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Hepatocyte-Specific Pipn6 Deletion Protects From
Obesity-Linked Hepatic Insulin Resistance

Elaine Xu,'? Alexandre Charbonneau,’”” Yannéve Rolland,'’? Kerstin Bellmann,'’? Lily Pao,’
Katherine A. Siminovitch,* Benjamin G. Neel,? Nicole Beauchemin,?® and André Marette'?

The protein-tyrosine phosphatase Shpl negatively regulates insu-
lin action on glucose homeostasis in liver and muscle, but its
potential role in obesity-linked insulin resistance has not been
examined. To investigate the role of Shpl in hepatic insulin resis-
tance, we generated hepatocyte-specific Shpl knockout mice
(Ptpn6759), which were subjected to extensive metabolic moni-
toring throughout an 8-week standard chow diet (SD) or high-fat
diet (HFD) feeding. We report for the first time that Shpl expres-
sion is upregulated in metabolic tissues of HFD-fed obese mice.
When compared with their Shpl-expressing Ptpn6” littermates,
Ptpn6TEC mice exhibited significantly lowered fasting glycemia and
heightened hepatic insulin sensitivity. After HFD feeding,
Ptpn6l?"KO mice developed comparable levels of obesity as
Ptpn6™ mice, but they were remarkably protected from liver
insulin resistance, as revealed by euglycemic clamps and hepatic
insulin signaling determinations. Although Ptpn67%° mice
still acquired diet-induced peripheral insulin resistance, they were
less hyperinsulinemic during a glucose tolerance test because of
reduced insulin secretion. Ptpnb’H’KO mice also exhibited in-
creased insulin clearance in line with enhanced CC1 tyrosine
phosphorylation in liver. These results show that hepatocyte
Shpl plays a critical role in the development of hepatic insulin
resistance and represents a novel therapeutic target for obesity-
linked diabetes. Diabetes 61:1949-1958, 2012

he protein-tyrosine phosphatase (PTP) super-
family includes classical and dual-specificity
PTPs. The nonreceptor PTPs containing two
SH2 domains (Shp), Shpl and Shp2, are in-
volved in the regulation of multiple cellular activities (1).
Shp2 is a ubiquitously expressed positive modulator of
insulin signaling (2-7), whereas Shp1 generally is recognized
to negatively regulate signal transduction (8-15). Shpl is
expressed in most epithelial cells and in cells from the he-
matopoietic lineage (8-11), where it promotes the inactivation
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of phosphatidylinositol 3-kinase (PI3K) (16-18). However,
much less is known about the metabolic role of Shpl in
insulin target cells.

We previously showed that Shpl is expressed in liver
and skeletal muscle. Furthermore, Pipn6™""*" (viable
motheaten or me”) mice, which express low levels of cat-
alytically impaired Shp1 protein, are highly insulin sensitive
and glucose tolerant as a result of enhanced insulin re-
ceptor (IR) signaling to PIBK/Akt in these tissues (19). In-
terfering with Shp1 activity in liver by adenoviral expression
of a dominant-negative Shpl mutant, or by small hairpin
RNA-mediated Shpl silencing, improved hepatic insulin
signaling and glucose tolerance (19). We also found that
hepatic Shpl deficiency markedly increased the tyrosine
phosphorylation of the transmembrane glycoprotein car-
cinoembryonic antigen-related cell adhesion molecule-1
(CC1 or CEACAM1) (19), an essential modulator of he-
patic insulin clearance (20,21). Additional studies by our
group and others have established that CC1 also is a key
regulator of hepatic glucose and lipid metabolism (22-25).
More recent studies have shown that transcriptional acti-
vation of the Shpl gene (Ptpn6) by overexpression of the
homeodomain transcription factor Prepl also attenuates
insulin signaling and glucose storage in hepatic cells (26).
In addition, Prep1-deficient mice showed improved hepatic
insulin action in association with reduced Shpl expression,
further supporting a key role for Shpl in the control of liver
glucose metabolism.

