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Abstract 

Extracellular matrix hyaluronan is increased in skeletal muscle of high-fat-fed insulin-resistant 

mice and reduction of hyaluronan by PEGPH20 hyaluronidase ameliorates diet-induced insulin 

resistance (IR). CD44, the main hyaluronan receptor, is positively correlated with type 2 

diabetes. This study determines the role of CD44 in skeletal muscle IR. Global CD44-deficient 

(cd44-/-) mice and wild-type littermates (cd44+/+) were fed chow-diet or 60% high-fat-diet for 

16-weeks. High-fat-fed cd44-/- mice were also treated with PEGPH20 to evaluate its CD44-

dependent action. Insulin sensitivity was measured by hyperinsulinaemic-euglycaemic clamp 

(ICv). High-fat feeding increased muscle CD44 protein expression. In the absence of differences 

in body weight and composition, despite lower clamp insulin during ICv, the cd44-/- mice had 

sustained glucose infusion rate (GIR) regardless of diet. High-fat-diet induced muscle IR as 

evidenced by decreased muscle glucose uptake (Rg) was exhibited in cd44+/+ mice, but absent in 

cd44-/- mice. Moreover, gastrocnemius Rg remained unchanged between genotypes on chow diet 

but was increased in high-fat-fed cd44-/- compared to cd44+/+ when normalised to clamp insulin 

concentrations. Ameliorated muscle IR in high-fat-fed cd44-/- mice was associated with increased 

vascularization. In contrast to previously observed increases in wildtype mice, PEGPH20 

treatment in high-fat-fed cd44-/- mice did not change GIR or muscle Rg during ICv, suggesting a 

CD44-dependent action. In conclusion, genetic CD44 deletion improves muscle IR and the 

beneficial effects of PEGPH20 are CD44-dependent. These results suggest a critical role of 

CD44 in promoting hyaluronan-mediated muscle IR, therefore representing a potential 

therapeutic target for diabetes. 
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Introduction 

Extracellular matrix (ECM) remodelling is attracting considerable interest in the pathogenesis of 

several metabolic disorders such as cancer (48), obesity, insulin resistance and diabetes (33,36). 

Chronic inflammation in response to high-fat (HF) diet leads to increased deposition of ECM 

components such as collagens and hyaluronan (7,23,24,25,42). Hyaluronan, a major 

glycosaminoglycan component of the ECM is increased in skeletal muscle of insulin resistant 

mice possibly due to increased activity of hyaluronan synthase or decreased degradation by 

hyaluronidase (24). Reduction of muscle hyaluronan by a long-acting PEGylated human 

recombinant hyaluronidase PH-20 enzyme (PEGPH20) has previously been shown to ameliorate 

skeletal muscle insulin resistance in HF-fed mice (24). Apart from muscle, increased hyaluronan 

deposition also occurs in a variety of tissues in diabetic rodents including aorta (16), pancreatic 

islets (10,54) and kidneys (32). In addition, elevated hyaluronan content is also seen in serum of 

type 2 diabetes patients (37,38).    

 

CD44 is the main hyaluronan receptor, which is present in most tissues including adipose tissue, 

muscle, liver, pancreas and endothelium (3,29). The main biological functions of CD44 are cell 

aggregation, angiogenesis, endothelial cell proliferation, and immune cell migration and 

activation (45). An expression-based genome-wide association study revealed that cd44 gene is 

implicated in the molecular pathogenesis of type 2 diabetes (29). Previous studies have positively 

correlated CD44 expression in adipose tissue/liver and CD44 levels in serum with insulin 

resistance, adipose tissue inflammation and hepatic steatosis in diet-induced obese mice and 

obese humans (18,29,30,34). Genetic deletion of CD44 and CD44-receptor antagonism using 

anti-CD44 monoclonal antibody have been shown to reduce obesity mediated glucose and 
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insulin tolerance in HF-fed mice (22,30). CD44 antagonism also displayed anti-diabetic effects 

in non-obese diabetic mice (54).  

 

Taken together, increased hyaluronan and CD44 expression are implicated in the pathogenesis of 

insulin resistance and type 2 diabetes. However, research so far has mainly focused on the role of 

CD44 in adipose inflammation and hepatic steatosis, with little research into the role of CD44 

signalling in insulin resistance specifically in skeletal muscle. The present study aimed at 

deciphering the link between hyaluronan and CD44 interaction and skeletal muscle insulin 

resistance. Therefore, the hypotheses that 1) genetic deletion of CD44 prevents diet induced 

skeletal muscle insulin resistance and 2) improved insulin resistance by PEGPH20 treatment is 

dependent on the presence of CD44 were tested in the present study. Global cd44-deficient mice 

and their wild-type littermates fed either chow-diet or HF-diet were used to study the potential 

role of CD44 in insulin resistant skeletal muscle. HF-fed cd44-deficient mice were also treated 

with PEGPH20 to evaluate its CD44-dependent action. Insulin action was measured by 

hyperinsulinaemic-euglycaemic clamp (ICv) coupled with radioisotopes in stress-free mice using 

the dual, arterial-venous catheter protocol (5).  

