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ARTICLE INFO ABSTRACT

Objective: Proteoglycan 4 (Prg4) has emerged from human association studies as a possible factor contributing to
weight gain, dyslipidemia and insulin resistance. In the current study, we investigated the causal role of Prg4 in
controlling lipid and glucose metabolism in mice.

Methods: Prg4 knockout (KO) mice and wild-type (WT) littermates were challenged with an obesogenic high-fat
diet (45% of total calories as fat) for 16 weeks. To further stimulate the development of metabolic alterations,
10% fructose water was provided starting from week 13.

Results: Prg4 deficiency only tended to reduce diet-induced body weight gain, but significantly improved glu-
cose handling (AUC: —29%; p < 0.05), which was also reflected by a tendency towards a reduced HOMA-IR
score (—49%; p = 0.06 as compared to WT mice). This coincided with lower hepatic expression of glycolysis
(Gek: —30%; p < 0.05) and lipogenesis (Acc: —21%; p < 0.05 and Scd1l: —38%; p < 0.001) genes, which
translated in significantly lower hepatic triglyceride levels (—56%; p < 0.001) in Prg4 KO mice as compared to
WT mice. Prg4 KO mice likely had lower glucose utilization by skeletal muscle as compared to WT mice, judged
by a significant reduction in the genes Glut4 (—29%; p < 0.01), Pfkm (—21%; p < 0.05) and Hk2 (—39%;
p < 0.001). Moreover, Prg4 KO mice showed a favorable white adipose tissue phenotype with lower uptake of
triglyceride-derived fatty acids (—46%; p < 0.05) and lower gene expression of inflammatory markers Cd68,
Mcpl and Tnfa (—65%, —81% and —63%, respectively; p < 0.01) than WT mice.

Conclusion: Prg4 KO mice are protected from high-fat diet-induced glucose intolerance and fatty liver disease.
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1. Introduction as a possible factor contributing to weight gain, dyslipidemia and in-

sulin resistance [3-5]. Furthermore, Prg4 is differentially expressed in

Obesity is recognized as a growing risk for global health. According
to the World Health Organization, in 2016 13% of all adults worldwide
were obese [1]. Obesity is associated with pathological conditions such
as hepatic steatosis, type 2 diabetes and cardiovascular disease [2].
However the underlying etiology that links obesity with these pathol-
ogies remains to be elucidated. Proteoglycan 4 (Prg4) has emerged from
human association studies, on both transcriptional and protein levels,

delta and pancreatic polypeptide cell subsets located in the islets of
Langerhans of type 2 diabetes patients, further associating this pro-
teoglycan with this disease [6].

Proteoglycan 4 is a member of the proteoglycan family, a large
group of macromolecules consisting of a protein core with negatively
charged glycosaminoglycan side chains. Both the side chains as well as
specific domains of the core protein can form local interactions with
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other molecules like extracellular matrix proteins, receptors or sig-
naling molecules [7]. Dependent on the tissue- and cellular localization,
proteoglycans play a role in a diverse range of physiological and pa-
thological mechanisms [8,9]. Contradicting roles have been found for
proteoglycans in metabolic pathologies. For example, mice deficient for
the chondroitin sulfate proteoglycan Neuron-glial antigen 2 develop
adult-onset obesity, dyslipidemia and hepatic steatosis as a con-
sequence of brown adipocyte dysfunction [10]. In contrast, syndecan 3
deficient mice are less susceptible to diet-induced obesity due to an
altered melanocortin signaling in the central nervous system [11].

Despite its association with weight loss and metabolic parameters
involved in obesity and insulin resistance, the function of Prg4 in en-
ergy metabolism has not yet been elucidated. Our aims were 1) to in-
vestigate whether the associations found between Prg4 and a metabolic
phenotype can be of a causal nature and 2) to elucidate the role of Prg4
in metabolic processes.

2. Materials and methods
2.1. Experimental mice

Animal experiments were performed at the Gorlaeus Laboratories of
the Leiden Academic Centre for Drug Research in Leiden, The
Netherlands. The mice were housed in a temperature (21 °C) and light
cycle (12h light/12h dark) controlled environment. Food and water
were supplied ad libitum. C57BL/6J mice, bred in-house at the animal
facility of the Gorlaeus Laboratories, were maintained on a chow diet
for 12 weeks or subsequently challenged with a high fat diet (HFD)
containing 45% kcal lard (D12451, Research Diets Inc., New
Brunswick, NJ, USA) for 12 weeks to determine the Prg4 gene expres-
sion in a subset of organs. A subcutaneous injection of the mixture of
ketamine (100mgkg™"), xylazine (12.5mgkg~!) and atropine
(125 pgkg ™) put the mice under deep anesthesia. This was monitored
by checking the hind leg withdrawal and eye reflexes. Subsequently,
mice were killed by exsanguination. In preparation of harvesting the
vital organs, the diaphragm was severed and the organs were perfused
with PBS. The dissected organs were snap-frozen in liquid nitrogen and
stored at — 20 °C until RNA isolation.

16 Male Prg4 knockout (KO) mice of 13-16 weeks old and 16 age-
matched male wild-type (WT) littermates (both C57BL/6J background)
were bred in-house at the animal facility of the Gorlaeus Laboratories to
determine the effect of Prg4 deficiency under HFD-induced obesity
conditions [12]. Hereto, HFD (45% kcal lard; D12451) was supplied to
both experimental groups for 16 weeks. During the last four weeks of
the experiment, the drinking water was supplemented with 10% fruc-
tose (Sigma-Aldrich Corp., St. Louis, MO, USA). During the course of
latter experiment, five Prg4 KO mice died of unknown causes. All an-
imal experiments were performed in accordance with the principles of
laboratory animal care and regulations of Dutch law on animal welfare
guidelines and the ARRIVE guidelines. All experimental protocols were
approved by the Animal Ethics Committee of Leiden University.

2.2. Glucose tolerance

Before the start of the HFD feeding and after 14 weeks of HFD
feeding, which included 2 weeks of 10% fructose water supplementa-
tion, a randomly chosen subgroup of Prg4 KO mice (N = 6/7) and WT
control mice (N = 7/8) were exposed to an oral glucose tolerance test
(OGTT). An oral bolus of beta-D (+)-glucose in PBS (2mgkg ™! body
weight) was administered to the mice. Blood was drawn from the tail at
baseline and after 15, 30, 45, 60, 90, 120, 150 and 180 min after gavage
for glucose measurements (Bayer Contour TS glucose meter,
Leverkusen, Germany). Plasma was collected to determine insulin
concentrations by ELISA (Alpco, Salem, NH, USA).
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2.3. Plasma lipid analysis

The concentrations of free cholesterol and cholesteryl esters were
determined in plasma obtained from blood drawn at baseline with the
use of enzymatic colorimetric assays as described [13]. The con-
centrations of triglycerides and free fatty acids were quantified using
commercially available kits (Roche Diagnostics, Mannheim, Germany;
Sigma-Aldrich Corp., St. Louis, MO, USA).