Although it has been established that Shpl regulates
insulin sensitivity and glucose homeostasis in normal mice,
its role in the development of insulin resistance and al-
tered glucose metabolism in obesity remains unknown.
Moreover, Shpl is expressed not only in hepatocytes but in
Kupffer cells (27,28), which also are targeted by adenoviral
gene delivery (19). The major goal of the current study was
to determine the function of hepatic parenchymal Shpl in
the modulation of glucose metabolism and to explore its
potential effects on the development of obesity-linked insulin
resistance. We found that Shpl expression is increased in
liver and other metabolic tissues of high-fat diet (HFD)-
induced obese mice. Generation of mice with hepatocyte
Shpl deficiency (Ptpn67%°) fully protected those animals
from developing hepatic insulin resistance.

RESEARCH DESIGN AND METHODS

Animals and genotyping. All mice were housed under a controlled temper-
ature (23°C) and 12-h light/dark cycle with water and food ad libitum. Mice
were kept on a sterilized standard low-fat rodent diet (5.8% fat by kcal, total
3.1 kcal/g of diet, LM-485, Eq. 7912; Harlan Teklad). For diet studies, mice at
2 months were kept either on the standard diet (SD) or transferred to an HFD
(54.8% fat by kcal, total 4.8 kcal/g of diet, TD93075; Harlan Teklad) for
~8 weeks until 4 months. All studies were conducted with the approved
protocols by the animal care and handling committee of Laval University
according to the standards defined by the Canadian Council on Animal Care.
Only male mice were used for studies presented in this report.
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Hepatocyte-specific Shpl knockout mice (Ptpn675°) were generated on

a pure C57/BL6 background by crossing mice homozygous for floxed Shpl
(Ptpn6™) (29) with Alb-Cre mice (B6.Cg-Tg[Alb-cre]21Mgn/J, stock 3574;
The Jackson Laboratory) (see Supplementary Fig. 1 for crossbreeding
scheme). Genomic DNA was extracted from tail or ear samples using the DNA
REDExtract-N-Amp PCR kit (Sigma), and genotyping was performed for floxed
Ptpn6 (29) and Alb-Cre separately. Floxed Ptpn6 was measured by con-
ventional PCR and agarose gel electrophoresis and Alb-Cre by TagMan gene
expression. Primers used for floxed Ptpn6 were 5'-ACC CTC CAg CTC CTC
TTC-3" and 5'-TgA ggT CCC ggT gAA ACC-3'. Homozygous, hemizygous, and
the absence of Alb-Cre were detected as indicated by The Jackson Labora-
tory. Cre primers were 5'-gCg gTC Tgg CAg TAA AAA CTA TC-3' and 5'-gTg
AAA CAg CAT TgC TgT CAC TT-3; Cre TagMan probe (TP) were 5'-6FAM-
AAA CAT gCT TCA TCg TCg gTC Cgg-TAMRA-3'; Apob control primers were
5'-CAC gTg ggC TCC AgC ATT-3' (forward) and 5-TCA CCA gTC ATT TCT
gCC TTT g-3' (reverse); and Apob TP were 5'-Joe -CCA ATg gTC ggg CAC TgC
TCA A-BHQI1-3'. All reactions were run in Roto-Gene (Corbett Life Science,
Sydney, New South Wales, Australia).

Isolation and purification of primary hepatocytes and Kupffer cells.
Livers were perfused in anesthetized mice, and primary hepatic cells were
isolated as described (30). Hepatocytes and Kupffer cells were then sep-
arated and purified by serial centrifugation with density selection prior to
culture (31).

Metabolic phenotyping. Body weight and body composition (Minispec NMR
spectrophotometer; Bruker Optics) were measured every month for all mice on
the SD. For mice in the diet studies (8 weeks), body weight and composition
were taken before (2 months) and after (4 months) dietary treatment, whereas
body weight was monitored every other week. Prior to being killed, mice were
fasted for 6 h and anesthetized either by ketamine-based rodent cocktail or by
isoflurane inhalant andthen administered either saline or insulin (3.8 units/kg
body wt) through the tail vein for 5 min. Whole blood retrieved by direct cardiac
puncture was used to measure plasma insulin, C-peptide, and glucagon by
radioimmunoassay (Linco Research). Blood glucose was measured by gluco-
meter (Accu-Chek). Intraperitoneal glucose and insulin tolerance tests were
performed as previously described (23). Hyperinsulinemic-euglycemic clamp
studies were conducted in mice at 4 months after the 8-week diet studies, as
previously described (23,32), but with a lower liver-targeting insulin infusion
rate of 2.5 mU/kg/min.