 

 

Materials and Methods 

Mouse models: Mice lacking cd44 (cd44-/-) were obtained on a C57BL/6J background from 

Jackson Laboratory (Maine, USA; stock# 005085). The homozygous cd44 null mice (cd44-/-) 

and their wild type littermate controls (cd44+/+), both males and females were fed either a high-

fat (HF) diet (60% calories as fat, BioServ, USA; product# F3282) or kept on chow diet (13% 
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calories as fat, LabDiet, USA; product# 5001) starting at 3 weeks of age, for 16 weeks. All mice 

were studied at 19 weeks of age. Body composition was determined by EchoMRI (Echo Medical 

Systems, TX). Hyperinsulinemic-euglycemic clamps (ICv) were performed to measure insulin 

sensitivity. All animals were housed in an air-conditioned room at 22±2°C with a 12h light:12h 

dark cycle. Animal experiments were carried out in accordance with the UK Animals (Scientific 

Procedures) Act 1986, Vanderbilt Animal Care and Use Committee and University of Dundee 

ethics committee. 

  

Chronic PEGPH20 treatment: 18 weeks old, HF-fed cd44-/- (60% calories as fat, Special Diet 

Services, UK; product# 824054) mice received injections of either vehicle (10mmol/l histidine, 

130mmol/l NaCl at pH 6.5) or PEGPH20 (Halozyme Therapeutics, San Diego, USA) at 1mg/kg 

through the tail vein, once every 3 days for 24 days (q3dx9). Body weight was monitored at 3-

day intervals. Food intake, locomotor activity, respiratory exchange ratio (RER) and energy 

expenditure (EE) were assessed for 48 hr, using Comprehensive Lab Animal Monitoring System 

metabolic chambers (Columbus Instruments, OH). Oral glucose tolerance test (2g/kg bw) was 

performed on 18th treatment day. Intraperitoneal insulin tolerance test (0.75U/kg bw) and ICv 

clamp were performed at the end of the 24-day treatment period on different cohorts of mice. 

 

Hyperinsulinemic-euglycemic clamp using a dual arterial-venous catheter protocol: 

Catheters were implanted in carotid artery and jugular vein of mice for sampling and intravenous 

infusions (4mU/kg/min insulin, donor erythrocytes and [3-3H]glucose), 5-7 days prior to the ICv 

clamp (5). ICv was performed on 5hr fasted mice as described previously (25). Glucose flux 

rates were determined by isotope dilution using [3-3H]glucose. All mice were clamped at 
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euglycemia using a variable glucose infusion rate (GIR). Euglycemia during ICv was achieved 

by assessments of arterial glucose every 10min, and adjustments of GIR as needed. Blood was 

collected during steady state at 80–120min for the determination of [3-3H]-glucose. Clamp 

insulin was determined at t=100 and 120min. At 120min, 0.481MBq [14C]2-deoxyglucose was 

administered as an intravenous bolus. Blood was taken from 2 to 35min for arterial [14C]2-

deoxyglucose determination. After the last sample, mice were culled and tissues were excised. 

 

Plasma and tissue sample processing for isotopic analysis: Plasma and tissue radioactivity of 

[3-3H]glucose, [14C]2-deoxyglucose, and [14C]2-deoxyglucose-6-phosphate was determined by 

liquid scintillation counting (4). Whole body glucose turnover rates including appearance (Ra) 

and disappearance (Rd) rates were determined using non-steady state equations as described by 

Steele et al. (49). Endogenous glucose appearance (endoRa) was determined by subtracting the 

GIR from total Ra. The glucose metabolic index (Rg), which measured glucose uptake into 

specific tissues, was calculated as previously described (31). 

Non-steady state calculation of glucose flux: 

𝑅𝑎 =
𝐼 − 𝑉𝑑. 𝐴.

𝑑𝑆𝐴
𝑑𝑇

𝑆𝐴
           𝑅𝑑 = 𝑅𝑎 − 𝑉𝑑.

𝑑𝐴

𝑑𝑇
 

Ra, Rd: glucose appearance and disappearance rates (mg/kg/min); I: tracer infusion rate 

(dpm/min); Vd: volume distribution of glucose; A: concentration of glucose (mg/dL); SA: 

specific activity of glucose (dpm/mg); T: time (min). 

