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Abstract

Hepatic insulin resistance is a key contributor to the pathogenesis of obesity and type 2 diabetes 

(T2D). Paradoxically the development of insulin resistance in the liver is not universal, but 

pathway-selective, such that insulin fails to suppress gluconeogenesis but promotes lipogenesis, 

contributing to the hyperglycemia, steatosis and hypertriglyceridemia that underpin the 

deteriorating glucose control and microvascular complications in T2D. The molecular basis for the 

pathway-specific insulin resistance remains unknown. Here we report that oxidative stress 

accompanying obesity inactivates protein-tyrosine phosphatases (PTPs) in the liver, which 

activates select signaling pathways that exacerbate disease progression. In obese mice, hepatic 

PTPN2 (TCPTP) inactivation promoted lipogenesis and steatosis and insulin-STAT-5 signaling. 

The enhanced STAT-5 signaling increased hepatic IGF-1 production, which suppressed central 

growth hormone release and exacerbated the development of obesity and T2D. Our studies define 

a mechanism for the development of selective insulin resistance with wide-ranging implications 

for diseases characterised by oxidative stress.
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INTRODUCTION

The liver is an essential organ in glucose homeostasis serving to produce glucose during 

periods of fasting to prevent hypoglycemia and maintain brain function and survival. After a 

meal, insulin acts in the liver via the insulin receptor (IR) protein-tyrosine kinase (PTK) to 

phosphorylate IR substrate-1/2 and activate the phosphatidylinositol 3-kinase (PI3K)/AKT 

pathway (Saltiel and Kahn, 2001). AKT2, in turn, phosphorylates Forkhead box protein O1 

(Foxo1) and prevents its nuclear translocation, thereby repressing Foxo1-mediated 

transcription. The resultant inhibition of Foxo1-mediated expression of the gluconeogenic 

enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6P) 

helps to suppress hepatic glucose production and prevent postprandial hyperglycemia and 

glucose toxicity. Insulin also acts in the liver via AKT2 to promote sterol-regulatory 

element-binding protein 1c (SREBP-1c) expression and processing (Foretz et al., 1999; 

Leavens et al., 2009; Li et al., 2010; Lu et al., 2012; Yecies et al., 2011). Processed 

SREBP-1c in turn promotes the transcription of genes involved in triglyceride (TAG) 

synthesis, including acetyl-coenzymeA carboxylase (ACC), stearoyl-coenzyme A desaturase 

(SCD-1) and fatty acid synthase (FAS) (Horton et al., 2002).

Obesity is a key contributor to the development of insulin resistance and T2D (Johnson and 

Olefsky, 2013). Insulin resistance is associated with defects or aberrations in signaling 

downstream of the IR PTK. In particular, under conditions of insulin resistance, PI3K/AKT 

signaling is attenuated, diminishing insulin’s metabolic effects (Defronzo, 2009; Saltiel and 

Kahn, 2001). Defective insulin-induced P3K/AKT signaling has been attributed to various 

interrelated factors including intracellular lipid accumulation, inflammation, ER stress and 

oxidative stress (Johnson and Olefsky, 2013; Samuel and Shulman, 2012). Hepatic insulin 

resistance is thought to be an early event in the development of T2D (Michael et al., 2000; 

Turner et al., 2013). The diminished insulin-induced suppression of hepatic gluconeogenesis 

contributes to the fasting hyperglycaemia evident in patients with T2D. Paradoxically, 

insulin-induced lipid synthesis in the liver is not diminished, but rather elevated in the 

insulin resistant state, exacerbating hepatic steatosis (Biddinger et al., 2008; Brown and 

Goldstein, 2008; Haas et al., 2012; Leavens et al., 2009). Although the basis for the apparent 

selective insulin resistance and the contrary effects on hepatic gluconeogenesis versus 

lipogenesis in obesity and T2D remain to be resolved, the bifurcation of insulin signaling 

appears to be downstream of AKT2 (Leavens et al., 2009). De novo lipogenesis also occurs 

via insulin-independent pathways, particularly by carbohydrates after feeding. Dietary fatty 

acids and the flux of peripheral fats from white adipose tissue to the liver can also drive 

steatosis. Increased lipogenesis and TAG accumulation can, in turn, result in increased very 

low-density lipoprotein secretion and uptake in muscle, which exacerbates the development 

of insulin resistance and contributes to the cardiovascular complications of the disease 

(Postic and Girard, 2008; Samuel and Shulman, 2012).

Chronic reactive oxygen species (ROS) generation and oxidative stress occur in a wide 

variety of human diseases, including obesity and T2D (Newsholme et al., 2007). Superoxide 

(O2•−) is a natural byproduct of mitochondrial oxidative phosphorylation, but under normal 

conditions this is rapidly converted to hydrogen peroxide (H2O2) by superoxide dismutase. 

H2O2 is thereon eliminated by anti-oxidant enzymes such catalase, peroxiredoxins and 
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glutathione peroxidase 1 (Gpx1) (Fisher-Wellman and Neufer, 2011). In obesity the chronic 

uptake and oxidation of energy substrates, in particular lipids, is thought to result in 

enhanced mitochondrial O2•− and H2O2 generation (Fisher-Wellman and Neufer, 2011). ER 

stress and the unfolded protein response in obesity and the increased expression and 

activation of NAD(P)H oxidases (NOXs), contribute further to ROS generation (Furukawa 

et al., 2004; Jiang et al., 2011). Compelling evidence links oxidative stress to the promotion 

of insulin resistance in humans and rodents (Anderson et al., 2009; Furukawa et al., 2004; 

Houstis et al., 2006) and oxidative stress in the liver exacerbates inflammation and hepatic 

fibrosis (Paik et al., 2011; Rolo et al., 2012).

PTPs are important targets for ROS (Tiganis, 2011). Classical tyrosine-specific PTPs 

contain a conserved signature motif ([I/V]HCSXGXGR[S/T]G) in their catalytic domains 

wherein the invariant Cys is essential for catalytic activity. The low pKa of the active site 

Cys facilitates nucleophilic attack of the substrate phosphotyrosine, but also renders PTPs 

highly susceptible to oxidation by ROS such as H2O2 (Tiganis, 2011). Oxidation of the 

active site Cys abrogates its nucleophilic properties and induces conformational changes that 

inhibit PTP activity and prevent substrate-binding. PTP oxidation is thought to occur under 

both physiological and pathological conditions to promote tyrosine phosphorylation-

dependent signaling (Tiganis, 2011).

Here we report that oxidative stress in high fat diet-induced obesity results in pronounced 

hepatic PTP oxidation. In particular, we demonstrate that under conditions of obesity and 

insulin resistance, when the PI3K/AKT pathway is otherwise attenuated, PTPN2 (also 

known as T cell PTP: TCPTP) is oxidised and inactivated to promote lipogenesis and 

insulin-induced STAT-5 signaling. We report that the selective activation of the insulin-

STAT-5 pathway may be instrumental in the promotion of obesity through the STAT-5 

transcriptional target insulin-like growth factor-1 (IGF-1) and the repression of growth 

hormone (GH) release from the pituitary. Our studies have defined a liver-centric 

mechanism contributing to the development of obesity and T2D.