2.4. Clearance study

After 16 weeks of HFD feeding, which included 4 weeks of 10%
fructose water supplementation, a clearance study was performed.
Glycerol tri[*H]oleate-labeled very-low-density lipoprotein (VLDL)-like
particles (average size 80 nm) were prepared as described previously
[14]. Due to technical challenges, 12 WT and 10 Prg4 KO mice were
injected with a mixture of the VLDL-like particles (1 mg TG) and ['*C]2-
deoxyglucose intravenously after a 4h fasting period. Approximately
30 uL of blood was drawn at baseline and at 2, 5, 10 and 15 min after
injection using EDTA coated glass capillaries. Plasma was isolated,
10 uL of plasma was mixed with counting solution (UltimaGold, Perkin
Elmer), and radioactivity was determined by scintillation counting
(TRI-CARB, Perkin Elmer). Mice were killed by cervical dislocation,
thereafter, blood was collected by orbital bleeding in EDTA coated
tubes (Greiner Bio One, Kremsmiinster, Austria). After perfusion using
ice-cold PBS, organs were harvested and small samples (approx. 1,5g)
were dissolved using Tissue Solubilizer overnight at 56 °C (Amersham
Biosciences, Rosendaal, The Netherlands). By subsequent scintillation
counting of the samples the uptake of radioactivity was determined.
Remaining parts of the organs were fixed for 24 h in formalin and stored
in 0.1% sodium azide in PBS until histological analysis or snap-frozen in
liquid nitrogen and stored at —20 °C until further analysis.

2.5. Gene expression analysis by quantitative real-time polymerase chain
reaction

Total RNA was extracted from the organs using the guanidinium
thiocyanate/chloroform/phenol extraction method according to
Chomczynski [15]. RNA concentrations were determined using a Na-
nodrop Spectrophotometer (Nanodrop Technologies, Wilmington, DE,
USA) and cDNA was synthesized from 1pg of RNA using the Re-
vertAid™ reverse transcriptase enzyme. mRNA levels were measured
with PCR primers designed with Primer Express 1.5 Software (Applied
Biosystems, Carlsbad, CA, USA) using real-time SYBR Green technology
(Eurogentec, Seraing, Belgium). Primer sequences are available on re-
quest. Gene expression was normalized using ribosomal protein 36B4,
peptidylprolyl isomerase A and ribosomal protein L27 as standard re-
ference genes.

2.6. Histochemical analysis

Formalin-fixed liver specimens were embedded in Tissue-Tek®
O.C.T. compound and a Leica CM3050-S cryostat was used to cut 8 ym
cryosections. Liver cryosections were stained for neutral lipids with Oil
red O (Sigma-Aldrich Corp., St. Louis, MO, USA) and hematoxylin
(Sigma-Aldrich Corp., St. Louis, MO, USA) and eosin (Merck
Diagnostics). Images were obtained using a Leica DMRE microscope
coupled to a video camera and Leica Qwin Imaging software (Leica Ltd.,
Cambridge, UK).

2.7. Liver lipid extraction and quantification

Triglycerides were extracted from liver using Nonidet™ P 40
Substitute (Sigma-Aldrich Corp., St. Louis, MO, USA). Hereto, liver
tissue was homogenized using the Nonidet™ P 40 Substitute, heated to
90°C and chilled on ice. The heating and cooling procedure was
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repeated once more to solubilize all triglycerides. The concentration of
triglycerides was determined with the use of an enzymatic colorimetric
assay after a centrifugation step to remove remaining insoluble mate-
rial. Cholesterol was extracted from liver tissue using the Folch ex-
traction method [16]. The concentration of free cholesterol and cho-
lesteryl esters was determined with the use of enzymatic colorimetric
assays as described [13]. The concentrations of triglycerides, free
cholesterol and cholesteryl esters were corrected for the total protein
concentration as determined using a Pierce™ BCA Protein Assay Kit
(ThermoFisher Diagnostics, Waltham, MA, USA).

2.8. Prg4 expression in a human obese cohort

RNA sequencing was performed to determine Prg4 expression levels
in white adipose tissue samples from a cohort of obese women after
bariatric surgery as described before [17]. Within this cohort, women
with normal fasting glucose levels (N = 17) were compared to women
with type 2 diabetes (classified according to WHO standards; N = 15),
matched for age, weight and BMI. White adipose tissue samples were
taken from both the omental and the subcutaneous fat depots.

2.9. Statistical analysis

+

All values represent means + SEM. Statistical analyses were per-
formed using GraphPad Prism Software (GraphPad Software, La Jolla,
California, USA) on the raw data. Significance was calculated after the
performance of a Gibbs's outlier test, using a two-tailed Student's t-test
with Welch's correction where appropriate or one-way analysis of
variance (ANOVA) with multiple comparisons and Bonferroni post-test.
Pearson's r was calculated to analyze correlation. Probability values
of < 0.05 were considered significant.

3. Results

In human proteomic and transcriptomic studies, Prg4 is associated
with obesity and related metabolic changes. To get an indication
whether Prg4 in mice associated to similar processes, we measured the
Prg4 mRNA expression in a subset of murine organs. Prg4 expression
could be detected in most metabolically active organs, i.e. white adi-
pose tissue and muscle, but was highest in the liver (Fig. 1A). Post-hoc
analysis on previously generated liver cell fractions from chow diet-fed
rats [18] indicated that hepatocytes primarily contribute to total liver
Prg4 expression. More specifically, relative Prg4 expression levels
were > 50 higher (Fig. 1B) in hepatocytes as compared to those in
liver endothelial cells and tissue macrophages (Kupffer cells). Im-
portantly, as evident from Fig. 1C, challenging C57BL/6J mice with a
lard-based high fat diet (HFD) significantly increased the expression of
PRG4 in liver (+121%; p < 0.01), while leaving gonadal white adi-
pose tissue PRG4 expression unaffected (p > 0.05).