Tissue specific glucose uptake (Rg) calculation: 

𝑅𝑔 =
[ 𝐶14 ]2𝐷𝐺𝑃 𝑖𝑛 𝑡𝑖𝑠𝑠𝑢𝑒

𝐴𝑈𝐶 𝑝𝑙𝑎𝑠𝑚𝑎 [ 𝐶14 ]2𝐷𝐺
. 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

[14C]-2DGP: 14C-2-Deoxyglucose phosphate; [14C]2DG: 2-Deoxyglucose 
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Biochemical analysis: Blood was collected in EDTA-coated tubes, at the time points indicated 

in the figures. Blood glucose was measured directly using a handheld Ascensia Contour Blood 

Glucose Meter (Bayer Healthcare). For plasma insulin and non-esterified fatty acid (NEFA) 

analyses, blood samples were immediately centrifuged using a microcentrifuge for 1min at 

16,000g and stored at −20°C. Plasma insulin and NEFA concentrations were measured using 

commercially available ELISA (90060, Crystal Chem, USA) and enzymatic colorimetric NEFA 

C assay (436-91995, Wako Chemicals, Germany) kits, per manufacturer’s instructions. 

 

Immunohistochemistry: Hyaluronan and CD31 were assessed by immunohistochemistry in 

paraffin-embedded gastrocnemius sections (5µm) with the following primary antibodies: 

biotinylated hyaluronan-binding protein (AMS.HKD-BC41, AMS Biotechnology, UK) or anti-

CD31 (NBP1-49805, Novus Biologicals, UK). Slides were lightly counterstained with Mayer’s 

hematoxylin. The EnVision +HRP/DAB System (DakoCytomation) was used to produce visible 

staining. 10-12 images per animal were used in the quantification of hyaluronan and CD31 

staining. Bowel samples were used as positive control for CD31 staining. To confirm the 

specificity of hyaluronan immunohistochemistry, sections were treated with or without 

recombinant human hyaluronidase PH-20. The negative controls without primary antibodies 

were carried out in parallel for the staining of both hyaluronan and CD31. All staining 

procedures and image analysis were carried out in a blinded manner. Images were captured using 

camera mounted on Axiovision microscope (Zeiss Axioscope, Germany). Immunostaining was 

quantified by the ImageJ Software. Hyaluronan content was measured by the integrated intensity 

of staining. Muscle vascularity was determined by counting CD31-positive structures. 
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Western blotting: Gastrocnemius, superficial vastus lateralis (SVL) and liver were 

homogenized as described previously (25). 40-70μg of protein was applied to SDS-PAGE gel. 

The following antibodies were used to detect respective proteins using western blotting: CD44 

(AF6127, 1:1000; R&D systems, UK) (21) , p-Akt(Ser473) (9), p-Akt(Thr308) (9), total Akt (9), 

p-GSK-3β(Ser9) (43), total GSK-3β (53) (#9271, #4056, #9272, #8566, #5676; 1:1,000; Cell 

Signaling, UK), insulin degrading enzyme (55) (ab32216, 1:1000; Abcam, UK). GAPDH (19) 

(5174, 1:1,000; Cell Signaling, UK) and ponceau were used as loading controls. 

 

Statistical analysis: Data are expressed as mean ± SEM. Statistical analyses were performed 

using Student’s t-test or two-way ANOVA followed by Bonferroni post hoc test as appropriate. 

Groups of data were significantly different if P<0.05. 

 

 

Results 

CD44 protein expression in muscle: 

Global deletion of cd44 gene significantly reduced protein expression of CD44 in muscle of 

chow- and HF-fed mice (Figure 1A,1B). HF feeding increased the muscle CD44 protein (~1.6 

fold) in cd44+/+ mice when compared to lean cd44+/+ mice (Figure 1A,1B). 

 

Body weight and body composition of cd44 null mice: 

Both male and female mice comparable in numbers were studied (Supplementary Table 1 

(https://doi.org/10.6084/m9.figshare.9585287)). Since we did not observe a difference in 
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genotype effect between genders, we pooled data from both male and female mice unless noted 

otherwise. The growth curve of chow-fed cd44-/- mice was similar to their diet matched cd44+/+ 

controls (Figure 1C). HF feeding increased weight gains in both cd44+/+ and cd44-/- mice 

equivalently (Figure 1C).  The cd44+/+ and cd44-/- mice displayed comparable body composition 

on both diets (Figure 1D). 