RESULTS

Hepatic PTP oxidation in high fat-fed mice

Obesity is associated with systemic oxidative stress in both humans and rodents (Furukawa 

et al., 2004). To determine whether diet-induced obesity promotes the oxidation of hepatic 

PTPs, aged-matched C57BL/6 mice were fed either a high fat diet (23% fat) or standard 

chow diet for 24 weeks, and oxidative stress and PTP oxidation assessed. Consistent with 

the development of oxidative stress, blood oxidised glutathione (GSSG) levels were 

increased and the reduced glutathione (GSH):GSSG ratio was decreased, in mice rendered 

obese by high fat feeding when compared with chow-fed lean controls (Fig. 1a). The 

systemic oxidative stress was, in turn, associated with increased H2O2 production by 

hepatocytes (measured using the H2O2-selective probe Amplex red) isolated from high fat-

fed (HFF) versus chow-fed mice (Fig. 1b); H2O2 production by hepatocytes from HFF mice 

was significantly higher than that occurring in insulin-stimulated hepatocytes (Fig. 1b). To 

assess whether PTPs may be oxidised in the livers of HFF mice, we took advantage of a 

monoclonal antibody (PTPox) raised against the signature motif peptide of PTP1B with its 
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catalytic cysteinyl residue oxidised to the irreversible sulfonic acid (Persson et al., 2005). 

Previous studies have established that this antibody can detect virtually all classical tyrosine-

specific PTPs when they are oxidised to the sulfonic (−SO3H) state (Karisch et al., 2011). 

H2O2 promotes the reversible oxidation of PTPs to the sulfenic (−SOH) state, which is 

accompanied in many classical PTPs by the formation of a sulfenylamide intermediate that 

limits further oxidation to the irreversible sulfinic (−SO2H) and −SO3H states. At first, we 

monitored the oxidation status of PTPs by immunoblot analysis (Fig. 1c). Livers from HFF 

obese and chow-fed lean mice were homogenised in an anaerobic chamber in the presence 

of N-ethylmaleimide (NEM) to prevent post-lysis oxidation and to alkylate all reduced and 

active PTPs. Reversibly oxidised PTPs were reduced and hyper-oxidised to the −SO3H state 

for detection with PTPox by immunoblot analysis. We noted an increase in the oxidation 

status of several PTPs in the livers from HFF mice (Fig. 1c); PTP oxidation was largely 

reversible, as several PTPox species were either not detected, or decreased when NEM-

treated tissue extracts were immunoblotted without further processing (Supp. Fig. 1a). 

Oxidised hepatic PTPs in HFF mice included those co-migrating with the prototypic PTP1B 

(PTPN1) and the closely related TCPTP (PTPN2), both of which have been implicated in 

the regulation of hepatic insulin sensitivity and gluconeogenesis (Tiganis, 2013). PTP 

oxidation was not increased further when HFF mice were administered insulin and hepatic 

PTP oxidation was not altered in chow-fed mice subjected to hyperinsulinemic euglycemic 

clamps (insulin infused for 4 h; Supp. Fig. 1b–c). Thus, we propose that the heightened 

hepatic PTP oxidation in obese mice occurs as a consequence of the systemic oxidative 

stress and the elevated ROS production in the liver parenchyma.

Hepatocytes constitute roughly 80% of the liver volume with the remainder comprising of 

non-parenchymal cells including Kupffer cells, endothelial cells and stellate cells. We 

determined whether the increased PTP oxidation in the livers of HFF mice could be ascribed 

to changes in the oxidation status of PTPs in hepatocytes. PTP oxidation was assessed in 

hepatocytes that were freshly isolated from chow-versus HFF mice (Fig. 1d); several PTPox 

species were increased in hepatocytes from HFF mice (Fig. 1d). Thus, the increased PTP 

oxidation in livers of HFF mice may at least in part be due to changes in PTP oxidation in 

hepatocytes.

To determine the extent to which individual hepatic PTPs are oxidised in HFF obese versus 

chow-fed, lean mice, we utilised a recently developed, quantitative proteomic method for the 

global assessment of classical PTP oxidation (Karisch et al., 2011). In this approach, 

hyperoxidised PTPs are digested, enriched by PTPox immunoprecipitation and quantified by 

mass spectrometry (Karisch et al., 2011). Using this approach, 6 of 17 known non-receptor 

and 9 of 21 known receptor PTPs, were identified (Fig. 1e; data not shown). Of the hepatic 

PTPs detected in chow-fed and HFF livers, only 8 exhibited an increase in their oxidation 

status in HFF mice (Fig. 1e). These included the non-receptor phosphatases TCPTP 

(PTPN2) and PTP1B (PTPN1) and several transmembrane receptor-type PTPs, in particular 

CD45 (PTPRC), which marks hematopoietic cells, and DEP-1 (PTPRJ), which is expressed 

in immune and non-immune cells alike (Hermiston et al., 2009). CD45 protein levels were 

increased in the livers of HFF mice, consistent with the infiltration of immune cells that 

accompanies hepatosteatosis. These results demonstrate that PTPs can be extensively 
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oxidised in vivo in the context of systemic oxidative stress and raise the possibility that PTP 

oxidation may contribute to hepatic pathophysiology in obesity/T2D.

Hepatic STAT-1/-3/-5 are hyper-activated in HFF mice

Since PTP1B and TCPTP are implicated in liver physiology (Delibegovic et al., 2009; 

Fukushima et al., 2010), we focussed our attention on the signaling pathways regulated by 

these two phosphatases. TCPTP and PTP1B attenuate both IR signaling and Janus-activated 

kinase (JAK)/STAT signaling (Tiganis, 2013). Both PTPs dephosphorylate and inactivate 

the IR and JAK family PTKs: PTP1B dephosphorylates JAK-2 and Tyk2 whereas TCPTP 

dephosphorylates JAK-1 and JAK-3. TCPTP also dephosphorylates STAT family members 

(including STAT-1, −3 and −5) (Tiganis, 2013). To assess the potential impact of hepatic 

PTP oxidation on cellular signaling and biological responses in HFF mice, we assessed 

hepatic IR and JAK/STAT signaling in liver homogenates from chow-fed versus HFF mice. 

JAK/STAT signaling was assessed by monitoring STAT-1 Y701 (p-STAT-1), STAT-3 

Y705 (p-STAT-3) and STAT-5 Y694 (p-STAT-5) phosphorylation. We found that p-

STAT-1 and p-STAT-3 were elevated in liver homogenates from HFF (24 week) fasted 

mice (Fig. 2a; Supp. Fig. 2a); basal p-STAT-5 was also elevated with more prolonged (40 

week) high fat feeding (Supp. Fig. 2a). By contrast, we noted no overt differences in general 

tyrosine phosphorylation in liver homogenates from fasted (4 h) chow-fed versus HFF mice 

as assessed with phospho-tyrosine (p-Tyr)-specific antibodies (Supp. Fig. 2b). These results 

demonstrate that enhanced PTP oxidation per se does not result in constitutive pTyr 

signaling in fasted livers. In keeping with this, there were no overt differences in mitogen-

activated protein kinase signaling, as assessed with antibodies to phosphorylated ERK1/2, 

nor any increase in basal IR β-subunit Y1162/Y1163 (p-IRβ) phosphorylation (Fig. 2a; 

Supp. Fig. 2a). On the other hand basal p-AKT was reduced (Fig. 2a) in line with the 

development of pathway-specific insulin resistance. These results are consistent with high 

fat diet-induced obesity resulting in the promotion of STAT-1/-3/-5 signaling.