Tissue preparation. Deep anesthesia was induced by isoflurane in mice, and
various tissues were excised, weighed, and cleaned with PBS and then snap
frozen in liquid nitrogen to be stored at —80°C. For livers collected, ~10 mg was
homogenized fresh in 1 mL TRIzol (Sigma) for RNA extraction, and the rest
was powdered in liquid nitrogen and stored at —80°C for further analysis.
Real-time PCR. Total RNA was extracted and purified using the RNeasy
Microarray Tissue Mini Kit (Qiagen) and used for cDNA synthesis using a re-
verse transcription PCR kit (Applied Biosystems). Real-time PCR was per-
formed using the SYBR Green Jump-Start Gene Expression Kit (Sigma) with
1:25 diluted cDNA product from the reverse transcription. Primers used were
Actb (5'-CTCTAgACTTCgAgCAggAg-3" and 5'-AgAgTACTTgCgCTCAggAg-3")
and Ptpn6 (5'-TggTTTCACCgggACCTCAgC-3" and 5'-AgTAAggCTgCCgCAgg
TAgA-3").

Rapid-sampling in vivo insulin clearance assay. The rapid-sampling in vivo
insulin clearance (RIVIC) method, as previously developed (23), was used for
the determination of insulin clearance. Radioactivity in 8-pwL blood samples
was counted in a gamma counter (Perkin Elmer), and clearance rate was
measured in slopes calculated from linear-fitted curves.
Immunoprecipitation and Western blot analyses. Immunoprecipitation
and Western blotting were performed as previously described (19,23). CC1 and
insulin receptor (IR) were immunoprecipitated from 1 mg of liver lysates and
detected using polyclonal anti-CC1 or anti-CC1 L antibody (Beauchemin Lab-
oratory, McGill University, Québec, Canada) and anti-IR antibodies (Santa Cruz
Biotechnology or BD biosciences), respectively. Detection of pY was achieved
with monoclonal anti-pY antibodies (Abcam and Upstate/Millipore). The fol-
lowing antibodies were used for general Western blotting: anti-Shp1 from Santa
Cruz Biotechnology or BD Biosciences; anti-actin and anti-Akt1/2/3 from Santa
Cruz Biotechnology; and anti-ACC, anti-B-actin, anti-eEF2, anti-pS473Akt,
and anti-pT308Akt from Cell Signaling. Horseradish peroxidase—conjugated
anti-mouse and anti-rabbit secondary antibodies were from Jackson
ImmunoResearch Laboratories. Horseradish peroxidase of immunoreactive
bands was illuminated by chemiluminescence agents (Millipore, Ontario,
Canada) and scanned using the EC3 Imaging System with VisionWorks LS
software (Ultra-Violet Products Ltd.). Densitometry was quantified using
ImageQuant TL software (GE Healthcare Bio-Sciences).

Statistical analysis. Statistical analyses were performed by either a two-tailed
Student ¢ test or two-way ANOVA using the JMP 8 program (JMP, Cary, NC).
P values were considered significant if they were <0.05. SEMs are represented
in the graphs.
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RESULTS