To study the potential relevance of the HFD-associated increase in
hepatic Prg4 expression in the modulation of body metabolism, Prg4
KO mice and age- and sex-matched WT littermates were fed the same
HFD for 16 weeks supplemented with fructose in the drinking water for
the last 4 weeks. Prg4 KO mice showed slightly reduced, but not-sig-
nificantly different, body weight gain (Fig. 2A) as compared to WT
littermates (—26%; p = 0.16). The average weight at baseline for both
groups was 31 g. This increased in WT mice to 44 g, while Prg4 KO mice
only weighed 39 g on average at the end of the experiment. Food intake
was monitored for 4 subsequent days, showing a similar food intake in
Prg4 KO mice versus WT mice (WT: 3.0 = 0.1 g/day vs Prg4 KO:
2.9 = 0.1g/day; p = 0.50). Since Prg4 and lipid levels in human
plasma correlated in the clinical studies, we investigated the effect of
Prg4 deficiency on plasma lipid levels in mice under high fat diet
feeding conditions. Plasma free cholesterol levels (—20%; p < 0.001)
and triglycerides (—16%; p < 0.05) were lower in Prg4 KO mice than
in WT mice (Fig. 2B). Plasma cholesteryl esters were not significantly
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Fig. 1. Prg4 is expressed in metabolically active organs and subject to regula-
tion in response to a high-fat diet challenge.

A) Organ distribution analysis in male C57BL/6J mice (N = 4/5) indicates that
Prg4 expression is predominantly found within the liver. B) Gene expression
profiling in isolated rat liver cells (2-5 different isolations; [18]) validates high
expression in hepatocytes (HEP), but not liver endothelial cells (EC) and
Kupffer cells (KC). C) Relative Prg4 expression levels are higher in livers from
mice fed a high-fat diet (black bars; N = 10/11) as compared to those fed a
chow diet (grey bars; N = 4/5). Data represent means + SEM. **p < 0.01.

different between both groups (Fig. 2B). As evident from Fig. 2C, fasting
glucose values in the circulation were not significantly different be-
tween Prg4 KO mice and WT mice. However, fasting insulin showed a
clear trend towards lower levels (—43%, p = 0.07) in Prg4 KO as
compared to WT (Fig. 2C). This coincided with a trend towards im-
proved HOMA-IR score, a measure of the degree of insulin resistance, in
the Prg4 KO mice as compared to WT mice (—49%; p = 0.06). To
further investigate the role of Prg4 in glucose handling, mice of both
genotypes were subjected to an oral glucose tolerance test (OGTT). Prg4
KO mice displayed improved glucose tolerance, with lower peak glu-
cose values and an overall lower area-under-the-curve as compared to
WT mice (AUC: —29%; p < 0.05; Fig. 2D). Importantly, Prg4 KO mice
and their WT littermate controls did not already display a difference in
glucose tolerance before the HFD challenge, i.e. under regular chow
diet feeding conditions (OGTT AUC: 1705 = 101 for WT (N = 7) and
1845 = 121 for Prg4 KO (N = 7), respectively). It can therefore be
suggested that the apparent difference in glucose tolerance is perhaps
secondary to other Prg4 deficiency-associated effects on metabolism
that are specifically induced by the HFD trigger.

Changes in plasma lipids and glucose handling often coincide with
changes in liver metabolism. No significant change in liver weight was
observed (1.63 = 0.14g for WT mice versus 1.38 = 0.05g for Prg4
KO mice, respectively; p > 0.05). Gene expression of the rate limiting
enzyme in glucose utilization in the liver, glucokinase (Gck), was sig-
nificantly lower (—30%; p < 0.05) in Prg4 KO mice than in WT mice
(Fig. 3A). The glycolysis enzyme pyruvate kinase (PK) showed a similar
trend towards lower gene expression levels (—21%; p = 0.06; Fig. 3A).
Expression of the insulin-responsive genes glucose-6-phosphatase
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Fig. 2. Prg4 KO mice have a favorable diabetic phenotype
as compared to WT mice.
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(G6pc) and phosphoenolpyruvate carboxylase (Pepck), both essential in
gluconeogenesis, was not changed (Fig. 3A). As glucose intolerance
associates with hepatic steatosis [19,20], we subsequently investigated
genes involved in hepatic lipid metabolism in these mice. Prg4 KO mice
showed significantly lower gene expression levels of the insulin-re-
sponsive hepatic lipogenesis genes acetyl-CoA carboxylase alpha (Acc;
—21%; p < 0.05) and stearoyl-CoA desaturase 1 (Scdl; —38%;
p < 0.001; Fig. 3A) than WT mice. The lipogenesis gene fatty acid
synthase (Fasn) showed a similar trend towards lower expression
(—22%; p = 0.1) in the livers of Prg4 KO mice as compared to WT
(Fig. 3A). The lower hepatic lipogenic gene expression coincided with
lower hepatic triglyceride levels (—56%, p < 0.001; Fig. 3B). The Prg4
deficiency-associated decrease in lipid accumulation was confirmed
histologically by H&E and Oil red O staining. H&E staining showed less
macrovesicular lipid vacuoles in livers of Prg4 KO mice after 16 weeks
of HFD challenge (Fig. 3C), which was confirmed by less intensive Oil
red O staining for neutral lipids (Fig. 3C). These combined findings thus
suggest that Prg4 KO mice exhibit a lowered susceptibility for the de-
velopment of HFD-induced hepatic steatosis as compared to WT mice.
Previous studies have shown that Scdl quantitatively contributes to
hepatic triglyceride levels [21]. In line, the Scd1 expression in the liver
correlated significantly with the hepatic triglyceride levels (r = 0.73;
p < 0.001; Fig. 3D). Furthermore, plasma and hepatic triglyceride le-
vels correlated significantly (r = 0.40; p < 0.05). Notably, expression
levels of microsomal triglyceride transfer protein (Mttp) and

apolipoprotein b (Apob) were not changed (Fig. 3A), suggesting that
the decrease in plasma triglyceride levels were not secondary to al-
terations in the ability of hepatocytes to generate/secrete very-low-
density lipoprotein (VLDL) particles. From these combined findings we
anticipate that the effects on hepatic and plasma triglyceride levels are
primarily driven by a significant change in the hepatic lipogenesis rate.
In further support, relative expression levels of carnitine palmitoyl-
transferase 1 and 2 were lower (Cptl: —26%; p < 0.05; Cpt2: —30%;
p < 0.01; Fig. 3A), excluding that the decrease in storage of fatty acids
within the hepatic triglyceride pool in Prg4 KO mice was due to an
increased fatty acid oxidation. Moreover, the relative expression levels
of key genes involved in lipoprotein uptake, i.e. the low-density lipo-
protein receptor (Ldlr), low-density lipoprotein receptor-related protein
1 (Lrpl), and scavenger receptor BI (Sr-bi), as well as the actual plasma
clearance of VLDL-like particle-derived triglycerides labeled with gly-
cerol tri[*H]oleate by the liver was not significantly different between
Prg4 KO mice and WT mice (Fig. 3A and E). Previous studies have
suggested that the level of endoplasmic reticulum (ER) stress as well as
hepatocyte toll-like receptor 4 (Tlr4) activity can influence the lipo-
genesis rate and associated liver steatosis extent [22-25]. However, a
difference in these parameters also does not seem to underlie the Prg4
deficiency-associated protection against the metabolic disturbances as
judged from the similar hepatic expression levels of Tlr4 and the ER
stress markers C/EBP homologous protein (Chop) and X-linked in-
hibitor of apoptosis protein (Xiap) (Fig. 3A).
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Fig. 3. Prg4 KO mice exhibit reduced liver steatosis after a HFD challenge.