Selective activation of insulin-induced STAT-5 signaling

We next assessed the potential impact of hepatic PTP oxidation on insulin signaling in the 

liver by comparing responses to bolus insulin administration (0.65 mU/g, intraperitoneal, 10 

min) in 24 week chow- versus HFF C57BL/6 mice (Fig. 2a). We monitored for p-IRβ, 

activation of PI3K/AKT signaling with antibodies to Ser-473-phosphorylated AKT and the 

activation status of STAT-1, −3 and −5 using appropriate phospho-specific antibodies. IR 

phosphorylation was not overtly altered, whereas AKT phosphorylation was reduced 

consistent with the development of insulin resistance (Fig. 2a). Surprisingly, we found that 

insulin-induced p-STAT-5 was robust in the livers from HFF mice and not detectable in 

chow-fed control mice (Fig. 2a). By contrast, although basal p-STAT-1 and p-STAT-3 were 

elevated in livers from HFF mice, they were not induced further by insulin (Fig. 2a). To 

determine whether the insulin-induced activation of the p-STAT-5 pathway was unique to 

HFF mice, or whether high fat feeding and obesity exacerbated the normal response to 

insulin, we also challenged 8–10 week-old chow-fed mice with increasing concentrations of 

insulin and monitored for the status of p-STAT-5. We found that with higher concentrations 

of insulin (1.3 mU/g), p-STAT-5 was detected in liver homogenates from chow-fed mice 

(Supp. Fig. 2c).
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GH acts in the liver via JAK-2 and STAT-5 to increase IGF-1 production (Lichanska and 

Waters, 2008). As insulin lowers blood glucose and hypoglycemia can in turn promote the 

release of GH from the pituitary (Jaffe et al., 1999), the enhanced insulin-induced hepatic p-

STAT-5 in chow-fed mice (administered 1.3 mU/g insulin) could have been a consequence 

of enhanced GH release and signaling. To address this possibility, we subjected chow-fed 

C57BL/6 mice to hyperinsulinemic euglycemic clamps, wherein a high dose of insulin was 

infused constantly (60 mU/ml insulin, 10–40 µl/min for 4 h), while euglycemia was 

maintained by the co-infusion of glucose, and assessed GH levels, p-STAT-5 signaling and 

hepatic mRNA Igf-1 levels (Fig. 2b; Supp. Fig. 1c). It is well established that insulin can 

mimic IGF-1 in the suppression of GH release from the anterior pituitary, a negative 

feedback loop that normally prevents the excessive release of GH (Yamashita and Melmed, 

1986). Accordingly, we noted significantly reduced serum GH levels in clamped mice (Fig. 

2b). Despite these lower GH levels, p-STAT-5 was increased significantly in livers from 

clamped mice when compared to saline-infused controls (Fig. 2b). Igf-1 levels also were 

increased in clamped mice, compared with controls, and the increase in Igf-1 expression 

correlated largely with the degree of p-STAT-5 (Fig. 2b; numbers in lanes correspond to 

points in panel below). Complementing these in vivo studies, we found that insulin 

stimulation also resulted in a modest, but reproducible increase in STAT-5 activation in 

isolated primary hepatocytes from C57BL/6 mice (Fig. 2c). Taken together, these results 

demonstrate that the insulin-induced p-STAT-5 pathway occurs in hepatocytes to promote 

the expression of STAT-5 target genes such as Igf-1 and that the STAT-5 pathway is 

exacerbated in HFF obese mice, when insulin-induced PI3K/AKT signaling is otherwise 

attenuated.

ROS promote insulin-induced STAT-5 signaling

Having established that insulin signals via STAT-5 in the liver and that this is exacerbated in 

obesity, we next sought to define the basis for the exacerbation of the IR-STAT-5 pathway 

in HFF mice. In particular, we asked whether the hepatic oxidative stress associated with 

obesity might inactivate PTPs for the selective promotion of insulin-induced STAT-5 

signaling. To this end we isolated hepatocytes from chow-fed lean mice and assessed the 

impact of incubating them with the fatty acid palmitate, which promotes insulin resistance 

and generates high rates of mitochondrial H2O2 emission (Fisher-Wellman and Neufer, 

2011). We found that treatment with palmitate-BSA promoted H2O2 production and resulted 

in increased insulin-induced p-STAT-5 (Fig. 2c–d). The increase in p-STAT-5 was 

accompanied by a decrease in PI3K/AKT signaling (Fig. 2c), consistent with palmitate 

promoting insulin resistance. The insulin-induced p-STAT-5 in untreated and palmitate-

treated hepatocytes was reliant on JAK-2, since a highly selective JAK PTK inhibitor (Fig. 

2e), or JAK-2 knockdown using specific siRNAs (Fig. 2f), attenuated insulin-induced p-

STAT-5 signaling. To determine if the palmitate-mediated increase in insulin-induced p-

STAT-5 was mediated by the increase in mitochondrial ROS emission we took advantage of 

the mitochondrial-targeted anti-oxidant mitoTEMPOL and the mitochondrial-targeted 

peptide SS31 (Bendavia™; Stealth Peptides, MA) that accumulates in mitochondria and 

reduces mitochondrial O2•−/H2O2 generation/release (Anderson et al., 2009). We found that 

treating hepatocytes with mitoTEMPOL or SS31 significantly attenuated the palmitate-

induced increase in p-STAT-5 signaling in response to insulin (Fig. 2g). Finally, we 
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assessed whether the oxidation status of PTPs may be increased in response to palmitate in 

hepatocytes. For these experiments we took advantage of non-transformed AML12 

hepatocytes. Treatment of AML12 cells with palmitate increased both H2O2 production and 

PTP oxidation (Supp Fig. 1e).

To further explore the role of H2O2 in the promotion of insulin-induced p-STAT-5 signaling 

we took advantage of mice lacking the antioxidant enzyme Gpx1, which converts H2O2 to 

water. Hepatocytes were isolated from 12 week-old male Gpx1−/− and Gpx1+/+ mice and 

H2O2 levels and insulin-induced p-STAT-5 signaling assessed (Fig. 2h–i). Gpx1-deficiency 

resulted in a 2-fold increase in H2O2 production in hepatocytes (Fig. 2h) and this was 

accompanied by a striking increase in basal and insulin-induced p-STAT-5 signaling (Fig. 

2i), which was increased further when cells were treated with palmitate (data not shown).

Having established that H2O2 can promote insulin-induced p-STAT-5 signaling in 

hepatocytes ex vivo we next assessed whether this might occur in vivo. First we determined 

if the mitochondrial-targeted SS31 could attenuate insulin-induced p-STAT-5 signaling in 

HFF mice. Mice that had been HFF for 12 weeks were administered vehicle control or SS31 

(2.0 mg/kg/day intraperitioneal) for 12 days, and insulin-induced (0.5 mU/g) STAT-5 

signaling assessed (Fig. 2j). Insulin-induced p-STAT-5 signaling trended lower in SS31-

treated mice (Fig. 2j), consistent with mitochondrial-derived oxidative stress contributing to 

the promotion of STAT-5 signaling. We next determined if exacerbating oxidative stress 

could have the opposite effect and enhance insulin-induced STAT-5 signaling. For this we 

took advantage of Gpx1−/− mice and assessed if Gpx1-deficiency and elevated H2O2 could 

exacerbate high fat diet-induced oxidative stress, PTP oxidation and p-STAT-5 signaling 

(Supp. Fig. 1f–g). Blood GSH:GSSG ratios in Gpx1−/− versus Gpx1+/+ HFF (24 week) 

mice were reduced (Supp. Fig. 1f), consistent with the promotion of systemic oxidative 

stress; alterations in GSH:GSSG ratios were not evident in chow-fed mice. The increased 

oxidative stress was in turn associated with elevated hepatic PTP oxidation (Supp. Fig. 1g), 

as assessed by immunoblot analysis with the PTPox antibody; the increase in PTP oxidation 

occurred for several species including one co-migrating with TCPTP (Supp. Fig. 1g). 

Furthermore, the increased hepatic PTP oxidation coincided with the detection of hepatic p-

STAT-5 in the livers of fasted Gpx1−/− mice (Fig. 2k). Taken together these results provide 

evidence for hepatic oxidative stress promoting insulin-induced hepatic p-STAT-5 signaling 

in vivo. Moreover, these results are consistent with the possibility that the ROS-mediated 

promotion of insulin-p-STAT-5 signaling might be reliant on the oxidation of PTPs such as 

TCPTP.