Shpl expression is augmented in insulin target tissues
in obesity. We first determined the effect of diet-induced
obesity on Shpl expression. Mice were fed an SD or HFD for
8 weeks, and total tissue lysates were immunoblotted using
a specific Shpl antibody. We found that HFD feeding in-
creases Shpl protein levels in skeletal muscle (gastrocne-
mius), visceral fat depots (epididymal and perirenal white
adipose tissues), and the liver (Fig. 14). Shpl mRNA levels
also were increased (by 4.7-fold) in liver (Fig. 1B), indica-
ting that obesity increases the expression of the PTP at the
transcript level. This upregulation of Shpl expression by
HFD feeding suggests that this PTP may play a significant
role in the development of obesity-linked insulin resistance.
Generation and phenotypic characterization of Ptpn6™?%°
mice. Because Shpl was particularly increased in the
liver of obese mice, and as we have shown previously that
this PTP negatively modulates IR signaling and CCl1
function in normal liver, we explored the role of paren-
chymal Shpl in the regulation of hepatic glucose and
lipid metabolism by generating hepatocyte-specific Shpl
knockout mice (Ptpn67%°) from homozygous Ptpn6™
mice (29) and transgenic albumin-Cre (Alb-Cre) mice (Sup-
plementary Fig. 1). Liver Shpl protein expression was
monitored in Pipn6” and in Alb-Cre hemizygous and
homozygous Ptpn675° mice. A significant reduction in
Shpl protein was achieved in the Ptpn67%° animals,
with residual detectable expression attributed to non-
parenchymal Shpl expression (Fig. 1C). A similar reduction
was confirmed at the transcript level (data not shown).
To verify the completeness of hepatocyte Shpl knockout,
we analyzed Shpl protein levels in primary hepatocytes and
Kupffer cells. These experiments confirmed the absence of
Shpl in the Pipn67EC hepatocytes; hemizygous Alb-Cre ex-
pression deleted Ptpn6 using the Cre-LoxP system with-
out affecting Kupffer cell Shpl protein expression (Fig.
1D). Body and liver weight and gross anatomy in
Ptpn67%9 mice on the SD were compared with littermate
Ptpn6"” controls during the course of 1 year, and no sig-
nificant changes were observed (data not shown).

Both Ptpn(}f/f and Ptpné‘H'KO mice were randomly as-
signed to chronic high-fat-feeding studies. Compared with
mice fed a low-fat SD, Ptpn6” and Ptpn675° mice sub-
jected to an HFD for 8 weeks showed comparable energy
intake increase and body weight gain (Fig. 2A and B). Body
composition analysis of Ptpnﬁf/f and Ptpn(iH'KO mice on an
HFD revealed a similar gain of fat mass (approximately
threefold increase over SD-fed mice) with comparable lean
mass (Fig. 2C and D). The weights of different fat depot
and gastrocnemius muscle also were similar in the
two genotypes on both diets, although a trend toward
higher liver weight, triglyceride, and cholesterol content was
seen in HFD-fed Ptpn6%° mice (Supplementary Table 1).
Plasma levels of adiponectin (9.0 * 1.1 pwg/mL wild type vs.
9.6 = 0.9 pg/mL knockout), tumor necrosis factor-a
(120.16 = 6.58 pg/mL wild type vs. 133.94 * 6.29 pg/mL
knockout), and interleukin-6 (202.52 * 18.75 pg/mL wild
type vs. 191.68 = 25.87 pg/mL knockout) also were similar
in Ptpn675° mice and their Ptpn6"” controls.

SD-fed Ptpn65° mice exhibited lower fasting glycemia
compared with Ptpn6” littermates (Fig. 2E). There also
was a significant depletion in hepatic glycogen content
in fasted SD-fed Ptpn6%° mice (Fig. 2F), possibly related
to hypoglycemic compensation attributed to improved basal
hepatic insulin sensitivity in the absence of hepatocyte
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FIG. 1. Increased Shp1 protein and gene expression in diet-induced obesity and generation of hepatocyte-specific Shpl knockout mice (Ptpn6™?%?).
A: Shpl protein detection by Western blotting in gastrocnemius muscle (Gastroc), epididymal white adipose tissue (EWAT), perirenal white
adipose tissue (PWAT), and liver of Ptpnﬁff mice fed an SD or HFD for 8 weeks (n = 12-13 per diet group), with eEF2 and -actin as loading
controls. B: Quantitative PCR analysis of hepatic Shpl gene expression with Actb as the sample control (n = 11-12 per diet group). Dotted lines on
blots separate noncontiguous sections of the same gel (*P < 0.05 and ***P < 0.005 diet effect). Western blot detection of Shpl in liver (C),
purified hepatocytes and Kupffer cells (D) isolated from Ptpn6”%° mice with either hemizygous (+/—) or homozygous (**) expression of Alb-Cre
(Alb-Cre), and from their Alb-Cre (~/~) Ptpn6” littermates. Shpl level in J774 macrophages (M) acted as a blotting control. a-Tubulin (C) and

B-actin (D) were loading controls.