  

Effect of global cd44 deletion on insulin action: 

ICv was performed in cd44-/- mice and cd44+/+ littermates. During ICv, all groups of mice were 

clamped at an arterial glucose level of ~8 mmol/l (Figure 1E,1H). Glucose infusion rates (GIR) 

were similar between cd44-/- and cd44+/+ mice in both chow-fed and HF-fed states (Figure 

1F,1I). The ICv insulin levels, however, were substantially lower in cd44-/- mice on both chow 

and HF diets (32% and 50% decrease, respectively), relative to their diet-matched cd44+/+ 

littermates (Figure 1G,1J). Glucose disappearance (Rd) and endogenous glucose appearance 

(EndoRa) rates were represented in relation to basal and clamp insulin concentrations (Figure 

2A,2B,2D,2E). The rates of stimulation of Rd and suppression of EndoRa by insulin (slopes of 

the lines) were higher in cd44-/- mice than those in cd44+/+ mice regardless of diet (Figure 

2A,2B,2D,2E). Upon normalization to insulin concentrations during clamp, gastrocnemius Rg 

was not different between genotypes in chow-fed mice (Figure 2C), however HF-fed cd44-/- mice 

exhibited higher gastrocnemius muscle Rg (3-fold increase) compared to HF-fed cd44+/+ mice 

(Figure 2F). These results suggest that during the insulin clamp, cd44-/- mice were able to sustain 

GIR and glucose turnover despite responding to lower plasma insulin levels compared to 

wildtype littermates regardless of diet. Moreover, increased glucose uptake in muscle of HF-fed 
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cd44-/- mice after normalising to clamp insulin levels suggest an improved muscle insulin action 

compared to HF-fed cd44+/+ mice. 

 

To further confirm the protective role of cd44 deletion in diet-induced insulin resistance 

specifically in muscle, independent of ICv clamp insulin normalisation, we looked at the diet 

effect of muscle Rg in both cd44+/+ and cd44-/- mice, respectively. We observed that HF feeding-

induced muscle insulin resistance in cd44+/+ mice was evidenced by decreased muscle Rg in 

soleus and gastrocnemius muscles (Figure 2G), but this effect was absent in cd44-/- mice (Figure 

2H). Although insulin sensitivity index, calculated by fasting glucose x fasting insulin displayed 

no significant differences between genotypes regardless of diet, a statistical p value of 0.08 

between HF-fed cd44+/+ and cd44-/- mice indicates a more insulin sensitive state in cd44-/- mice 

(Figure 2I). 

  

We further explored the potential mechanisms of lower ICv insulin levels in cd44-deficient mice.  

C-peptide levels in both basal and insulin-clamped states were similar between genotypes in HF-

fed mice (Figure 3A). This indicates a potential increased clearance of insulin in the cd44-

deficient mice. However, this was not associated with changes in insulin degrading enzyme 

protein expression levels in liver or kidney (Figure 3B, 3C). 

 

Mechanisms of ameliorated insulin resistance in the HF-fed cd44 null mice: 

Post insulin clamp, insulin signalling measured by pAkt(Ser472 or Thr308)/Akt and p-GSK-

3β/GSK-3β ratio was unchanged between groups (Figure 4A), suggesting that cd44-/- mice were 

able to sustain insulin signalling pathway despite responding to lower plasma insulin levels. HF 
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diet feeding increased hyaluronan content in gastrocnemius muscle in both genotypes (Figure 

4B,4C). However, the hyaluronan content was not different between genotypes on respective 

diets (Figure 4C). Muscle vascularisation, examined by the number of CD31 positive structures, 

was increased in cd44-/- mice compared to diet-matched cd44+/+ littermates (Figure 4D). cd44 

deletion increased muscle CD31 expression by ~1.5-fold in both chow-fed and HF-fed mice 

(Figure 4E). 

  

Effects of chronic PEGPH20 treatment in HF-fed cd44 null mice: 

PEGPH20 treatment has been previously reported to reduce muscle hyaluronan and reverse 

insulin resistance in HF-fed wild-type mice in a dose-dependent manner (24). In HF-fed wild-

type mice chronic PEGPH20 at 1mg/kg decreases muscle hyaluronan by 70% and improves 

muscle insulin resistance by increasing GIR and gastrocnemius and SVL muscle Rg during an 

ICv when compared with vehicle-treated wild-type mice (24). To test whether this beneficial 

effect of PEGPH20 is dependent on the presence of CD44, we treated cd44-/- mice with either 

vehicle or 1mg/kg PEGPH20 as previously described (24). Chronic PEGPH20 treatment 

decreased muscle hyaluronan content by 80% in HF-fed cd44-/- mice compared to vehicle 

controls (Figure 5A). PEGPH20 had no effect on body weight or body composition in HF-fed 

cd44-/- mice (Figure 5B,5C). Food intake, locomotor activity, RER and EE were similar in both 

groups of mice (Figure 5D-G). PEGPH20 treatment did not alter glucose or insulin tolerance in 

HF-fed cd44-/- mice (Figure 6A,6B). During ICv, both groups of mice were clamped at an 

arterial glucose level of ~6 mmol/l (Figure 6C). The ICv clamp showed similar GIRs, basal and 

clamp insulin and muscle glucose-uptake between vehicle- and PEGPH20 treated HF-fed cd44-/- 

mice (Figure 6D-F). 
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Discussion 