A) Relative hepatic expression levels of genes involved in glycolysis (Geck and Pk), gluconeogenesis (G6pc and Pepck), lipogenesis (Acc, Fasn and Scd1), lipoprotein
synthesis (Mttp and Apob), fatty acid oxidation (Cptl and Cpt2), lipoprotein uptake (Ldlr, Lrpl, and Sr-bi), toll-like receptor signaling (TIr4) and endoplasmic
reticulum stress (Chop and Xiap). Respective values are relative to expression levels in WT mice. B) Hepatic triglyceride (TG) levels. C) upper panels: representative
micrographs of H&E stained livers (10 X objective). Lower panels: representative images of sections stained with Oil red O for neutral lipids (red; 20 X objective). D)
Correlation between hepatic Scd1 expression and hepatic triglycerides. F) Hepatic retention of glycerol tri[*H]-oleate as a percentage of total injected dose. White
bars/open circles: WT; grey bars/closed circles: Prg4 KO. Data represent means = SEM of 12-16 WT and 10/11 Prg4 KO mice. *p < 0.05, *p < 0.01,
wp < 0.001.
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Fig. 4. Prg4 deficiency is associated with lower glucose utilization by muscles.

A) Relative expression levels of genes essential for glucose utilization in muscle: glucose transporter type 4 (Glut4), muscle type 6-phosphofructokinase (Pfkm),
hexokinase2 (Hk2). Respective values are relative to expression levels in WT mice. B) The uptake of '“C-labeled 2-deoxyglucose in the gastrocnemius muscle as a
percentage of injected dose. C) Correlation between Glut4 expression and the uptake of *C-labeled 2-deoxyglucose in muscle. White bars/open circles: WT; black
bars/closed circles: Prg4 KO. Data represent means = SEM of 12/16 WT mice and 10/11 Prg4 KO mice. *p < 0.05, **p < 0.01, **p < 0.001.

In addition to the liver, muscle is a key target organ of insulin action
as it stimulates the uptake and disposal of glucose to maintain blood
glucose levels within the normal (physiological) range. Relative gene
expression of glucose transporter type 4 (Glut4; —29%; p < 0.01),
muscle type 6-phosphofructokinase (Pfkm; —21%; p < 0.05) and
hexokinase 2 (Hk2; —39%; p < 0.001), key genes in the utilization of
glucose, was significantly lower in Prg4 KO muscle than in WT muscle
(Fig. 4A). This reduction in insulin-regulated Glut4 expression
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translated in only a minor, non-significant reduction of uptake of
radiolabeled 2-deoxyglucose into skeletal muscle (Fig. 4B). The Glut4
expression correlated significantly with the uptake of the radiolabeled
2-deoxyglucose (r = 0.43; p < 0.05; Fig. 4C). It thus appears that Prg4
KO mice also display a reduced muscular insulin action, possibly related
to the lower insulin levels in the Prg4 KO mice.

In white adipose tissue, the actions of insulin are bilateral, as it both
decreases intracellular lipolysis by inhibiting hormone sensitive lipase
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Fig. 5. Prg4 KO mice display a favorable WAT phenotype
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and it stimulates the storage of circulating glucose and fatty acids
[26-28]. To facilitate the latter, the lipoprotein lipase-mediated uptake
of triglyceride-derived fatty acids from the circulation is increased in
response to insulin [29]. Insulin-regulated gene expression of hormone
sensitive lipase (Hsl), the rate limiting enzyme in adipocyte lipolysis,
tended to be higher in Prg4 KO mice (+51%; p = 0.08) than in WT
mice (Fig. 5A). Moreover, white adipose tissue of Prg4 KO mice took up
significantly less VLDL-like particle-derived triglycerides labeled with
glycerol tri [®Hloleate (—46%; p < 0.05) than WT adipose tissue
(Fig. 5B). Insulin also stimulates the transcription of leptin [30], an
adipokine that reduces food intake and increases energy expenditure
[31]. Leptin (Lep) gene expression was significantly lower (—51%;
p < 0.01) in white adipose tissue of Prg4 KO mice than that of WT
mice (Fig. 5A). Importantly, the gene expression of the macrophage
marker Cd68 and monocyte chemoattractant protein 1 (Mcpl) in adi-
pose tissue of Prg4 KO mice was significantly lower (—65% and —81%j;
p < 0.01) than that of WT controls (Fig. 5A). The decrease in Cd68
expression was paralleled by a decrease in the expression levels of both
the M1 macrophage marker TNFa (—63%; p < 0.01) and the M2
macrophage marker Cd206 (—35%; p < 0.05) (Fig. 5A), suggesting
that Prg4 deficiency was associated with a decrease in adipose tissue
macrophage numbers in the context of an unchanged macrophage po-
larization state. White adipose tissue in Prg4 KO mice thus not only
showed a more beneficial metabolic phenotype as compared to that of
WT mice, but also exhibited a reduced inflammation extent.

From our aforementioned findings it appears that Prg4 KO mice
have an improved metabolic profile as compared to WT mice, sug-
gesting that the associations between Prg4 and metabolic disturbances
previously found in humans are possibly causal. To provide further
evidence for a role for Prg4 in the development of diabetes in humans,
we analyzed Prg4 gene expression in a cohort of obese females with or
without type 2 diabetes. The expression of Prg4 in the subcutaneous
adipose tissue depot in female obese individuals with type 2 diabetes
was higher as compared to glucose tolerant control individuals (+11%;
p < 0.05). This effect seemed to be dependent on the adipose tissue
depot, as omental adipose tissue Prg4 expression was not different be-
tween diabetics and controls (Fig. 6). Altogether, these data further
suggest that Prg4 is likely to be clinically relevant in type 2 diabetes.

4. Discussion

The current study is the first to show a role for the proteoglycan
Prg4 in the regulation of glucose and lipid homeostasis. Under obeso-
genic and diabetic circumstances, Prg4 KO mice showed lower plasma
lipids, significantly better glucose tolerance as well as a trend towards
an improved HOMA-IR score. Prg4 KO mice furthermore showed an
improvement of the characteristic pathologies that are associated with
insulin resistance such as hepatic steatosis and inflammation of the
white adipose tissue as compared to WT mice. Prg4 KO thus seem to be
protected from the detrimental metabolic effects that are normally
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Fig. 6. Prg4 expression is increased in subcutaneous adipose tissue in diabetic
obese women as compared to non-diabetic obese women.