Shpl (33). After 8 weeks of HFD feeding, the fasting glycemia
of Ptpn65° mice remained significantly lower than that of
Ptpn6” animals, although both groups developed the typical
diet-induced increase in fasting glycemia, plasma insulin,
and C-peptide levels (Fig. 2F, G, and H). Postprandial
glycemia in HFD-fed Ptpn6E° mice also was significantly
lower than in their Ptpn6” counterparts (data not shown).
Fasting hepatic glycogen content was not altered in HFD-
fed Ptpn6 KO mice, possibly because they remained hyper-
glycemic despite the improved glycemia relative to their
Ptpn6™ littermates.

Ptpn6™%0 mice are protected from obesity-linked
hepatic insulin resistance. Hyperinsulinemic-euglycemic
clamp studies were performed in conscious unrestrained
Ptpn6T5° mice and Ptpn6” controls to evaluate the impact
of hepatocyte Shpl deletion on whole-body insulin sen-
sitivity, as well as hepatic and peripheral insulin action.
A low dose of insulin infusion was used to target the liver
in particular. Consistent with the fasting glycemia data,
the clamp glucose infusion rate in Pipn67%9 mice was much
higher than in Pipn6” animals on both the SD and HFD
(Fig. 3A and B). Nevertheless, Whole—bO(zy insulin sensitivity
was compromised in HFD-fed Ptpn672° mice compared
with their SD-fed controls, although it was similar to that of
SD-fed Ptpn6” mice. Glucose turnover rates were deter-
mined (see Supplementary Fig. 2) for calculations of hepatic
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glucose production (HGP) and insulin action at both hepatic
and peripheral levels during the clamp. HGP was markedly
increased in HFD-fed Ptpn6” mice compared with that in
SD-fed littermates. Conversely, HGP was fully inhibited
during the clamp in both SD- and HFD-fed Ptpn6TEO
animals, indicating a full protection against obesity-linked
liver insulin resistance (Fig. 3C). As a result, the percentage
of insulin-suppressed HGP was dramatically higher in
Ptpn67%° mice than in controls on both diets, whereas
HFD-fed Ptpn6” mice displayed reduced insulin sensitivity
(Fig. 3D). Although HFD promoted insulin resistance for
glucose uptake in peripheral tissues (mostly reflecting that
of skeletal muscle), no significant differences were obser-
ved between Ptpn6” and Ptpn675° animals on either diet
(Fig. 3F). These results from clamp studies demonstrate
that the lack of hepatocyte Shpl in the liver increases he-
patic insulin sensitivity in SD-fed nonobese animals and also
protects the liver against obesity-induced insulin resistance
in HFD-fed animals.

To explore the mechanisms of the enhanced hepatic in-
sulin sensitivity in Pipn675° mice, liver lysates were
subjected to Western blot analyses. As shown in Fig. 4A4,
hepatic Shpl protein expression was upregulated in HFD-fed
Ptpn6” animals compared with their littermates on the
SD. As expected, Shpl expression was reduced markedly
in the Ptpn675C liver, whereas the residual Shpl protein
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FIG. 2. Basic metabolic phenotyping of Ptpn67%° mice. A: Energy intake of Ptpn6” (white bar) and Ptpn67-%X° (black bar) mice fed either an SD or
HFD for 8 weeks, expressed in kcal per day (n = 22-23 per genotype and diet group; *P < 0.05 diet effect). B: Body weight (BW) gain in the
percentage of basal body weight at 2 months before dietary treatments (n = 31-32 per genotype and diet group; ***P < 0.005 diet effect). Body
composition (C and D) was measured at the end of the diet studies using a Minispec NMR rodent spectrometer (n = 36-39 per genotype and diet
group; ***P < 0.005 diet effect). Fasting plasma glucose (F ), insulin (&), and C-peptide (H) (n = 25-27 per genotype and diet group; ***P < 0.005
diet effect, ***P < 0.005, and *P < 0.05 genotype difference). F: Hepatic glycogen was detected by crude extraction followed by colorimetric mea-
surement. Livers were collected from Ptpn6” and Ptpn6™5° mice at the end of the 8-week diet studies after a 6-h fast (n = 12-13 per genotype and diet

group; ***P < 0.005 genotype difference).