Hepatic TCPTP deficiency exacerbates obesity, steatosis and insulin resistance

To ascertain if the inactivation of hepatic PTPs might contribute to the promotion of 

STAT-1, −3 and −5 signaling and the development of obesity and T2D, we sought to delete 

those hepatic PTPs that were oxidised in HFF mice. We focussed our attention on TCPTP 

for several reasons. First, the relative increase in TCPTP oxidation in HFF obese mice was 

greater than that of other non-transmembrane PTPs (Fig. 1e–f). Second, TCPTP has the 

capacity to attenuate STAT-5 signaling (Loh et al., 2011) and third, TCPTP has been 

implicated in the attenuation of hepatic STAT-3 signaling (Fukushima et al., 2010). 
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Ptpn2lox/lox (lox/lox) mice were bred with Alb-Cre mice to generate liver-specific TCPTP 

knockout (Alb-Cre;Ptpn2lox/lox: LTKO) mice (Supp. Fig. 3a). Seven-week-old LTKO mice 

appeared normal and did not exhibit differences in body weight/adiposity or overt alterations 

in glucose tolerance (data not shown). To assess the impact of hepatic TCPTP-deficiency on 

the development of obesity and T2D, 6 week-old male and female lox/lox and LTKO mice 

were fed standard chow versus high fat diets for 12 weeks and their body weights and 

metabolic status assessed (Fig. 3; Supp. Fig. 4). Strikingly both male and female LTKO 

mice fed a high fat diet gained more weight than their lox/lox counterparts and this was 

associated increased adiposity, as assessed by measuring fat pad weights and by monitoring 

body composition by dual-energy x-ray absorptiometry (DEXA) (Fig. 3a–h). Although liver 

weights were higher in HFF LTKO mice, gross differences in body length were not evident 

and no significant differences were noted in lean mass or bone density (Fig. 3a–h; data not 

shown). The increased adiposity was accompanied by decreased energy expenditure in both 

sexes and decreased a respiratory exchange ratio (RER) in male mice (Fig. 3i; Supp. Fig. 

4a). No differences were seen in ambulatory activity (Fig. 3i; Supp. Fig. 4a) or food intake 

(data not shown), arguing against overt differences in the central control of body weight. 

Increased weight gain and adiposity and decreased energy expenditure were also observed in 

female LTKO mice fed a standard chow diet, but not in chow-fed male mice (Supp. Fig. 4b–

c; data not shown). These results indicate that TCPTP deficiency in the liver promotes diet-

induced weight gain. Moreover, male mice with heterozygous hepatic TCPTP deficiency 

(Alb-Cre;Ptpn2lox/+; LTKO HET) also gained more weight when fed a high fat diet and this 

was associated with increased adiposity (Fig. 3j). Thus, even partial hepatic TCPTP 

deficiency, or TCPTP inactivation, as might occur as a consequence of oxidation, is 

sufficient to promote obesity. In keeping with their increased adiposity, HFF LTKO and 

LTKO HET mice exhibited decreased insulin sensitivity, as monitored in insulin tolerance 

tests, and glucose intolerance, as assessed in glucose tolerance tests (Fig. 3k; Supp. Fig. 4d–

e, g). HFF LTKO mice also exhibited elevated fasting blood glucose levels, accompanied by 

elevated plasma insulin levels in fed (female) and fasted (male and female) mice (Fig. 3l; 

Supp. Fig. 4f) and decreased insulin-induced PI3K/AKT signaling in liver and muscle (Fig. 

3m; Supp. Fig. 4h–i).

Next we assessed the impact of hepatic TCPTP deletion on liver morphology (Fig. 4a; Supp. 

Fig. 5a). As noted earlier, livers from male and female 12 week HFF LTKO mice were 

heavier than their lox/lox counterparts. This was associated with increased steatosis, as 

assessed by gross morphology, histology (hematoxylin and eosin staining) and Oil Red O 

staining (stains lipid droplets) and by measuring hepatic lipids (Fig. 4a–b). The steatotic 

phenotype was not accompanied by alterations in circulating free fatty acids (FFAs) and 

TAGs (Supp. Fig. 5b). The increased steatosis was not evident in 20 week HFF LTKO HET 

livers (Fig. 4c), even though these mice exhibited increased diet-induced weight gain and 

insulin resistance (Fig. 3j; Supp. Fig. 4g). These findings suggest that the promotion of 

obesity and the development of steatosis in HFF LTKO mice might be regulated by 

independent processes.

Steatosis in obesity is accompanied by increased hepatic levels of the transcription factors 

SREBP-1c and peroxisome proliferator-activated receptor-γ (PPAR-γ) (Horton et al., 2002; 
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Memon et al., 2000). Hepatic overexpression of SREBP-1c or PPAR-γ is sufficient to 

promote steatosis (Shimano et al., 1997; Yu et al., 2003), whereas PPAR-γ deletion in 

hepatocytes can attenuate both genetic and high fat diet-induced fatty liver disease 

(Matsusue et al., 2003; Moran-Salvador et al., 2011). SREBP-1 and PPAR-γ were elevated 

in the livers of HFF male and female LTKO mice (Fig. 4d; Supp. Fig. 5c), but interestingly 

not in HFF LTKO HET mice (Fig. 4c; data not shown). SREBP-1c promotes the expression 

of lipogenic enzymes, such as FAS and SCD-1 (Horton et al., 2002) and PPAR-γ promotes 

the transcription of fatty acid transporters such as CD36/FAT to promote the uptake of FFAs 

(Barclay et al., 2011). SCD-1 and FAS protein levels were elevated in the livers of HFF 

male and female LTKO mice (Fig. 4d), as was the expression of Cd36 mRNA in female 

mice (Fig. 4e). Moreover, hepatic lipogenesis, as assessed in liver slices ex vivo, also was 

increased in HFF LTKO mice (Fig. 4f). Taken together, these results demonstrate that the 

deletion of TCPTP in the liver promotes diet-induced obesity and insulin resistance as well 

as hepatic lipogenesis and steatosis.

Hepatic TCPTP deficiency promotes STAT-1/-3/-5 signaling

To understand how hepatic TCPTP deletion/inactivation might be promoting obesity/T2D 

and steatosis, we sought to delineate the tyrosine phosphorylation-dependent pathways that 

might be altered in 12 week HFF LTKO mice and 20 week LTKO HET mice. We did not 

observe any significant change in global tyrosine phosphorylation, basal ERK1/2 or p38 

activation, or in the activation of the ER stress response, as monitored with antibodies to 

Thr-980 phosphorylated PERK or Ser-51 phosphorylated eIFα in the livers of fasted mice 

(Supp. Fig. 6a; data not shown). Similarly, TCPTP-deficiency did not result in a global 

increase in the phosphorylation of TCPTP substrates, including that of Src family kinases 

(SFKs), as monitored with antibodies to the Y416 site on c-Src (Supp. Fig. 6a), and JAK-1, 

as monitored with antibodies to the Y1022/Y1023 PTK activation loop site (Supp. Fig. 5f). 

Thus, hepatic signaling in fasted mice was not elevated in general as a consequence of 

TCPTP deficiency. Previous studies have established that STAT-1, STAT-3 and STAT-5 

may serve as substrates of TCPTP (Tiganis, 2013; Tiganis and Bennett, 2007). We found 

that p-STAT-1, p-STAT-3 and p-STAT-5 were elevated in the livers of fasted male and 

female LTKO mice that were HFF for 12 weeks, when compared to lox/lox controls (Fig. 