Relative gene expression of Prg4 in omental and subcutaneous adipose tissue of
type 2 diabetic obese women (T2DM; N = 15) as compared to normo-glucose
tolerant obese women (NGT; N = 17).*p < 0.05.

associated with HFD-induced obesity.

Importantly, various proteoglycans have previously been reported
to be upregulated in murine models for obesity and type 2 diabetes and
are therefore associated with the development of these pathologies
[32,33]. Lower serum Prg4 levels specifically are associated with
weight loss and improved plasma lipid profiles and ameliorated insulin
resistance [3-5]. We here show a similar metabolic phenotype in mice,
with HFD/fructose-challenged Prg4 KO mice. This study therefore
points towards a causal role for Prg4 in these processes. Based on
human association studies, we expected that Prg4 deficient mice would
show a difference in body weight as compared to WT mice, which we
did not observe. However, this could be a timing effect since the dif-
ference between the weights increased during the last weeks of the
experiment. It would therefore be interesting to investigate the effect of
Prg4 deficiency on body weight development under extended HFD
feeding conditions.

To validate a role for Prg4 in the white adipose tissue of obese
humans, we checked Prg4 gene expression in a cohort of obese women
with and without type 2 diabetes. Type 2 diabetic women had increased
expression of Prg4 in subcutaneous white adipose tissue as compared to
normoglycemic controls. However, this was not mirrored in the
omental adipose tissue depot. It is known that adipose depots are
functionally different based on their location [34]. The subcutaneous
adipose tissue of obese women has increased capacity to take up cir-
culating fatty acids as indicated by an increased lipoprotein lipase
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expression as compared to the omental adipose tissue depot [34].
Furthermore, the subcutaneous adipose tissue depot acts systemically to
regulate glucose homeostasis in contrast to omental adipose tissue [35].
So the differentially expressed Prg4 might partially underlie these
functional differences between the subcutaneous and omental adipose.
Our observation that Prg4 expression levels in mouse liver were sig-
nificantly altered (increased) in response to HFD feeding while those in
murine gonadal white adipose tissue remained unaltered further sup-
ports the concept of functional tissue-specificity. These combined data
suggest that Prg4 not only in mice, but also in humans plays a role in
nutritional homeostasis.

To date, the metabolic function of Prg4 is unknown. Prg4 is ubi-
quitously expressed and secreted into the circulation. From our pre-
vious studies in the context of atherosclerosis, it has become apparent
that systemic depletion of Prg4 levels is causally related to an increased
atherosclerosis susceptibility [36]. However, Prg4 can also have local
effects as judged from the finding that Prg4 produced locally by mac-
rophages can affect the functionality of these cells [37,38]. Prg4 KO
mice show an improved metabolic phenotype of the liver, muscle and
white adipose tissue. These effects could be mediated via independent
actions in these organs or via one central pathway. Interestingly, sev-
eral genes that are regulated by insulin are differentially expressed in
Prg4 KO mice as compared to WT mice. Genes in the glycolysis and
lipogenesis pathways in the liver as well as genes involved in glucose
metabolism in the muscle and genes in the white adipose tissue are all
less activated. Further insight in the insulin signaling pathway in Prg4
KO mice might elucidate whether there is a common underlying me-
chanism.

We have shown that the gene expression levels of Prg4 are highest
in the liver and that these levels are changed in response to a HFD
challenge. The liver is also the organ where we found the most pro-
nounced effects of Prg4 deficiency. Proteoglycans play a role in the
cellular uptake of lipids from the circulation [39,40] and the clearance
of remnant lipoproteins in the liver [41,42]. Olsson and colleagues
found that both insulin and circulating fatty acids can alter the struc-
ture of secreted proteoglycans by the liver [43]. This structural change
affected the capacity of hepatic proteoglycans to clear remnants of
triglyceride-rich lipoproteins from the circulation, augmenting the
dyslipidemia in insulin-resistant rodents [43]. Although it seemed that
the absence of Prg4 had profound effects on plasma lipid levels and
hepatic lipogenesis, the uptake of the fatty acids derived from the
VLDL-like particles labeled with glycerol tri[*H]oleate from the circu-
lation was not significantly changed in our experimental setup. Specific
studies tracking the cholesterol component of VLDL-like particles will
be needed to provide more insight in a potential role of Prg4 in the
uptake of the remnants by the liver.

Interestingly, Prg4 was recently identified as a specific marker for
the pancreatic delta and pancreatic polypeptide cell subsets, which only
comprise 3-15% of the cell population present in the islets of
Langerhans [44,45]. The islets of Langerhans are clusters of endocrine
cells that are affected in the pathology of diabetes. The islets consist of
four main cell subsets, which closely work together in a paracrine
fashion, regulating blood glucose by secreting insulin, glucagon and
somatostatin [7,8]. Prg4 was one of the most differentially expressed
genes in the pancreas of diabetic individuals versus healthy human
controls [6]. Given the improved glucose handling in Prg4 KO mice and
the contribution of the pancreas to the control of total body glucose
metabolism, it would be highly interesting to perform further studies to
elucidate the function of Prg4 in these cells. It could be proposed that
Prg4, as one of the proteoglycans in the extracellular matrix, con-
tributes to the interactions between islet cells and the extracellular
matrix and therefore is essential for islet functionality [46]. Further-
more, intracellular proteoglycans are involved in the storage of secre-
tory granules and the delivery and modulation of activity of the content
of secretory granules in different cell types including hematopoietic cell
types, pancreatic acinar cells and platelets [47,48]. Since the islets of
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Langerhans are specialized in the production and secretion of a range of
hormones including insulin, glucagon and somatostatin, it can be pro-
posed that Prg4 is involved in the functioning of the secretory vesicles
that contain these products.

In conclusion, this study is the first to show a causal role for Prg4 in
the regulation of energy metabolism in mice. Prg4 KO mice are pro-
tected from high fat diet-induced hepatic steatosis, which might be
explained by the changes we see in hepatic lipogenic gene expression.
Furthermore, Prg4 KO mice exhibit an improved glucose tolerance and
a lower degree of white adipose tissue inflammation. Given that we
observed an upregulation of Prg4 in obese women with type 2 diabetes,
it can be suggested that Prg4 also plays a causal role in the development
of metabolic disturbances in the human situation. Based upon our
present findings and taking into account that Prg4 is a secreted protein
that can act both locally as well as systemically, it is clear that follow-up
studies are warranted to uncover the exact (molecular) mechanism
driving the Prg4 deficiency-associated protection against glucose in-
tolerance and fatty liver disease. In this respect, it will be of interest to
generate mice with a tissue-specific Prg4 deficiency in for instance
liver, adipose tissue, intestine, and/or pancreas.

Transparency document

The Transparency document associated with this article can be
found, in online version.