contributed by other liver cells was not altered by HFD
feeding (Fig. 4A and B). These data indicate that obesity-
induced upregulation of hepatic Shpl expression occurs
mostly in the hepatocytes and not in nonparenchymal
cells. Moreover, Shpl protein levels were increased in both
the gastrocnemius muscle and white adipose tissues of
HFD-fed Ptpn6%° mice, as observed in their Ptpn6™ lit-
termate controls (data not shown).

Tyrosine phosphorylation of the IR and CC1 was in-
creased in Ptpn6H'KO livers compared with the Ptpnﬁf/f
controls on both the SD and HFD (Fig. 44, C, and D). Insulin
receptor substrate (IRS)-1 and IRS-2 tyrosine phosphoryla-
tion and their association with the p85 subunit of PI3K also
were increased in livers of HFD-fed Ptpn6”%° mice (Sup-
plementary Fig. 3). In agreement with enhanced phosphor-
ylation of IR, IRS-1, and IRS-2, and their association with p85
PIBK, insulin-stimulated Akt activation, as revealed by
phosphogflation on residues S473 and T308, was increased
in Ptpn6%9 livers compared with that of Pipn6” counter-
parts. This resulted in normalization of Akt activation in the

1952 DIABETES, VOL. 61, AUGUST 2012

livers of HFD-induced obese Ptpn67%° mice (Fig. 44, E,
and F). In SD-fed mice, however, only IRS-2 tyrosine phos-
phorylation and p85 PI3K association were increased in
Ptpn6H-KO mice, which may explain the lack of signifi-
cant improvements of Akt phosphorylation in these SD-
fed animals. Improved hepatic Akt phosphorylation also
was seen in isolated Ptpn67%° hepatocytes from HFD-
fed mice (Fig. 4G-I), confirming the normalization of insulin
signaling in hepatic parenchymal cells of these animals.

To further assess the impact of selective increase in
Ptpn675O nepatic insulin sensitivity on whole-body glucose
and insulin homeostasis, Ptpnﬁf/f and PtpnGH'KO animals on
the SD and HFD were subjected to intraperitoneal glucose
and insulin tolerance tests (IPGTTs and IPITTs, respec-
tively). SD-fed Ptpné‘H'KO mice showed moderate but sig-
nificant improvement in glucose tolerance (Fig. 5A) with
lower starting fasting glycemia (Fig. 5B) and no plasma in-
sulin level alterations or glucose-stimulated insulin se-
cretion, as assessed by Cé}geptide level (Fig. 5C and D).
Although HFD-fed Ptpn6™%° mice did not display improved

diabetes.diabetesjournals.org
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FIG. 3. Ptpn6™%° mice disglay heightened hepatic insulin sensitivity. Hyperinsulinemic-euglycemic clamp studies were performed in both Ptpn6”
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glucose tolerance as compared with Ptpn6"” controls (Fig.
5F), their fasting glycemia still was significantly improved
(Fig. 5F). This may be partly linked to the fact that Shp1 still
is increased in skeletal muscle and adipose tissues of the

hepatocyte-specific Shpl knockout mice. Of interest, to

support similar glucose tolerance as their HFD-fed Ptpn6”
controls, the HFD-fed Pipn675° mice were significantly
less hyperinsulinemic during the IPGTT (Fig. 5G), which
was at least partly explained by reduced insulin secretion as
revealed by C-peptide concentrations (Fig. 5H). In the fast-
ing state, plasma glucagon levels were comparable among
experimental groups (data not shown), suggesting that overall
islet functions are not altered in Ptpn67%° mice.
IPITT also revealed no significant differences in whole-
body insulin sensitivity between Ptpnt/f and Ptpn67TEC
mice on either diet (Fig. 6A and D), despite the consistent
improvement of fasting glycemia (Fig. 6B and E). These data
seemed to conflict with the improved insulin sensitivity seen

