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Protein tyrosine phosphatase 1B (PTP1B) is a key reg-
ulator of metabolism and cell growth by its ability to
dephosphorylate tyrosine kinase receptors and mod-
ulate the intensity of their signaling cascades. Because
liver regeneration involves tyrosine phosphoryla-
tion–mediated signaling, we investigated the role of
PTP1B in this process by performing partial hepatec-
tomy in wild-type (PTP1B�/�) and PTP1B-deficient
(PTP1B�/�) mice. The expression of PCNA and cy-
clins D1 and E (cell proliferation markers) was en-
hanced in PTP1B�/� regenerating livers, in parallel
with 5=-bromo-2=-deoxyuridine incorporation. Phos-
phorylation of JNK1/2 and STAT3, early triggers of
hepatic regeneration in response to TNF-� and IL-6,
was accelerated in PTP1B�/� mice compared with
PTP1B�/� mice. These phosphorylations were in-
creased in PTP1B�/� hepatocytes or by silencing
PTP1B in wild-type cells and decreased further after
the addition of recombinant PTP1B. Enhanced EGF–
and HGF receptor–mediated signaling was observed
in regenerating livers lacking PTP1B and in EGF- or
HGF–stimulated PTP1B�/� hepatocytes. Moreover,
PTP1B�/� mice displayed a more rapid increase in
intrahepatic lipid accumulation than PTP1B�/� con-
trol mice. Late responses to partial hepatectomy re-
vealed additional divergences because stress-medi-
ated signaling was attenuated at 24 to 96 hours in
PTP1B�/� mice compared with PTP1B�/� mice. Fi-

nally, PTP1B deficiency also improves hepatic regen-
eration in mice fed a high-fat diet. These results sug-
gest that pharmacological inhibition of PTP1B would
improve liver regeneration in patients with acute or
chronic liver injury. (Am J Pathol 2011, 178:1591–1604;

DOI: 10.1016/j.ajpath.2010.12.020)

The protein tyrosine phosphatase 1B (PTP1B) is a widely
expressed nonreceptor PTP that is associated with the en-
doplasmic reticulum and other intracellular membranes via
a hydrophobic interaction of its C-terminal 35–amino acid
targeting sequence.1 Protein tyrosine phosphatase 1B is a
key regulator of metabolism and cell growth by its ability to
dephosphorylate receptors of the tyrosine kinase superfam-
ily and modulate the duration and intensity of the signals
emerging from these activated receptors. As demonstrated
by genetic and biochemical approaches, PTP1B dephos-
phorylates and inactivates the epidermal growth factor re-
ceptor (EGFR),2 the platelet-derived growth factor recep-
tor,3 the hepatocyte growth factor receptor (HGFR),4 the
insulin receptor (IR),5 and the insulin-like growth factor-1
receptor.6 All of them are implicated in the control of prolif-
eration, survival, and/or metabolic functions of hepato-
cytes7,8 and many other cellular models.

Protein tyrosine phosphorylation plays key roles in many
physiological processes and is deregulated in pathological
conditions. Hepatocyte proliferation is induced by different
mitogens, including HGF and ligands of the EGFR.9,10 Thus,
rapid activation of EGFR and HGFR promotes cellular
replication during liver regeneration after partial hepate-
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ctomy (PH). This is a unique process that requires the
re-entry of quiescent hepatocytes into the cell cycle to
proliferate and, therefore, restore the original liver mass
after surgery.11,12 More important, cell cycle progression
induced by growth factors after PH is preceded by a prim-
ing step in which the pro-inflammatory cytokines tumor ne-
crosis factor-� (TNF-�) and IL-6 activate nuclear factor �B,
activator protein-1, and signal transducer and activator of
transcription 3 (STAT3) transcription factors, resulting in the
G0 to G1 transition triggering the complex regeneration of
liver mass.13–15 Binding of IL-6 to its receptor is followed by
homodimerization of the 130-kDa transmembrane signal
transducing component (gp130) and stimulates the tyrosine
kinase activity of the Janus-associated kinase. Activated
Janus-associated kinase then phosphorylates the associ-
ated gp130 and STAT3 on the Tyr705 residue.16 Thus, like
EGFR- and HGFR-mediated signaling, tyrosine phosphory-
lation is essential for IL-6–mediated mitogenic effect in
hepatocytes. More recently, dephosphorylation of the
Tyr705 residue of STAT3 was elicited by PTP1B.17 Finally,
on completion of the repair process and restoration of liver
mass, hepatocyte proliferation is inhibited, most likely
through transforming growth factor (TGF) � and activin sig-
naling.18

Extensive analysis of the PTP1B-deficient (PTP1B�/�)
mice has confirmed that the IR is a key physiological
target of PTP1B.19,20 In fact, PTP1B inhibition is actually
being assayed as a potential therapy for type 2 diabetes
mellitus. Despite the negative modulation of activation of
receptors of the tyrosine kinase superfamily by PTP1B,
PTP1B�/� mice lack any obvious signs of increased ac-
tivity of these receptors, such as susceptibility to tumor
development through life. However, the role of PTP1B in
the regulation of the mitogenic capacity of the regener-
ating liver in response to physiological activators of ty-
rosine phosphorylation–mediated signaling cascades re-
mains unexplored. Accordingly, in the present article, we
performed PH in wild-type (PTP1B�/�) and PTP1B�/�

mice and analyzed the hepatic proliferation rate and the
early and late signaling pathways that are activated
through regeneration. We demonstrated by in vivo and in
vitro experiments that PTP1B plays an essential role in the
modulation of multiple signaling pathways that trigger
hepatocyte proliferation in response to PH and in the
control of the termination phase of hepatic regeneration.