Acknowledgements

We would like to thank M.L. Warman and S. Hann from the Howard
Hughes Medical Institute, Boston Children's Hospital, and Harvard
Medical School, Boston, Massachusetts for providing us the Prg4
knockout mice [12]. We thank L.A. Bosmans, J. Price, J.J. Geerling,
A.B. Ouweneel, L.R. de Leeuw, O.S.C. Snip, R. Martins Cardoso, R.J. van
der Sluis and M.J. Kroner from the Division of BioTherapeutics of the
Leiden Academic Centre for Drug Research for their practical support.

Funding sources

We acknowledge the financial support from the Netherlands
CardioVascular Research Initiative: “the Dutch Heart Foundation,
Dutch Federation of University Medical Centers, the Netherlands
Organization for Health Research and Development and the Royal
Netherlands Academy of Sciences” for the GENIUS project “Generating
the best evidence-based pharmaceutical targets for atherosclerosis”
[CVON2011-19 Grant to M.V.E]. This study was supported by the
Netherlands Organization for Scientific Research [VICI Grant 91813603
to M.V.E]. M.V.E is an Established Investigator of the Dutch Heart
Foundation [Grant 2007T056].

Conflicts of interest

None.

Author contributions

J.E.N. contributed to the study design, acquisition, analysis and
interpretation of the data and wrote the article. M.H. contributed to the
study conception and design, acquisition and interpretation of the data
and critically revising the intellectual content of the article. S.K.,
J.B.V.K. and V.V.H. contributed to the study design, acquisition and
interpretation of the data and critical revision of the article. KW.V.D,
P.C.N.R and M.V.E. contributed to study concept, data interpretation
and revision of the article. All authors approved the final version to be
published.


http://dx.doi.org/10.1016/j.bbadis.2018.11.009

J.E. Nahon et al.

References

[1]
[2]
[3]

[4]

[5]

[6

—

[71

[8

[}

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

WHO., n.d. WHO Factsheet Obesity and Overweight. http://www.who.int/
mediacentre/factsheets/fs311/en/. (accessed April 9, 2018).

G.S. Hotamisligil, Inflammation and metabolic disorders, Nature 444 (7121) (2006)
860-867, https://doi.org/10.1038/nature05485.

S. Oller Moreno, O. Cominetti, A. Nufiez Galindo, . Irincheeva, J. Corthésy,

A. Astrup, et al., The differential plasma proteome of obese and overweight in-
dividuals undergoing a nutritional weight loss and maintenance intervention,
Proteomics Clin. Appl. 12 (1) (2018) 1-11, https://doi.org/10.1002/prca.
201600150.

P.E. Geyer, N.J. Wewer Albrechtsen, S. Tyanova, N. Grassl, E.W. Iepsen,

J. Lundgren, et al., Proteomics reveals the effects of sustained weight loss on the
human plasma proteome, Mol. Syst. Biol. 12 (12) (2016), https://doi.org/10.
15252/msb.20167357 901.

F.J. Ortega, J.M. Mercader, J.M. Moreno-Navarrete, L. Nonell, E. Puigdecanet,
J.I. Rodriquez-Hermosa, et al., Surgery-induced weight loss is associated with the
downregulation of genes targeted by MicroRNAs in adipose tissue, J. Clin.
Endocrinol. Metab. 100 (11) (2015) E1467-E1476, https://doi.org/10.1210/jc.
2015-2357.

A. Segerstolpe, A. Palasantza, P. Eliasson, E.M. Andersson, A.C. Andréasson, X. Sun,
et al., Single-cell transcriptome profiling of human pancreatic islets in health and
type 2 diabetes, Cell Metab. 24 (4) (2016) 593-607, https://doi.org/10.1016/j.
cmet.2016.08.020.

L. Kjeuin, U. Lindahl, Proteoglycans: structures and interactions, Annu. Rev.
Biochem. 60 (1991) 443-475.

U. Lindahl, M. H66k, Glycosaminoglycans and their binding to biological macro-
molecules, Annu. Rev. Biochem. 47 (1978) 385-417.

J.R. Bishop, M. Schuksz, J.D. Esko, Heparan sulphate proteoglycans fine-tune
mammalian physiology, Nature 446 (7139) (2007) 1030-1037, https://doi.org/10.
1038/nature05817.

Y. Chang, Z.G. She, K. Sakimura, A. Roberts, K. Kucharova, D.H. Rowitch, et al.,
Ablation of ng2 proteoglycan leads to deficits in brown fat function and to adult
onset obesity, PLoS One 7 (1) (2012), https://doi.org/10.1371/journal.pone.
0030637.

A.D. Strader, O. Reizes, S.C. Woods, S.C. Benoit, R.J. Seeley, Mice lacking the
syndecan-3 gene are resistant to diet-induced obesity, J. Clin. Investig. 114 (9)
(2004) 1354-1360, https://doi.org/10.1172/JCI1200420631.

A. Hill, K.A. Waller, U.M. Ayturk, S. Hann, S.G. Lessard, D. Zurakowski, et al.,
Lubricin restoration in a mouse model of congenital deficiency, Arthritis Reumatol.
67 (11) (2015) 3070-3081, https://doi.org/10.1002/art.39276.

R. Out, M. Hoekstra, R.B. Hildebrand, J.K. Kruit, I. Meurs, Z. Li, et al., Macrophage
ABCG1 deletion disrupts lipid homeostasis in alveolar macrophages and moderately
influences atherosclerotic lesion development in LDL receptor-deficient mice,
Arterioscler. Thromb. Vasc. Biol. 26 (10) (2006) 2295-2300.

P.C.N. Rensen, T.J.C. Van Berkel, Apolipoprotein E effectively inhibits lipoprotein
lipase-mediated lipolysis of chylomicron-like triglyceride-rich lipid emulsions in
vitro and in vivo, J. Biol. Chem. 271 (25) (1996) 14791-14799, https://doi.org/10.
1074/jbc.271.25.14791.

P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by acid guanidi-
nium extraction, Anal. Biochem. 162 (1987) 156-159.

J. Folch, M. Lees, G.H. Sloane Stanley, A simple method for the isolation and
purification of total lipides from animal tissues, J. Biol. Chem. 226 (1) (1953)
497-509.

H. Dharuri, P.A.C. 't Hoen, J.B. van Klinken, P. Henneman, J.F.J. Laros, M.A. Lips,
et al., Downregulation of the acetyl-CoA metabolic network in adipose tissue of
obese diabetic individuals and recovery after weight loss, Diabetologia 57 (11)
(2014) 2384-2392, https://doi.org/10.1007/s00125-014-3347-0.

M. Hoekstra, J.K. Kruijt, M. Van Eck, T.J. Van Berkel, Specific gene expression of
ATP-binding cassette transporters and nuclear hormone receptors in rat liver par-
enchymal, endothelial, and Kupffer cells, J. Biol. Chem. 278 (28) (2003)
25448-25453.