5a, e; Supp. Fig. 5d–e). The elevated STAT-1/3/5 signaling in HFF LTKO liver 

homogenates was not associated with overt alterations in the expression of PTP1B, SHP-1 

and SHP-2 (Supp. Fig. 6b) that have also been implicated in the control of JAK/STAT 

signaling. Importantly, interferon (IFN) γ-induced p-STAT-1 was increased in hepatocytes 

isolated from LTKO mice, p-STAT-3 and −5 were elevated constitutively in LTKO 

hepatocytes (Fig. 5b) and p-STAT-1 and −5 were elevated in C57BL/6 hepatocytes after 

TCPTP knockdown (Supp. Fig. 6c), consistent with the enhanced signaling in vivo being 

hepatocyte intrinsic. Interestingly only p-STAT-5 was elevated in the livers of 20 week HFF 

LTKO HET mice, highlighting the sensitivity of the STAT-5 pathway to Ptpn2 gene dosage 

in the context of obesity (Fig. 5c). Moreover, as p-STAT-1 and p-STAT-5 were not detected 

in the livers of seven week-old chow-fed LTKO male mice (Fig. 5d), these results point 

towards TCPTP-deficiency promoting p-STAT-1 and p-STAT-5 only in the context of high 

fat feeding/obesity.
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Our studies indicate that high fat feeding C57BL/6 mice promotes hepatic insulin-induced p-

STAT-5 signaling. Accordingly, we next examined whether the inactivation of hepatic 

TCPTP by ROS in diet-induced obesity might be responsible for the promotion of insulin-

induced p-STAT-5 signaling. To this end we assessed the impact of TCPTP-deficiency on 

hepatic insulin signaling in mice that had been HFF for 12 weeks (Fig. 5e; Supp. Fig. 5e). 

Despite insulin-induced PI3K/AKT signaling being attenuated in HFF LTKO livers (Fig. 

3m; Supp Fig. 4h), we found that the induction of p-STAT-5 was significantly enhanced in 

male and female LTKO mice (Fig. 5e; Supp. Fig. 5e). Although IR β-subunit Y1162/Y1163 

phosphorylation was elevated in the livers of fasted HFF LTKO male mice (not female 

mice), insulin-induced IR phosphorylation (Fig. 5e; Supp. Fig. 5e) was not altered by 

TCPTP-deficiency. These results are consistent with previous studies demonstrating that 

TCPTP regulates basal, but not insulin-induced IR phosphorylation in the liver (Fukushima 

et al., 2010). Moreover while insulin-induced STAT-5 signaling was enhanced in LTKO 

livers, JAK-1 Y1022/Y1023 (p-JAK-1) and JAK-2 Y1007/Y1008 (p-JAK-2) 

phosphorylation was not altered (Supp. Fig. 5f–g). Therefore these results are consistent 

with the induction of STAT-5 signaling in response to insulin occurring downstream of the 

IR and JAK PTKs. Taken together, our results indicate that the inactivation of TCPTP might 

contribute to the promotion of basal STAT-1 and STAT-3 signaling and insulin-induced 

STAT-5 signaling in the context of obesity and insulin resistance.

Hepatic TCPTP deficiency alters the IGF-1/GH axis

We next explored the potential molecular mechanisms by which hepatic TCPTP-deficiency 

might promote obesity and T2D. We noted that p-STAT-5, but not p-STAT-1 or −3, was 

elevated in the livers of HFF LTKO HET mice (Fig. 5d). Because HFF LTKO HET male 

mice gained more weight and exhibited greater insulin resistance than controls, we reasoned 

that the enhanced p-STAT-5 might be sufficient to drive the expression of genes that 

promote obesity and T2D. In particular, we focussed on two STAT-5 transcriptional targets, 

Igf-1 (Cui et al., 2007) and the gene encoding pyruvate dehydrogenase kinase 4 (Pdk4) 

(White et al., 2007). PDK4 phosphorylates pyruvate dehydrogenase complex to conserve 

glucose and divert three carbon compounds for gluconeogenesis (Kim et al., 2012). In 

keeping with the elevated hepatic p-STAT-5 in HFF LTKO mice we found that PDK4 

protein and Pdk4 mRNA were increased in both male and female mice (Fig. 4g–h; Supp. 

Fig. 5f–g). Furthermore, Ptpn2 knockdown in hepatocytes using siRNAs increased Pdk4 

message (Fig. 4i) consistent with the increased PDK4 in vivo being directly attributable to 

TCPTP deficiency. Despite the increase in PDK4, we did not detect any differences in the 

expression of the gluconeogenic genes for PEPCK (Pck1) or G6P (G6pc) in HFF LTKO 

livers (Fig. 4e), nor differences in glucose excursions in response to the gluconeogenic 

substrate pyruvate (data not shown), suggesting that hepatic glucose production was not 

altered. Thus, changes in PDK4 expression may not be sufficient to influence the 

development obesity and insulin resistance in LTKO mice.

STAT-5 is both necessary and sufficient for the GH-induced transcription of Igf-1 in the 

liver (Cui et al., 2007). IGF-1 can in turn feed back onto hypothalamic neurons and 

somatotrophs to inhibit GH release from the pituitary (Romero et al., 2010). We found that 

serum IGF-1 levels were increased in male and female mice fasted overnight (Fig. 4j). 
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Moreover, in keeping with TCPTP’s potential to regulate STAT-5 signaling and Igf-1 

expression, we found that Ptpn2 knockdown using siRNAs increased Igf-1 expression in 

C57BL/6 hepatocytes (Fig. 4i). Finally, consistent with circulating IGF-1 levels being 

increased, we found that serum GH levels were decreased in female mice and trended lower 

in male mice (Fig. 4j); the difference in GH levels is in keeping with the continuous versus 

pulsatile nature of GH secretion in female versus male mice (Lichanska and Waters, 2008). 

GH levels are reduced in obese rodents and humans and this can promote fat accumulation 

(Lichanska and Waters, 2008). Thus, elevated hepatic STAT-5 signaling associated with 

hepatic TCPTP-deficiency/inactivation could promote IGF-1 expression for the suppression 

of GH release and the promotion of adiposity in non-hepatic tissues.

Hepatic STAT-5 heterozygosity corrects obesity but not steatosis

To assess the importance of hepatic STAT-5 signaling in the development of obesity and 

T2D we determined the effect of super imposing STAT-5-deficiency on LTKO mice. To 

this end we crossed male and female LTKO mice onto a hepatic STAT-5lox/+ (Cui et al., 

2007) background (generating LTKO;STAT-5lox/+ mice) to specifically reduce STAT-5 in 

the liver by 50%, and then fed mice a high fat diet for 12 weeks (Fig. 6; Supp. Fig. 7a). 

Remarkably, hepatic STAT-5 heterozygosity largely corrected the obesity phenotype in 

LTKO male and female mice (Fig. 6a; Supp. Fig. 7b). The decreased weight gain in 

LTKO;STAT-5lox/+ mice was attributable to decreased adiposity, as assessed by DEXA and 

by weighing fad pads and was accompanied by increased energy expenditure (Fig. 6a; Supp. 

Fig. 7b), but unaltered food intake and activity (data not shown). Moreover, in female mice 

the decreased adiposity in LTKO;STAT-5lox/+ mice was accompanied by improved glucose 

homeostasis, as reflected by the reduced fasted blood glucose levels in females (Fig. 6b); fed 

and fasted plasma insulin levels also trended lower in both male and female mice (Fig. 6c). 

Notably, when we assessed p-STAT-5 levels in 4 h fasted LTKO;STAT-5lox/+ mice we 

found that p-STAT-5 approximated that seen in lox/lox and lox/lox;STAT-5lox/+ controls 

(Fig. 6d). In keeping with the decreased STAT-5 signaling we found that the otherwise 

increased hepatic PDK4 levels in LTKO mice were corrected by STAT-5 heterozygosity 

(Fig. 6d), as were circulating IGF-1 (in male and female mice) and GH (in female mice; 

levels in male mice not determined) levels (Fig. 7a–b). Therefore the heightened STAT-5 

signaling in HFF LTKO mice alters IGF-1 and GH levels and promotes obesity.