 

ECM remodelling is a hallmark of insulin-resistant skeletal muscle characterised by increased 

deposition of ECM components such as collagens and hyaluronan, and altered activity of ECM 

enzymes such as MMP9 (7,23,24,47). We have previously reported that insulin resistance in 

skeletal muscle of HF-fed mice is tightly associated with increased hyaluronan content as 

reduction of hyaluronan by PEGPH20 dose-dependently ameliorates skeletal muscle insulin 

resistance (24). CD44, the main hyaluronan receptor has been manifested to be associated with 

the pathogenesis of type 2 diabetes (22,30). It is to be noted that elevated CD44 expression is 

not merely an attribute of diet-induced diabetic rodents but is also an established characteristic 

in obese humans (29,34), thus affirming relevance to the human condition. In the present 

study, by utilising global cd44-/- mice, we demonstrate a link between hyaluronan deposition 

and CD44 interaction in regulating skeletal muscle insulin resistance. The cd44-/- mice were 

less susceptible to the development of diet-induced skeletal muscle insulin resistance as 

evident by increased muscle glucose uptake and vascularisation. Furthermore, unchanged 

insulin resistant state in PEGPH20-treated cd44-/- mice suggests that the link between 

normalised hyaluronan deposition and ameliorated skeletal muscle insulin resistance is 

uncoupled in the absence of hyaluronan-CD44 interaction (Figure 7). 

 

CD44 is important for lymphocyte trafficking, however global cd44 deletion did not affect 

mouse embryonic development and showed no abnormalities in adults as to viability and 

differentiation of tissues and organs (46). Here we have used HF-feeding to induce insulin 
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resistance in mice, as HF-fed mice are a robust model for studying pathophysiology of type 2 

diabetes (23,24). Increased CD44 protein levels occur in liver and adipose tissue of diet-

induced obese mice (22). In line with elevated hyaluronan deposition, HF-feeding also 

increased muscle CD44 expression. We show that genetic deletion of cd44 did not affect weight 

gain in lean mice, and in the presence of HF-diet for up to 14 weeks, cd44-/- mice displayed 

similar weight gain and adiposity as their diet-matched controls.  Fasting insulin level is an index 

of insulin resistant state in research and clinical settings (22,50), hence the lower fasting insulin 

concentrations in cd44-/- mice supports improved insulin sensitivity. In addition, the diet-induced 

obese cd44-/- mice have been previously shown to exhibit lower fasting glucose and serum 

insulin concentrations, reduced macrophage infiltration into adipose tissue and improved glucose 

and insulin tolerance (22,29). Anti-CD44 antibody treatment suppressed adipose tissue 

inflammation, weight gain, and liver steatosis to levels comparable to conventional diabetes 

treatments (30). Taken together, our data with those of Kang et al. (22) suggest that cd44 

deletion protected mice from developing HF diet-induced insulin resistance in major peripheral 

tissues including muscle, liver and adipose tissue.  

 

The cd44-/- mice also had lower insulin levels during the ICv clamp despite the same insulin 

infusion rate of 4mU/kg/min, indicating either a reduced endogenous insulin secretion and/or an 

increased insulin clearance.  Deletion of CD44 did not alter arterial C-peptide levels either at 

baseline or during the ICv clamp, suggesting comparable insulin secretion. Although IDE 

expression in liver and kidney was not altered by cd44 deletion, the reduced insulin levels could 

be attributed to differential enzymatic activity of IDE rather than its protein expression (28). 

Indeed, insulin clearance is inversely related to insulin sensitivity (2) and pharmacological 
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rectification of peripheral insulin sensitivity has been shown to reduce metabolic demand of 

insulin and preserve beta-cell compensatory response to chronic insulin resistance (11,14). 

 

Upon normalisation to clamp insulin levels, HF-fed cd44-/- mice were less insulin resistant 

compared to their littermate controls, evident by increased [14C]2-deoxyglucose uptake in the 

muscle of HF-fed cd44-/- mice. Moreover, independent of normalisation to clamp insulins, HF 

feeding induced skeletal muscle insulin resistance in cd44+/+ mice was shown by decreases in 

muscle Rg. This was completely prevented in cd44-/- mice, further emphasizing the protective 

role of cd44 deletion in muscle insulin resistance. Several previous studies have demonstrated 

the role of CD44 signalling in hepatic and adipose tissue specific insulin resistance (22,29,30), 

this is the first time CD44 receptor has been implicated in hyaluronan mediated skeletal muscle 

insulin resistance. Although a clear increment of muscle glucose uptake is evident in HF-fed 

cd44-/- mice, this was not the case in lean mice. Chow-fed cd44-/- mice had unchanged muscle 

insulin sensitivity. However, their responses of EndoRa inhibition and Rd stimulation to insulin 

during the ICv clamp were increased. These data suggest that the CD44 signalling may be able to 

promote insulin resistance in lean mice.  