K.M. Korenblat, E. Fabbrini, B.S. Mohammed, S. Klein, Liver, muscle and adipose
tissue insulin action is directly related to intrahepatic triglyceride content in obese
subjects, Gastroenterology 134 (5) (2009) 1369-1375, https://doi.org/10.1053/j.
gastro.2008.01.075.

N. Kumashiro, D.M. Erion, D. Zhang, M. Kahn, S.A. Beddow, X. Chu, et al., Cellular
mechanism of insulin resistance in nonalcoholic fatty liver disease, Proc. Natl. Acad.
Sci. 108 (39) (2011) 16381-16385, https://doi.org/10.1073/pnas.1113359108.
M. Miyazaki, Y.C. Kim, M.P. Gray-Keller, A.D. Attie, J.M. Ntambi, The biosynthesis
of hepatic cholesterol esters and triglycerides is impaired in mice with a disruption
of the gene for stearoyl-CoA desaturase 1, J. Biol. Chem. 275 (39) (2000)
30132-30138, https://doi.org/10.1074/jbc.M005488200.

K. Yamamoto, K. Takahara, S. Oyadomari, T. Okada, T. Sato, A. Harada, et al.,
Induction of liver steatosis and lipid droplet formation in ATF6alpha-knockout mice
burdened with pharmacological endoplasmic reticulum stress, Mol. Biol. Cell 21
(17) (2010) 2975-2986, https://doi.org/10.1091/mbc.E09-02-0133.

K. Zhang, S. Wang, J. Malhotra, J.R. Hassler, S.H. Back, G. Wang, et al., The un-
folded protein response transducer IREla prevents ER stress-induced hepatic
steatosis, EMBO J. 30 (7) (2001) 1357-1375, https://doi.org/10.1038/emboj.
2011.52.

L. Jia, X. Chang, S. Qian, C. Liu, C.C. Lord, N. Ahmed, et al., Hepatocyte toll-like
receptor 4 deficiency protects against alcohol-induced fatty liver disease, Molecular

501

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

BBA - Molecular Basis of Disease 1865 (2019) 494-501

Metabolism (2018), https://doi.org/10.1016/j.molmet.2018.05.015 (in press).

N. Pierre, L. Deldicque, C. Barbé, D. Naslain, P.D. Cani, M. Francaux, Toll-like re-
ceptor 4 knockout mice are protected against endoplasmic reticulum stress induced
by a high-fat diet, PLoS One 8 (5) (2013) e65061, , https://doi.org/10.1371/
journal.pone.0065061.

J.W.E. Jocken, D. Langin, E. Smit, W.H.M. Saris, C. Valle, G.B. Hul, et al., Adipose
triglyceride lipase and hormone-sensitive lipase protein expression is decreased in
the obese insulin-resistant state, J. Clin. Endocrinol. Metab. 92 (6) (2007)
2292-2299, https://doi.org/10.1210/jc.2006-1318.

C. Sztalryd, F.B. Kraemer, Regulation of hormone-sensitive lipase in streptozotocin-
induced diabetic rats, Metab. Clin. Exp. 44 (11) (1995) 1391-1396.

G.F. Lewis, A. Carpentier, K. Adeli, A. Giacca, Disordered fat storage and mobili-
zation in the pathogenesis of insulin resistance and type 2 diabetes, Endocr. Rev. 23
(2) (2002) 201-229, https://doi.org/10.1210/er.23.2.201.

A.S. Garfinkel, P. Nilsson-Ehle, M.C. Schotz, Regulation of lipoprotein lipase.
Induction by insulin, Biochim. Biophys. Acta, Lipids Lipid Metab. 424 (2) (1976)
264-273, https://doi.org/10.1016/0005-2760(76)90194-6.

M.J. Moreno-Aliaga, K.L. Stanhope, P.J. Havel, Transcriptional regulation of the
leptin promoter by insulin-stimulated glucose metabolism in 3T3-L1 adipocytes,
Biochem. Biophys. Res. Commun. 283 (3) (2001) 544-548, https://doi.org/10.
1006/bbrc.2001.4822.

G.J. Morton, D.E. Cummings, D.G. Baskin, G.S. Barsh, M.W. Schwartz, Central
nervous system control of food intake and body weight, Nature 443 (7109) (2006)
289-295, https://doi.org/10.1038/nature05026.

K. Bolton, D. Segal, J. McMillan, J. Jowett, L. Heilbronn, K. Abberton, et al., Decorin
is a secreted protein associated with obesity and type 2 diabetes, Int. J. Obes. 32 (7)
(2008) 1113-1121, https://doi.org/10.1038/ijo.2008.41.

K. Bolton, D. Segal, K. Walder, The small leucine-rich proteoglycan, biglycan, is
highly expressed in adipose tissue of Psammomys obesus and is associated with
obesity and type 2 diabetes, Biologics: Targets and Therapy 6 (2012) 67-72,
https://doi.org/10.2147/BTT.S27925.

K.H.M. Kwok, K.S.L. Lam, A. Xu, Heterogeneity of white adipose tissue: molecular
basis and clinical implications, Exp. Mol. Med. 48 (3) (2016) €215, , https://doi.
org/10.1038/emm.2016.5.

T.T. Tran, Y. Yamamoto, S. Gesta, C.R. Kahn, Beneficial effects of subcutaneous fat
transplantation on metabolism, Cell Metab. 7 (5) (2008) 410-420, https://doi.org/
10.1016/j.cmet.2008.04.004.

J.E. Nahon, M. Hoekstra, M. Van Eck, Total body proteoglycan 4 (Prg4) deficiency
increases atherosclerosis susceptibility in apolipoprotein E knockout and low-den-
sity lipoprotein receptor knockout mice, Atherosclerosis (2018), https://doi.org/10.
1016/j.atherosclerosis.2018.06.883 (in press).

M. Aj, Y. Cui, M. Sy, D.M. Lee, L.X. Zhang, Anti-lubricin monoclonal antibodies
created using lubricin-knockout mice immunodetect lubricin in several species and
in patients with healthy and diseased joints, PLoS One (2015) 1-17, https://doi.
org/10.1371/journal.pone.0116237.

J.E. Nahon, M. Hoekstra, S.R. Havik, P.J. Van Santbrink, G.M. Dallinga-Thie,

J.A. Kuivenhoven, et al., Proteoglycan 4 regulates macrophage function without
altering atherosclerotic lesion formation in a murine bone marrow-specific deletion
model, Atherosclerosis 274 (2018) 120-127, https://doi.org/10.1016/j.
atherosclerosis.2018.05.008.

F.H. de Man, F. de Beer, A. van der Laarse, A.H. Smelt, L.M. Havekes, Lipolysis of
very low density lipoproteins by heparan sulfate proteoglycan-bound lipoprotein
lipase, J. Lipid Res. 38 (12) (1997) 2465-2472.