In contrast to the effects on obesity, STAT-5 heterozygosity did not correct the steatotic 

phenotype evident in HFF LTKO male mice (Fig. 6e); in female HFF LTKO;STAT-5lox/+ 

mice, steatosis appeared to be decreased (Fig. 6e) and hepatic TAG levels trended lower, but 

this was not significant (Fig. 6f). Moreover p-STAT-1 and p-STAT-3 signaling, as well as 

PPARγ and SREBP-1 protein levels remained elevated and were indistinguishable from 

those in LTKO mice (Fig. 6d), in line with these being STAT-5 independent events. 

Interestingly, we found that heterozygous STAT-5 deletion alone in the liver (Alb-

Cre;STAT-5lox/+) promoted steatosis and modestly increased adiposity in HFF mice (Supp. 

Fig. 7c–e); thus the decreased adiposity in HFF LTKO;STAT-5lox/+ mice was not due to an 

unrelated effect of STAT-5-deficiency. The increased adiposity and steatosis in HFF Alb-

Cre;STAT-5lox/+ mice is consistent with the results of previous studies (Cui et al., 2007). 
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Irrespective, these results indicate that the promotion of hepatic STAT-5 signaling in LTKO 

mice promotes obesity, whereas alternate pathways promote steatosis.

The altered IGF-1/GH axis in LTKO mice promotes obesity

Having established the importance of STAT-5 signaling in the development of obesity, we 

next sought to determine the extent to which perturbations in the IGF-1/GH axis might 

contribute to the obesity phenotype. In particular, we determined if the elevated IGF-1 and 

lower GH levels in LTKO mice were responsible for the high fat diet-induced obesity by 

asking whether the promotion of endogenous GH secretion could correct the increased 

weight gain (Fig. 7c–e). These studies were undertaken in female mice where GH secretion 

is continuous, rather than in male mice where interventions could be confounded by the 

pulsatile nature of GH secretion (Lichanska and Waters, 2008). HFF LTKO mice were 

administered either vehicle control or the synthetic GH releasing hormone agonist JI-38 

(Kanashiro-Takeuchi et al., 2010). JI-38 was administered at the beginning of the light and 

dark cycles for 20 days and body weights were monitored every 4–5 days. We found that 

JI-38 administration promoted GH release and corrected the obesity phenotype in LTKO 

mice, preventing weight gain and the increase in adiposity, without affecting lean mass or 

bone density (Fig. 7c–e). Importantly, the effects of JI-38 administration were reversible and 

HFF LTKO mice regained weight upon cessation of JI-38 administration (data not shown). 

Taken together, these results are consistent with the STAT-5/IGF-1/GH axis playing a 

pivotal role in the development of obesity in LTKO mice.

DISCUSSION

It has long been known that the development of insulin resistance in the liver can be 

pathway-selective, such that insulin fails to suppress gluconeogenesis but promotes 

lipogenesis, contributing to the development of fatty liver disease, dyslypidemia and 

atherosclerosis (Brown and Goldstein, 2008). We establish the capacity of ROS in obesity to 

inactivate hepatic PTPs for the activation of select signaling pathways in an otherwise 

insulin-resistant state. In particular, we demonstrate that ROS inactivate TCPTP to promote 

the insulin-STAT-5 pathway and exacerbate the development of obesity and insulin 

resistance and thus the hasten progression towards morbid obesity and T2D. In addition, our 

studies suggest that the oxidation of PTPs such as TCPTP in obesity might also function 

through independent pathways, possibly in concert with insulin-induced and AKT2-

mediated signaling (Biddinger et al., 2008; Haas et al., 2012; Leavens et al., 2009), to 

promote lipogenesis and the development of fatty liver disease.

The inhibition of PTPs by ROS is thought to represent a key mechanism for the regulation 

of PTP function and the coordination of tyrosine phosphorylation-dependent cellular 

signaling (Tiganis, 2011). Cell-based studies have established that the inhibition of PTPs by 

ROS such as H2O2 is essential for pTyr signaling in response to growth factors, cytokines, 

hormones and cell adhesion (Tiganis, 2011). Moreover increases in H2O2 in muscle, 

occurring as a consequence of Gpx1 deficiency, can promote insulin signaling in vivo to 

attenuate the development of insulin resistance (Loh et al., 2009). However, to date there is 

no direct evidence for PTPs being oxidised in vivo in response to a physiological stimulus. 
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Similarly, although others have reported that PTPs can be oxidised under pathological 

conditions in vivo, including ischemia/reperfusion injury and hepatocarcinogenesis, 

evidence for this has been indirect, relying on the measurement of phosphatase activity (He 

et al., 2010; Sandin et al., 2011), or undertaken in mice with a deficiency in Gpx1 (Merry et 

al., 2013). Our studies directly assess the oxidation status of PTPs in the context of an 

important disease, demonstrating that classical PTPs in the liver undergo substantial 

oxidation in obese mice characterised by systemic and hepatic oxidative stress. Prominent 

non-transmembrane PTPs undergoing oxidation included PTP1B and TCPTP. The 

differential oxidation of PTPs may result from intrinsic differences in PTP sensitivity to 

oxidation (Lou et al., 2008; Ross et al., 2007) and/or reflect differences in PTP versus 

antioxidant enzyme subcellular localisations.

Notably the oxidation of such PTPs did not result in global increases in tyrosine 

phosphorylation in fasted mice. Although we cannot exclude additional pTyr pathways 

being elevated in response to specific stimuli, our findings are consistent with hepatic PTP 

oxidation in HFF mice promoting the activation of select signaling pathways. In particular, 

we found that basal p-STAT-1, and −3 and insulin-induced p-STAT-5 were increased in the 

livers of HFF mice. This is in keeping with TCPTP being one of the most abundantly 

oxidised PTPs in the livers of HFF mice, and TCPTP’s capacity to dephosphorylate STAT 

family members (Tiganis, 2013; Tiganis and Bennett, 2007). Although in this study we 

focussed our attention on TCPTP, it is probable that the oxidation of multiple PTPs 

contributes to the promotion of hepatic STAT-1/3/5 signaling in obesity. Previous studies 

have reported that STAT-5 can interact directly with the IR and that the IR directly or 

indirectly via JAK2 can phosphorylate and activate STAT-5 in cell lines (Chen et al., 1997; 

Le et al., 2002). Our results indicate that JAK-2 is essential for the ROS-mediated and 

insulin-induced activation of STAT-5 in hepatocytes. We speculate that the concomitant 

oxidation of PTP1B and TCPTP in the livers of HFF mice might promote the coordinated 

activation of hepatic JAK-2 and STAT-5 in response to insulin. This is in keeping with 

previous studies that have shown that PTP1B and TCPTP can function in concert to 

attenuate hypothalamic JAK-2/STAT-3 signaling in vivo (Loh et al., 2011). Although liver-

specific PTP1B deficiency does not promote obesity (Delibegovic et al., 2009), PTP1B 

knockout mice fed a high fat diet for 19.5 weeks are more steatotic that controls (Miraldi et 

al., 2013). Thus the oxidation of PTP1B and TCPTP may at least cooperate in the promotion 

of steatosis.