 

CD44 is expressed in endothelial cells (3) and has been shown to be involved in the regulation of 

angiogenesis and endothelial cell proliferation by modulating CD31 and VE-cadherin expression 

(15,52).  ECM mediated muscle insulin resistance occurs mainly due to a reduction in blood 

capillaries (12) and impaired vascular endothelial dysfunction (20), in turn reducing insulin or 

glucose delivery from blood to skeletal muscle cells (6). Increased muscle capillaries have been 

associated with improved muscle insulin resistance in several HF-fed mouse models including 
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PEGPH20-treated mice (by increasing cardiac output to muscle) (24), muscle-specific 

mitochondrial-targeted catalase transgenic mice and sildenafil-treated mice (by reducing muscle 

inflammation and collagen expansion) (23). In contrast, HF-fed mmp9-/- mice displayed 

exacerbated muscle insulin resistance in association with decreased numbers of muscle 

capillaries (25). Our data demonstrate that mice lacking cd44 maintained their ability to generate 

an adaptive response to chronic HF feeding, leading to increased vascularisation and thereby 

preserving muscle glucose uptake. CD44 receptor in both muscle and endothelium is proposed to 

contribute towards muscle insulin resistance by binding to hyaluronan. Further investigation 

using conditional cd44 knock out mice would help in identifying the expression site of CD44 

responsible for these improved metabolic effects. 

 

Chronic PEGPH20 treatment dose-dependently decreases muscle hyaluronan content and 

improves insulin resistance in skeletal muscle of HF-fed mice (24). Therefore, to test whether 

these beneficial effects of PEGPH20 were dependent on CD44, we treated HF-fed cd44-/- mice 

with PEGPH20. Owing to its extended half-life of >10 h (51), the PEGPH20 treatment every 

third day led to sustained reduction of hyaluronan content in HF-fed cd44-/- mice. The dose of 

1mg/kg was used as it has been shown to normalise muscle hyaluronan content to levels seen in 

chow-fed mice and improve muscle glucose uptake in HF-fed wild-type mice (24). No adverse 

effect of drug treatment was reported on body weight, adiposity, food intake, locomotor activity 

or energy expenditure. PEGPH20 treatment at 1mg/kg in cd44-/- mice achieved a similar 

reduction in muscle hyaluronan content as seen in HF-fed wild-type mice, yet did not improve 

diet-induced insulin resistance in cd44-/- mice, as evident by similar glucose and insulin tolerance 

as well as the same insulin sensitivity determined by the ICv clamp. A clear augmentation of 
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insulin action was seen in HF-fed wild-type mice after chronic 1mg/kg PEGPH20 treatment (24). 

These results suggest that the beneficial effects of PEGPH20 on diet-induced insulin resistance 

require the presence of CD44 receptor. In addition to hyaluronan, CD44 may also interact with 

osteopontin to activate intracellular signalling involved in insulin resistance. Osteopontin 

expression is upregulated in obese mice and humans (8,27), and both genetic (40) or 

pharmacological (26) reduction of osteopontin signalling have been shown to improve glucose 

tolerance and insulin sensitivity via decreased adipose tissue inflammation. The essential role of 

CD44 in ostepontin-mediated insulin resistance remains to be determined. 

 

Intracellular mediators of the CD44 signalling are not fully understood. In cancerous tissues, 

hyaluronan mediated activation of CD44 can regulate various oncogenic signals to promote 

tumour progression and metastasis including RhoGTPases, TGFβ, Src/MAPK, Ras/MAPK, 

Snail/β-catenin and PI3K/AKT pathways (1,13,39,41,57). The activation of CD44 C-terminal 

bound proteins such as ankyrin, merlin, and ERM (ezrin, radixin and moesin) has been 

postulated to promote cytoskeletal changes and initiate downstream cell-signalling pathways of 

cancer cell growth, survival and invasion (35,44,56). Moreover, various CD44 variants such as 

CD44v3 and CD44v6 have also been shown to be associated with breast cancer progression and 

survival rate (17). Despite the emerging role of CD44 in cancers, the involvement of these 

downstream intracellular pathways of CD44 in metabolic regulation is unknown and remains to 

be investigated. 