J.M. MacArthur, J.R. Bishop, K.I. Stanford, L. Wang, A. Bensadoun, J.L. Witztum,
et al., Liver heparan sulfate proteoglycans mediate clearance of triglyceride-rich
lipoproteins independently of LDL receptor family members, J. Clin. Investig. 117
(1) (2007) 153-164, https://doi.org/10.1172/JCI29154.

R.W. Mahley, Z.S. Ji, Remnant lipoprotein metabolism: key pathways involving
cell-surface heparan sulfate proteoglycans and apolipoprotein E, J. Lipid Res. 40 (1)
(1999) 1-16.

M. Mulder, P. Lombardi, H. Jansen, T.J. van Berkel, R.R. Frants, L.M. Havekes, Low
density lipoprotein receptor internalizes low density and very low density lipo-
proteins that are bound to heparan sulfate proteoglycans via lipoprotein lipase, J.
Biol. Chem. 268 (13) (1993) 9369-9375.

U. Olsson, A.C. Egnell, M. Rodriguez Lee, G. Ostergren Lundén, M. Lorentzon,

M. Salmivirta, et al., Changes in matrix proteoglycans induced by insulin and fatty
acids in hepatic cells may contribute to dyslipidemia of insulin resistance, Diabetes
50 (9) (2001) 2126-2132, https://doi.org/10.2337/diabetes.50.9.2126.

M.J. Muraro, G. Dharmadhikari, D. Griin, N. Groen, T. Dielen, E. Jansen, et al., A
single-cell transcriptome atlas of the human pancreas, Cell Syst. 3 (4) (2016)
385-394, https://doi.org/10.1016/j.cels.2016.09.002.

A.C. Carrano, F. Mulas, C. Zeng, M. Sander, Interrogating islets in health and disease
with single-cell technologies, Molecular Metabolism 6 (9) (2017) 991-1001,
https://doi.org/10.1016/j.molmet.2017.04.012.

J. Daoud, M. Petropavlovskaia, L. Rosenberg, M. Tabrizian, The effect of extra-
cellular matrix components on the preservation of human islet function in vitro,
Biomaterials 31 (7) (2010) 1676-1682, https://doi.org/10.1016/j.biomaterials.
2009.11.057.

S.0. Kolset, K. Prydz, G. Pejler, Intracellular proteoglycans, Biochem. J. 379 (2)
(2004) 217-227, https://doi.org/10.1042/bj20031230.

M. Abrink, M. Grujic, G. Pejler, Serglycin is essential for maturation of mast cell
secretory granule, J. Biol. Chem. 279 (39) (2004) 40897-40905, https://doi.org/
10.1074/jbc.M405856200.


http://www.who.int/mediacentre/factsheets/fs311/en/
http://www.who.int/mediacentre/factsheets/fs311/en/
https://doi.org/10.1038/nature05485
https://doi.org/10.1002/prca.201600150
https://doi.org/10.1002/prca.201600150
https://doi.org/10.15252/msb.20167357
https://doi.org/10.15252/msb.20167357
https://doi.org/10.1210/jc.2015-2357
https://doi.org/10.1210/jc.2015-2357
https://doi.org/10.1016/j.cmet.2016.08.020
https://doi.org/10.1016/j.cmet.2016.08.020
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0030
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0030
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0035
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0035
https://doi.org/10.1038/nature05817
https://doi.org/10.1038/nature05817
https://doi.org/10.1371/journal.pone.0030637
https://doi.org/10.1371/journal.pone.0030637
https://doi.org/10.1172/JCI200420631
https://doi.org/10.1002/art.39276
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0060
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0060
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0060
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0060
https://doi.org/10.1074/jbc.271.25.14791
https://doi.org/10.1074/jbc.271.25.14791
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0070
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0070
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0075
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0075
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0075
https://doi.org/10.1007/s00125-014-3347-0
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0085
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0085
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0085
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0085
https://doi.org/10.1053/j.gastro.2008.01.075
https://doi.org/10.1053/j.gastro.2008.01.075
https://doi.org/10.1073/pnas.1113359108
https://doi.org/10.1074/jbc.M005488200
https://doi.org/10.1091/mbc.E09-02-0133
https://doi.org/10.1038/emboj.2011.52
https://doi.org/10.1038/emboj.2011.52
https://doi.org/10.1016/j.molmet.2018.05.015
https://doi.org/10.1371/journal.pone.0065061
https://doi.org/10.1371/journal.pone.0065061
https://doi.org/10.1210/jc.2006-1318
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0130
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0130
https://doi.org/10.1210/er.23.2.201
https://doi.org/10.1016/0005-2760(76)90194-6
https://doi.org/10.1006/bbrc.2001.4822
https://doi.org/10.1006/bbrc.2001.4822
https://doi.org/10.1038/nature05026
https://doi.org/10.1038/ijo.2008.41
https://doi.org/10.2147/BTT.S27925
https://doi.org/10.1038/emm.2016.5
https://doi.org/10.1038/emm.2016.5
https://doi.org/10.1016/j.cmet.2008.04.004
https://doi.org/10.1016/j.cmet.2008.04.004
https://doi.org/10.1016/j.atherosclerosis.2018.06.883
https://doi.org/10.1016/j.atherosclerosis.2018.06.883
https://doi.org/10.1371/journal.pone.0116237
https://doi.org/10.1371/journal.pone.0116237
https://doi.org/10.1016/j.atherosclerosis.2018.05.008
https://doi.org/10.1016/j.atherosclerosis.2018.05.008
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0190
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0190
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0190
https://doi.org/10.1172/JCI29154
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0200
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0200
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0200
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0205
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0205
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0205
http://refhub.elsevier.com/S0925-4439(18)30468-X/rf0205
https://doi.org/10.2337/diabetes.50.9.2126
https://doi.org/10.1016/j.cels.2016.09.002
https://doi.org/10.1016/j.molmet.2017.04.012
https://doi.org/10.1016/j.biomaterials.2009.11.057
https://doi.org/10.1016/j.biomaterials.2009.11.057
https://doi.org/10.1042/bj20031230
https://doi.org/10.1074/jbc.M405856200
https://doi.org/10.1074/jbc.M405856200

	Proteoglycan 4 deficiency protects against glucose intolerance and fatty liver disease in diet-induced obese mice
	Introduction
	Materials and methods
	Experimental mice
	Glucose tolerance
	Plasma lipid analysis
	Clearance study
	Gene expression analysis by quantitative real-time polymerase chain reaction
	Histochemical analysis
	Liver lipid extraction and quantification
	Prg4 expression in a human obese cohort
	Statistical analysis

	Results
	Discussion
	Transparency document
	Acknowledgements
	Funding sources
	Conflicts of interest
	Author contributions
	References