Our studies indicate that the selective activation of the insulin-STAT-5 pathway in the livers 

of HFF/obese mice was attributable to the accompanying oxidative stress, since i) palmitate-

induced mitochondrial H2O2 generation in isolated hepatocytes enhanced insulin-induced p-

STAT-5, whilst repressing PI3K/AKT signaling, ii) basal and insulin-induced p-STAT-5 

were exacerbated by the increased H2O2 accompanying Gpx1 deficiency, and iii) insulin-

induced hepatic p-STAT-5 in HFF mice was at least partially attenuated by SS31. It remains 

unclear if mitochondria are solely responsible for the ROS generation, PTP oxidation and 

promotion of p-STAT-5 in HFF mice. Increased NOX activity and expression can contribute 

to hepatic ROS generation in the fibrotic liver (Aoyama et al., 2012; Paik et al., 2011), but it 

remains to be seen if NOXs contribute to hepatic oxidative stress in obesity.
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Aberrations in the IGF-1/GH axis have been implicated in the development of obesity. GH 

levels are markedly reduced in obese humans with lower GH levels correlating with 

increased visceral adiposity (Rasmussen, 2010). Similarly, GH deficiency (Donahue and 

Beamer, 1993), or defects in GH receptor-STAT-5 signaling (Rowland et al., 2005) in mice 

are associated with the development of obesity. The precise mechanisms by which decreased 

GH levels contribute to obesity are not fully understood, but may be attributable to defective 

lipolytic responses and decreased fatty acid oxidation (Lichanska and Waters, 2008). In 

humans the increased adiposity may also be due to decreases in energy expenditure (Moller 

and Jorgensen, 2009; Snel et al., 1995; Wolthers et al., 1996). This is consistent with the 

decreased energy expenditure seen in HFF LTKO mice; although corrected by Stat5 

heterozygosity, it remains to be determined if the effects on energy expenditure were 

mediated by the IGF-1/GH axis. The underlying cause(s) of the lower GH levels in human 

obesity is/are contentious and include the suppression of GH secretion by elevated plasma 

insulin (Steyn et al., 2013) and IGF-1 (Romero et al., 2010). Total plasma IGF-1 is not 

reduced to the degree predicted by the low GH levels, and circulating IGF-1 is in the 

normal-high range in obese humans (Frystyk et al., 1999; Nam et al., 1997). The association 

between IGF-1 and GH is especially evident in adolescent obesity, where physiological 

insulin resistance and elevated circulating IGF-1 (Moran et al., 2002) are exaggerated in the 

obese state to result in reduced GH levels (Vanderschueren-Lodeweyckx, 1993). Our studies 

indicate that the oxidative stress and the inactivation of hepatic PTPs in obesity might 

promote the insulin-STAT-5-IGF-1 pathway to reduce GH levels and exacerbate the 

development of obesity and T2D.

Although the enhanced hepatic insulin-induced STAT-5 pathway exacerbated the 

development of obesity, our studies indicate that other pathways might contribute to the 

enhanced lipogenesis and steatosis in LTKO mice. We observed elevated STAT-1 signaling, 

which can drive PPARγ to promote lipogenesis via SREBP-1c, SCD-1 and ACC and FFA 

uptake via CD36 (Barclay et al., 2011; Matsusue et al., 2003; Moran-Salvador et al., 2011). 

Thus, the increased steatosis in LTKO mice might result from the high p-STAT-1, occurring 

as a direct consequence of TCPTP deficiency, promoting lipogenesis and at least in female 

mice increasing FFA uptake via CD36. The heightened STAT-3 signaling in LTKO mice 

might also contribute to steatosis, since STAT-3 overexpression increases ACC and FAS 

and inhibits acyl-CoA oxidase (involved in β-oxidation) expression and promotes steatosis 

(Kinoshita et al., 2008). Obesity is associated with systemic inflammation and there is 

evidence for alteration of the inflammatory cytokine millieu in the livers of obese rodents 

(Li et al., 2005). Determining the extent to which TCPTP oxidation/inactivation might 

exacerbate inflammatory STAT-1/3 signaling in the liver to promote steatosis will require 

further study.

The results of this study identify a mechanism for the development of selective hepatic 

insulin resistance, define the contributions of the insulin-STAT-5 pathway in the liver to the 

development obesity and T2D and highlight the potential utility of targeted anti-oxidants in 

combating the associated hepatic complications. Many human diseases, including 

inflammatory and neurological disorders, cancer, obesity and T2D are characterised by 

oxidative stress. Thus the results of this study may have wide-ranging implications 
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highlighting the potential for oxidative stress and PTP oxidation to alter cellular signaling in 

diverse pathological contexts.

EXPERIMENTAL PROCEDURES

Mice

We maintained mice on a 12 h light-dark cycle in a temperature-controlled high barrier 

facility with free access to food and water. Aged- and sex-matched mice were used for 

experiments. Ptpn2lox/lox (C57BL/6) described previously (Loh et al., 2012; Wiede et al., 

2011) were mated with Alb-Cre (C57BL/6) mice (JAX) for the postnatal deletion of Ptpn2 

in hepatocytes. STAT-5lox/lox (C57BL/6) mice described previously (Cui et al., 2007) were 

mated with Alb-Cre;Ptpn2lox/lox mice. Gpx1−/− (C57BL6) mice have been described 

previously (Loh et al., 2009). Mice were fed a standard chow or a high fat diet (23% fat) as 

indicated. Experiments were approved by the Monash University School of Biomedical 

Sciences Animal Ethics Committee.

Metabolic measures

Insulin and glucose tolerance tests and hyperinsulinemic euglycemic clamps were performed 

as described previously (Loh et al., 2009). Metabolic measures were undertaken in an 

environmentally controlled Comprehensive Lab Animal Monitoring System (Columbus 

Instruments) and body composition measured by DEXA (Lunar PIXImus2; GE Healthcare).

Cell culture and RNA interference

Hepatocytes were isolated by a two-step collagenase A (0.05% w/v; Roche Diagnostics) 

perfusion method as described previously (Fukushima et al., 2010). Where indicated cells 

were serum starved in M199 medium for 2–4 h and then stimulated with bovine insulin, GH, 

IFN-γ or IL-6. Alternatively, cells were treated with 0.5 mM sodium palmitate in the 

presence of 1% w/v fatty acid free BSA overnight and then serum starved and stimulated as 

indicated. Ptpn2 or Jak-2 were knocked down transiently in primary murine hepatocytes 

using Ptpn2- or Jak2-specific siRNAs; enhanced GFP siRNA was used as a control.

ROS determinations

H2O2 production in live hepatocytes was determined using the Amplex® Red hydrogen 

peroxide assay kit (Invitrogen). Total (GSH) and oxidised (GSSG) glutathione levels were 

measured using a BIOXYTECH GSH/GSSG-412 assay kit (Oxis International).

PTP oxidation

Total (reversible and irreversible) PTP oxidation was assessed essentially as described 

previously (Karisch et al., 2011) with some modifications. Briefly, frozen liver tissue or 

freshly isolated hepatocytes were homogenised under anaerobic conditions in de-gassed, ice-

cold PTPox lysis buffer containing 10 mM N-ethylmaleimide to prevent post-lysis oxidation 

and to alkylate all reduced and active PTPs, and incubated for 1 h at 4°C. Cell lysates and 

liver homogenates were clarified by centrifugation at 16,000 g and 50,000 g respectively for 

20 min and the buffer exchanged (NAP™-5 columns, GE Healthcare) to 20 mM HEPES 
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containing 10 mM DTT to reduce oxidised PTPs. Reduced PTPs were then hyperoxidised to 

their sulfonic (−SO3H) state by exchanging the buffer to 20 mM HEPES containing 100 µM 

pervanadate and resolved by SDS-PAGE and immunoblotted with PTPox antibody. 