Materials and Methods

PH in Mice

Animals used in the current study were male PTP1B�/�

and PTP1B�/� mice, aged 10 to 14 weeks, on a mixed
genetic background (129 SV � C57/BL6), as described
previously.21 Animals included in the study were con-
trolled following the recommendations of the Federation
of European Laboratory Animal Science Associations on
health monitoring; use of animals in experimental proce-
dures was approved by the Consejo Superior de Inves-
tigaciones Científicas Animal Care and Use Committee.

Mice were fed a standard chow diet or a high-fat diet (HFD)
(TD-88137; Harland-Teklad, Boxmeer, The Netherlands).
Three groups of seven mice of both genotypes were fed
with an HFD for 12 weeks from weaning. Mice were sub-
jected to a standard 70% PH during isoflurane anesthesia,
as described by Higgins and Anderson22 and adapted to
mice.23 The remaining livers were collected between 0.5
hours and 7 days after PH. The livers were removed,
weighed, and normalized to body weight. Samples of tissue
were rinsed in ice-cold PBS and frozen immediately in liquid
nitrogen or fixed in 4% paraformaldehyde for immunohisto-
chemistry analysis.

Metabolic Measurements

For fed and fasting (20- to 24-hour fast) glucose deter-
minations, blood was withdrawn from the tail and glucose
levels were measured with a glucometer (Accu-Check
Aviva; Hoffmann-La Roche, Basilea, Switzerland). The i.p.
glucose tolerance tests were performed on mice that fasted
for 20 to 24 hours and were injected with 2 g D-glucose/kg
body weight; the blood glucose level was measured at 30,
60, 90, and 120 minutes after injection. The i.p. insulin tol-
erance tests were performed on mice that fasted for 4 hours
and were injected with 0.75 U human regular insulin/kg
body weight; the blood glucose level was measured at 30,
60, and 90 minutes after injection.

Analysis of Serum TNF-�, IL-6, and Alanine
Aminotransferase

Serum cytokines (IL-6 and TNF-�) were measured using a
commercially available kit (Multiplex Kit; Millipore, Billerica,
MA) following manufacturer’s instructions. Serum transam-
inase (alanine aminotransferase) activity was determined
with another kit (catalog No. 11832; Biosystems, Barcelona,
Spain) according to manufacturer’s instructions.

Measurement of Free Glycerol in Serum

Blood was obtained by retro-orbital bleeding, and free
glycerol contained in serum was determined by colori-
metric methods with Free Glycerol Reagent (F6428; Sig-
ma-Aldrich, Madrid, Spain).

Magnetic Resonance Images

Animals were subjected to nuclear magnetic resonance
(NMR) scan analysis in fed conditions to avoid weight
loss induced by overnight fasting. Animals were weighed,
anesthetized with isoflurane, and scanned in toto using gad-
olinium diethylenetriaminopentaacetic acid (Magnevist).
The images were acquired with a spectrometer (Bruker
Pharmascan, Bruker Biospin, Billerica, MA) (horizontal mag-
net, 7.0 T/16-cm diameter) interfaced with a workstation
operating under the Linux environment (Hewlett-Packard,
Palo Alto, CA). T2-weighted images were obtained with a
rapid acquisition with relaxation enhancement sequence in
axial or coronal orientation (Repetition Time, 3000 millisec-
onds; Inter-Echo Time, 59 milliseconds; average, 3; field of

view, 3.80 cm; acquisition matrix, 256 � 256; slice thick-
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ness, 1.50 mm). Images meet the digital imaging and com-
munications in medicine format. Fat and lean body mass
values were determined.

BrdU Labeling

For in vivo labeling, mice were injected i.p. with 150-
mg/kg 5=-bromo-2=-deoxyuridine (BrdU; Sigma-Aldrich)
and sacrificed after 3 hours. The preparation of liver
samples for immunohistochemistry assays was per-
formed as recommended by the manufacturer (G.E.
Healthcare product booklet: Amersham Cell Proliferation
Kit. Piscataway, NJ). Livers were fixed in 4% para form-
aldehyde, dehydrated, embedded in paraffin, and sec-
tioned (10 �m). Then, samples were processed following
manufacturer’s instructions. All microscopy images were
taken in an Eclipse 90i microscope (Nikon Corp., Tokyo,
Japan). Capture, management, and quantification of im-
ages were performed with software (NIS-Elements Soft-
ware; Nikon). Nuclei were identified automatically by
roundness shape threshold. The BrdU-stained nuclei
were assessed by applying color-intensity threshold.