 

Our present data from global knockout mice demonstrate that CD44 plays an important role in 

the regulation of skeletal muscle insulin resistance; however it is possible that these effects in 
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skeletal muscle could be secondary to adaptations that occur as a result of loss of CD44 in other 

insulin sensitive tissues, such as liver and adipose. Indeed, CD44 deletion has been previously 

shown to play important role in liver and adipose tissue inflammation (22,34). This is a 

limitation of our study which can be addressed by further investigation using adipose tissue and 

skeletal muscle specific knock out mice, to confirm the comprehensive tissue-specific effects of 

CD44 in mediating hyaluronan mediated insulin resistance. In conclusion, we establish for the 

first time a pivotal role of hyaluronan-CD44 signalling in mediating skeletal muscle insulin 

resistance during HF feeding. Our study demonstrates that mice deficient in the cd44 gene are 

resistant to diet-induced skeletal muscle insulin resistance and exhibit increased muscle 

vascularisation. Through a pharmacological hyaluronidase intervention, we further confirm that 

the association between increased hyaluronan deposition and worsened skeletal muscle insulin 

resistance is uncoupled in the absence of CD44 receptor. These results support the concept that 

increased hyaluronan content contributes to skeletal muscle insulin resistance by interacting with 

the CD44 receptor, in turn modulating pathways such as muscle vascularisation leading to 

reduced vascular glucose and insulin delivery through the ECM (Figure 7). In conclusion, this 

study provides evidence that manipulation of hyaluronan-CD44 signalling may provide a 

potential therapeutic target for insulin resistance and type 2 diabetes.   
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Figure legends: 

Figure 1: Protein expression of CD44 in skeletal muscle, growth curve, body composition, 

and ICv clamp measurements in chow-fed and HF-fed mice. (A, B) CD44 protein expression 

was measured in superficial vastus lateralis (SVL) muscle harvested from male mice following 

ICv. (A) Representative bands. (B) Quantitative data. Data were normalized to ponceau staining 

and presented as fold of chow-fed cd44+/+ mice. (n=4-6 male mice). (C, D) Mice were fed either 

chow or HF-diet starting at 3 weeks of age. (C) Body weights were monitored weekly, up to 14 

weeks on respective diets (n=12 (5-7 females, 5-7 males) for chow-fed mice and n=11-13 (4-6 

females, 5-9 males) for HF-fed mice). (D) Body composition (fat mass and lean mass) was 

determined at 18 weeks of age (n=12 (5-7 females, 5-7 males) for chow-fed mice and n=8-13 (3-

4 females, 5-9 males) for HF-fed mice). ICvs were performed in chow-fed and HF-fed mice to 

determine insulin action. (E, H) Arterial glucose level. (F, I) Glucose infusion rate (GIR): 50% 

glucose was infused to maintain euglycemia throughout the ICv. (G, J) Insulin levels were 

measured in chow-fed and HF-fed mice at baseline (-5) and during the ICv clamp (100 and 120) 

(E-J: (n=12 (5-7 females, 5-7 males) for chow-fed mice and n=11-13 (4-6 females, 5-9 males) 

for HF-fed mice). All data are represented as mean ± SEM. Data represent values from pooled 

female and male mice. Statistical analysis was performed by two-way ANOVA followed by 

Bonferroni post-test. **P<0.01, ***P<0.001 when compared to cd44+/+ mice with the same diet 

(B) and compared to cd44+/+ mice during clamp (G, J).  †P<0.05 when compared to chow-fed 

mice with the same genotype (B).  

Figure 2: Insulin sensitivity in chow-fed and HF-fed mice. (A, D) Rate of glucose 

disappearance (Rd) was calculated using non-steady state equations. (B, E) Rate of endogenous 

glucose appearance (endoRa) was calculated by subtracting glucose infusion rate from total 
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glucose appearance rate (Ra). Intravenous bolus of non-metabolizable glucose analog [14C]2-

deoxyglucose was administered at 120 min of ICv to determine glucose-uptake in tissues. (C, F) 

Glucose metabolic index (Rg) in gastrocnemius muscle was normalised to clamp insulin levels. 

(G, H) Un-normalised Rg, an index of muscle glucose uptake is represented to show diet effect 

in cd44+/+ and cd44-/- mice. (A-H: n=12 (5-7 females, 5-7 males) for chow-fed mice and n=11-13 

(4-6 females, 5-9 males) for HF-fed mice). (I) Fasting insulin (mU/l) x fasting glucose (mmol/l) 

was calculated (n=11 (5-7 females, 4-6 males) for chow-fed mice and n=14-19 (5-6 females, 9-

11 males) for HF-fed mice). All data are represented as mean ± SEM. Statistical analysis was 

performed by linear regression and unpaired t-test as appropriate. *P<0.05 when compared to 

HF-fed cd44+/+ mice (F) or chow-fed cd44+/+ mice (H). 