Alternatively pervanadate-treated samples were made to 9 M urea and 4.5 mM DTT, 

incubated at 60°C for 30 min and then treated with 10 mM iodoacetamide before being 

diluted to a final concentration of 2 M urea for digestion with TPCK-trypsin (Thermo 

Scientific) and processing for PTPox immunoprecipitation and analysis by mass 

spectrometry as described previously (Karisch et al., 2011).

Statistical Analysis

Statistical significance was determined by a two-tailed paired Student’s t-test or where 

indicated ANOVA with Bonferroni correction. P values < 0.05 were considered statistically 

significant (*p<0.05, **p<0.01, ***p<0.001).

Supplementary Material

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

• Reactive oxygen species oxidise and inactivate hepatic PTPs in obesity.

• PTPN2 inactivation in the liver promotes insulin-STAT-5 signaling.

• PTPN2 inactivation and STAT5 signaling in the liver promotes obesity.

• PTPN2 inactivation in the liver promotes steatosis and insulin resistance.
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Fig. 1. Oxidative stress and hepatic PTP oxidation
(a) 8 week-old male C57BL/6 mice were chow- or HFF for 24 weeks. Blood GSH and 

GSSG levels and GSH:GSSG ratios were determined. (b) Hepatocytes from 12-week chow- 

or HFF mice were either left untreated or serum-starved and stimulated with 100 nM insulin 

for 30 min and H2O2 production measured. (c, e-f) Livers from 24 week chow- or HFF mice 

were processed for an assessment of total PTP oxidation by (c) immunoblot analysis with 

the PTPox antibody, or (e) mass spectrometry determining relative PTP oxidation (PTP-

SO3H), or (f) processed for immunoblot analysis for the indicated PTPs. (d) Hepatocytes 
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were processed immediately after isolation for an assessment of total PTP oxidation. In (c-d) 

arrows correspond to TCPTP. Results are means ± SEM for the indicated number of mice (a, 

e-f) or experimental repeats (b).
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Fig. 2. Oxidative stress promotes insulin-induced STAT-5
(a) 8 week-old male C57BL/6 mice were chow- or HFF for 24 weeks, fasted, injected with 

PBS or insulin and livers processed for immunoblotting. (b) 20 week-old male C57BL/6 

mice were subjected to hyperinsulinemic euglycemic clamps. Plasma GH levels were 

measured and livers processed for immunoblotting or quantitative real-time PCR to measure 

Igf-1. (c-g) Hepatocytes from chow-fed mice were treated with vehicle or 0.5 mM palmitate. 

(c, e-g) Hepatocytes were serum-starved, stimulated with 100 nM insulin and processed for 

immunoblotting. (d) H2O2 production was measured. Where indicated hepatocytes were 
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pre-treated with vehicle, the JAK inhibitor CMP6 (10 µM), mitoTempol (10 µM) or SS31 

(50 µM) for 2 h. In (f) hepatocytes were transfected with GFP control or Jak-2-specific 

siRNAs prior to palmitate treatment. (h) H2O2 production and (i) insulin (100 nM)-induced 

p-STAT-5 signaling in Gpx1+/+ and −/− hepatocytes. (j) 8 week-old male C57BL/6 mice 

were HFF for 12 weeks and treated with vehicle or SS31 for 10 days. Mice were fasted and 

injected with PBS or insulin (0.5 mU/g, 10 min) and livers extracted for immunoblotting. (k-
l) Gpx1+/+ and −/− male mice were HFF for 24 weeks, fasted and livers processed for 

immunoblotting. Representative and quantified (means ± SEM) results are shown.

Gurzov et al. Page 25

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. Hepatic TCPTP deletion promotes obesity and insulin resistance
7 week-old lox/lox and LTKO mice were HFF for 12 weeks and (a, e) body weights, (b, f) 
gross morphology, (c, g) tissue weights, (d, h) body composition and (i) oxygen 

consumption, RER, energy expenditure and ambulatory activity assessed. (j) 7 week-old 

lox/+ and LTKO HET mice were HFF for 20 weeks and body weights and composition 

determined. (k) HFF mice were subjected to insulin tolerance tests and (l) fed and fasted 

blood glucose levels and plasma insulin levels determined. (m) Fasted HFF mice were 

Gurzov et al. Page 26

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



injected with insulin and livers extracted for immunoblot analysis. Representative and 

quantified (means ± SEM) results are shown.

Gurzov et al. Page 27

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4. LTKO mice exhibit steatosis and alterations in IGF-1 and GH
7 week-old male lox/lox and LTKO or lox/+ and LTKO HET mice were HFF for 12 and 20 

weeks respectively. Livers were extracted from fasted mice and either (a, c) processed for 

histology, (b) lipid analyses, (c, d, g) immunoblotting, or (e, h) real time PCR. (f) 
Lipogenesis was assessed ex vivo in liver slices. (i) Hepatocytes from chow-fed C57BL/6 

were transfected with GFP- or Ptpn2-specific siRNAs and after 48 h processed for real time 

PCR. (j) Lox/lox and LTKO mice were HFF for 12 weeks, fasted overnight and serum 

IGF-1 and GH levels determined. Results are means ± SEM.
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Fig. 5. Hepatic TCPTP deletion exacerbates insulin-induced STAT-5 signaling
(a) 7 week-old male lox/lox and LTKO mice were HFF for 12 weeks. Livers from 4 h fasted 

mice were processed for immunoblotting. (b) Hepatocytes were serum-starved and 

stimulated with either 50 U/ml INF-γ, 100 U/ml IL-6 or 100 nM insulin and processed for 

immunoblotting. (c) 7 week-old male lox/+ and LTKO HET mice were HFF for 20 weeks. 

Livers from fasted mice were processed for immunoblotting. (d) Livers from 7 week-old 

fasted male lox/lox and LTKO mice were processed for immunoblotting. (e) Mice were HFF 
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for 12 weeks, fasted and injected with PBS or insulin and livers processed for 

immunoblotting. Representative and quantified (means ± SEM) results are shown.
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Fig. 6. Liver-specific STAT-5 heterozygosity corrects obesity but not steatosis
7 week-old male lox/lox, Ptpn2lox/lox;STAT-5lox/+ (lox/lox;STAT-5lox/+), LTKO, and Alb-

Cre;Ptpn2lox/lox;STAT-5lox/+ (LTKO;STAT-5lox/+) mice were HFF for 12 weeks and (a) body 

and tissue weights, body composition and energy expenditure, determined, (b-c) fed and 

fasted blood glucose and plasma insulin measured and (d-f) livers extracted for (d) 

immunoblotting, (e) histology or (f) lipid analyses. Results shown are means ± SEM; 

significance (* LTKO and lox/lox, $ LTKO and lox/lox;STAT-5 lox/+, # LTKO and 
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LTKO;STAT-5lox/+) determined using a (a-c) one-way ANOVA or (f) a 2-tailed student’s t-

test.
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Fig. 7. JI-38 corrects the obesity in LTKO mice
(a-b) 7 week-old lox/lox, lox/lox;STAT-5 lox/+, LTKO, and LTKO;STAT-5lox/+ mice were 

HFF for 12 weeks, fasted overnight and serum IGF-1 and GH levels (at 8 am) measured. (c-
e) 7 week-old female lox/lox and LTKO mice were HFF for 24 days and administered 

vehicle or the synthetic GH releasing hormone agonist JI-38 (50 µg/kg in 100 µl) 

subcutaneously twice daily (8 am and 6 pm) for 20 days and body weights recorded. Serum 

GH levels (8 am; 30 min after JI-38) and body composition were determined. Results are 

means ± SEM; significance in a-b (* LTKO and lox/lox, $ LTKO and lox/lox;STAT-5lox/+, # 
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LTKO and LTKO;STAT-5lox/+) and c-d (* LTKO and lox/lox, # LTKO + JI-38 and lox/lox) 

determined using one-way ANOVA.
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