diabetes.diabetesjournals.org

in the euglycemic clamp studies. However, despite similar
amounts of exogenous insulin administered, insulin disposal
was faster in Ptpn675° animals than in their Ptpn6™ litter-
mates on both the SD and HFD, resulting in lower insulin
concentrations during most of the test (Fig. 6C and F). We
suspected that increased CC1 tyrosine phosphorylation in
the Ptpn6™59 liver (Fig. 44 and D) might explain this aug-
mented insulin clearance. This possibility was tested in a
separate group of SD-fed animals using the previously
established RIVIC assay (23). As shown in Fig. 6G-H, the
insulin clearance rate was indeed significantly enhanced
in Ptpn67%° mice.

DISCUSSION

In this report, we show for the first time that Shpl protein
expression is increased in metabolic tissues, such as skeletal
muscle, white adipose tissue, and liver of diet-induced obese
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mice. We have previously shown that Shpl is an important
regulator of liver metabolism (19). We have now generated
hepatocyte-specific Shpl-deficient mice to explore the role
of this PTP in the regulation of hepatic glucose metabolism,
as well as its contribution to the development of obesity-
linked insulin resistance. This approach specifically elimi-
nates hepatocyte Shpl expression, leaving intact expression
in other liver cells, especially in Kupffer cells, which also are
implicated in obesity-related liver diseases (31,34-37). We
demonstrate that the increased hepatic Shpl expression in
obese mice is likely confined to the hepatocytes, as the
nonparenchymal Shpl expressmn was not 51gmﬁcantly altered
between HFD-fed Pipn67%° and Ptpn6” mice.

1954 DIABETES, VOL. 61, AUGUST 2012

Congruent with the hypothesis that increased hepa-
tocyte Shpl expression is pathogenic in obesity, mice
lacking hepatocyte Shpl showed improved whole-body
glucose homeostasis (fasting glycemia) and were fully
protected from developing obesity-related hepatic in-
sulin resistance. This was linked to restoration of nor-
mal hepatic insulin signaling as revealed by improved IR
tyrosine phosphorylation and Akt Ser/Thr phosphoryla-
tion in obese Pipn6"" mice. Akt activation is im-
proved in isolated hepatocytes from these mice,
confirming that hepatocyte Shp1l deletion is requlred for
normalization of hepatic insulin sensitivity in Ptpn6™
animals.
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respectively. *P < 0.05 and **P < (.01 genotype difference.

As expected from hepatocyte-specific Shpl deletion, of improvement in peripheral insulin sensitivity may con-
Ptpn67E° mice displayed improved insulin-suppressed tribute to the finding of modest (SD fed) or lack of (HFD fed)
hepatic glucose output, although without any beneficial ef- ameliorations in glucose tolerance or insulin sensitivity
fects on peripheral insulin resistance in HFD-fed mice. Lack when measured after a single insulin injection. However,

diabetes.diabetesjournals.org DIABETES, VOL. 61, AUGUST 2012 1955



LIVER Ptpn6 DELETION IN GLUCOSE METABOLISM

15 0.6
A B Fasting C
==—O===Ptpn6" Glycemia
— =@ Ptpn6H-KO
S 10 or i S 04,
E 10 - =
2 <
3 ?
=}
2 51 5 ] < 02
*%
0 0 0.0
1 0.6
D 5 E O Ptpn6 F
B Ptpn6H-Ko
S 10+ * < 04-
E 15, — z
2 _ £
8 10 4 S *
5 5 2 02.
5 -
0 —_— 0 0.0 —
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
G 120
H
o 100 1 RIVIC Rate
= (Slopes of Linear Curve Fit)
®
E 80
8 60 Genotype Ptpn6”  Ptpn6H-Ko
5 4
g Mean -0.6146 -0.8551
% 40 * * = *
o ] SEM 0.0386  0.0342 ***
o 204
04/ *** P < 0.005 genotypic effect; n=6
0 10 20 30 40 50 60 70