Figure 3: Endogenous insulin production and metabolic activity. (A) For determining 

endogenous insulin production, C-peptide levels were measured during basal (-5 and -15) and 

clamp (100, 120) state in HF-fed mice (n=5 male mice). Protein expression of insulin degrading 

enzyme (IDE) was measured in (B) liver collected at the end of the ICv (n=4 male mice) and (C) 

kidney collected at 30 min post insulin bolus (0.75U/kg, ip) (n=2 female and 2-3 male mice). All 

data represented as mean ± SEM. 

Figure 4: Hyaluronan deposition, insulin signalling and vascularisation in gastrocnemius 

muscle of mice. (A-E) Gastrocnemius muscle was collected at the end of the ICv and hyaluronan 

content and protein expression of CD31 were measured by immunohistochemistry. pAkt(Ser473 

or Thr308)/Akt and pGSK-3β/GSK-3β were measured by western blotting  (A) Representative 

bands and integrated intensity of respective protein expression when normalised to chow-fed 

cd44+/+ mice (n= 4-6 male mice).  (B, C) Immunohistochemical detection of hyaluronan was 

quantified by measuring the integrated intensity of staining. (D, E) Muscle vascularity was 
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determined by counting CD31 positive structures (denoted by arrows). (B, D) Representative 

images (magnification=20X) and (C, E) quantitative data when normalised to chow-fed cd44+/+ 

mice (n= 4 female, 3-4 male mice). All data represented as mean ± SEM. Statistical analysis 

were performed by two-way ANOVA followed by Benferroni post hoc test and unpaired t-test as 

appropriate. *P<0.05, **P<0.01 when compared to chow-fed mice with the same genotype (C). 

†P<0.05 when compared to cd44+/+ mice on respective diets (E).  

Figure 5: Effects of chronic PEGPH20 treatment in HF-fed cd44 null mice. (A) Following 

21-day treatment, vehicle and PEGPH20 treated mice underwent ICv and gastrocnemius muscle 

was collected and hyaluronan content was measured using immunohistochemistry. (A) 

Representative image (magnification 20X) and hyaluronan content as measured by the integrated 

intensity of staining are shown (n=6 male mice). (B) Body weight was measured at 3-day 

interval during treatment with either vehicle or PEGPH20 (1mg/kg). (C) Body composition 

(percentage body fat mass and lean mass) was measured at the end of treatment period (n=12 

male mice). Following 21-day treatment, mice were placed in CLAMS metabolic chambers and 

parameters were measured. The overall effect for (D) food intake, (E) locomotor activity, (F) 

respiratory exchange ratio (RER) and (G) energy expenditure (EE) during 48h recording period 

is shown (n=7 male mice). All data represented as mean ± SEM. Statistical analysis was 

performed by unpaired student t-test. ***P<0.001 when compared to vehicle-treated HF-fed 

cd44-/- mice. 

Figure 6: Effects of chronic PEGPH20 treatment on insulin sensitivity in HF-fed cd44 null 

mice. (A) Oral glucose tolerance and (B) intraperitoneal (i.p.) insulin tolerance tests were 

performed in 5 hr fasted mice. (A) Blood glucose was measured before and after oral gavage of 

glucose (2g/kg) at the time points indicated in figure. Blood glucose area under the curve (AUC) 
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is also shown (n=12 male mice). (B) Blood glucose was measured before and 5, 15 and 30 min 

after i.p. injection of insulin (0.75 U/kg) in 5hr fasted mice previously treated with either vehicle 

or PEGPH20 for 21-days. Area under the curve (AUC) is also shown (n=5 female mice). Data 

represent values from pooled female and male mice. (C-F) ICv was performed in vehicle and 

PEGPH20 treated mice at the end of treatment period. (C) Blood glucose, (D) Glucose infusion 

rate (GIR), (E) baseline (-5) and ICv clamp insulin levels (100 and 120), and (F) glucose-uptake 

in tissues (Rg) are shown (n=5-6 male mice). (White squares, white bars, vehicle-treated HF-fed 

cd44-/- mice; black circles, black bars, PEGPH20-treated HF-fed cd44-/- mice). All data 

represented as mean ± SEM. 

Figure 7: Working model that links hyaluronan-CD44 signalling to skeletal muscle insulin 

resistance. It is hypothesized that HF feeding in mice increases ECM hyaluronan content and 

CD44 expression, which activates CD44 signalling and causes muscle capillary rarefaction, 

subsequently leading to the development of insulin resistance. Disruption of this pathway at 

various steps such as reduction of hyaluronan by PEGPH20 treatment and/or CD44 deletion 

helps in alleviating insulin resistance. Furthermore, PEGPH20 treatment does not further 

ameliorate insulin resistance post deletion of CD44 suggesting that hyaluronan is upstream of 

CD44, and that CD44 is essential for the beneficial effects of PEGPH20. Further investigation 

using conditional mouse approach will help in identifying CD44 expression site responsible for 

the beneficial metabolic effects. 
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