find-

ings to the entire population.

Taken together, our study identifiesWISP1 as a determinant

of obesity in men. The increases in circulating WISP1 levels

associate with variables reflecting insulin resistance in vivo in

individuals with obesity. In vitro studies corroborate the asso-

ciations observed in the clinical study by showing that recom-

binant WISP1 impairs insulin signalling in myotubes and he-

patocytes with consequent impaired gluconeogenesis and gly-

cogen synthesis (Fig. 6). Thus, WISP1 may regulate whole-

body insulin sensitivity and glucose uptake due to its effects on

insulin signalling in liver and muscle and is an attractive target

for the prevention and treatment of obesity and diabetes.
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