Time (s)

FIG. 6. Insulin tolerance and hepatic insulin clearance in Ptpn6”%? and their Ptpn6” controls on the SD and HFD. Blood glucose (A and D), fasting
glycemia (B and E), and plasma insulin levels (C and F) of Ptpn6” and Ptpn6"%° mice fed the SD or HFD, respectively, during the IPITT (n = 28-29
per genotype and diet group; *P < 0.05, **P < 0.01, and ***P < 0.005 genotype difference). G: RIVIC was measured as the percentage of blood 1251
counts per minute (CPM) to the reference counts per minute at 10 s after an intravenous bolus administration of human [1 5I-insulin] in Ptpnﬁf#
and Ptpn67%° mice fed the SD. Rate of RIVIC (H) was calculated as the slope of the linear curve fit in the logged graph of G (n = 6 per genotype;
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this seemingly unaltered glucose and insulin tolerance in
mice lacking hepatocyte Shpl maybe a result of more rapid
insulin clearance rate in the absence of hepatocyte Shpl,
suggesting improved overall whole-body insulin sensitivity
as less insulin was required to achieve similar systemic
glycemia. This was confirmed in Ptpn675° mice by en-
hanced liver CC1 tyrosine phosphorylation, representing
the first direct genetic evidence that hepatocyte Shpl
plays a negative regulatory role in insulin clearance, most
likely via CC1 dephosphorylation. More data will be
needed to determine whether Shpl and CC1 regulate he-
patic insulin clearance through a Cdk2/B-catenin pathway
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as we recently reported in human embryonic kidney 293
cells (38).

It is noteworthy that insulin secretion was decreased
in HFD-fed Ptpn67%° mice and contributed to the reduc-
tion in plasma insulin levels upon glucose challenge, thus
revealing a novel regulation of B-cell insulin secretion by
hepatocyte Shpl. Such a liver-pancreas cross-talk also has
been reported in the liver-specific IR knockout mouse, where
profound hepatic insulin resistance is associated with in-
creased B-cell mass and insulin secretion (39—41). Using an
inducible liver-specific IR knockout mouse model, Escribano
et al. (42) reported that hepatic IGF-1 may be a primary
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factor driving this liver-pancreas endocrine axis. It also has
been recently reported that liver-specific IR knockout mouse
serum and liver explant- or hepatocyte-conditioned media
enhanced B-cell proliferation in isolated wild-type mouse
islets, providing further evidence that the liver is the source
of circulating B-cell growth factor(s) (43). Our studies thus
suggest that Shpl may be involved in this liver-pancreas
endocrine axis, regulating -cell function through pro-
duction of as yet unknown circulating factor(s).

It is of interest to compare the metabolic phenotypes of
our hepatocyte-specific Shpl knockout mice with that of
mice lacking PTP-1B, also an immediate PTP for the IR.
Whole-body deletion of PTP-1B was found to confer pro-
tection against HFD-mediated whole-body weight gain, in-
sulin resistance, and glucose intolerance (44). Liver-specific
PTP-1B knockout mice displayed improved glucose and
lipid homeostasis with enhanced hepatic insulin action (45).
However it is unlikely that hepatocyte PTP-1B modulates
hepatic insulin clearance as we have seen in Ptpn675°
mice, because we have shown that CC1 is a substrate of
Shpl but not of PTP-1B in dephosphorylation assays in
vitro (19).

In conclusion, the current study using Ptpn67%° mice
provide genetic evidence that hepatocyte Shpl is a novel
mediator of hepatic insulin resistance through impairment
of liver IR signaling for glucose metabolism. Moreover,
Shpl is overexpressed in other key tissues involved in
glucose metabolism such as skeletal muscle and adipose
tissue of obese mice. Taken together our data suggest that
Shpl represents a novel therapeutic target for obesity-
linked diabetes.
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