Oil Red O Staining

Portions of regenerating liver were fixed, included in OCT
(Tissue Tek; Sakura Finetek Europe, Alphen aan den Rijn,
The Netherlands), and flash frozen in liquid nitrogen.
Tissue slices (5 �m) were stained with oil red O and
counterstained with hematoxylin.24

Homogenization and Preparation of Tissue
Extracts

Frozen livers were homogenized in 16 volumes (w/v) of
ice-cold lysis buffer [50 mmol/L Tris-HCl, 1% Triton X-100, 2
mmol/L EGTA, 10 mmol/L EDTA, 100 mmol/L NaF (sodium
fluoride), 1 mmol/L Na4P2O7 (sodium pyrophosphate), 2
mmol/L Na3VO4 (sodium orthovanadate), 100 �g/mL phe-
nylmethylsulphonyl fluoride, 1 �g/mL aprotinin, 1 �g/mL
pepstatin A, and 1 �g/mL leupeptin], using a disperser (IKA
T10 basic ULTRA-TURRAX). Extracts were kept ice cold at
all times. Liver extracts were cleared by microcentrifugation
at 40,000 � g for 40 minutes at 4°C. The supernatant was
fractionated and stored at �80°C.

Protein Determination

Protein determination was performed by the Bradford dye
method using a reagent (Bio-Rad, Berkeley, CA) and
bovine serum albumin as the standard.

Western Blot Analysis

After SDS–polyacrylamide gel electrophoresis, gels were
transferred to polyvinylidene fluoride membranes and
blocked using 5% nonfat dried milk or 3% bovine serum
albumin in 10 mmol/L Tris-HCl and 150 mmol/L NaCl (pH
7.5); they were incubated overnight with several antibod-

ies, as indicated, in 0.05% Tween 20, 10 mmol/L Tris-HCl,
and 150 mmol/L NaCl (pH 7.5). Immunoreactive bands
were visualized using enhanced chemiluminescent HRP
Western blotting (Millipore). The antibodies used in this
study were as follows: anti-human PTP1B (sc-14021),
PCNA (sc-56), cyclin D1 (sc-718), cyclin E (sc-25303),
phospho-Akt1/2/3 (sc-16646-R), Met(B-2) (sc-8057),
SMAD2/3 (sc-6032), pSMAD2/3 (sc-11769-R), TGF-�–RI
(sc-398), TGF-�–RII (sc-220), SnoN (sc-9141), plasmino-
gen activated inhibitor (PAI)-1 (sc-8979), and secondary
antibodies [goat anti-mouse (sc-2005) and goat anti-rab-
bit (sc-2004)]. These antibodies were purchased from
Santa Cruz Biotechnology, Palo Alto, CA. The Akt (9272),
phospho-c-Jun (9164), JNK (9252), phospho-JNK
(4668), phospho-STAT3 (9131), STAT3 (9132), p44/42
extracellular signal-regulated kinases (ERK) (9102),
phospho-p44/42 ERK (9101), phospho-Met (3129), phos-
pho-AMP-activated protein kinase (AMPK) (2531), AMPK
(2532), phospho-EGFR (2220), EGFR (2232), and gp130

(3732) antibodies were purchased from Cell Signaling
Technology (Danvers, MA). The anti-mouse PTP1B (07-
088) and the anti-p85� (06-195) antibodies were pur-
chased from Upstate (Millipore). The anti–�-actin anti-
body (A3854) was purchased from Sigma. The anti–
glyceraldehyde-3-phosphate dehydrogenase antibody
(AM4300) was purchased from Ambion (Austin, TX).

Primary Culture of Adult Hepatocytes

Hepatocytes were isolated from nonfasting male PTP1B�/�

and PTP1B�/� mice (aged 8 to 12 weeks) by perfusion with
collagenase, as described previously.25 Cells were plated
on 60 mm primaria dishes (Falcon; BD Biosciences, San
Jose, CA) and cultured in William’s E medium supple-
mented with 100 U/mL penicillin, 100 �g/mL streptomycin,
and 10% fetal serum for 48 hours. Then, cells were used for
experiments.

Immortalization of PTP1B�/� and PTP1B�/�

Neonatal Hepatocytes

The generation of immortalized PTP1B�/� and PTP1B�/�

hepatocyte cell lines is described in detail by Gonzalez-
Rodriguez et al.21 Cells were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% FS and
then used for experiments.

Quantification of Apoptotic Cells by Flow
Cytometry

After induction of apoptosis, adherent and nonadherent
cells were collected by centrifugation, washed with PBS,
and fixed with cold ethanol (70%, vol/vol). The cells were
then washed, resuspended in PBS, and incubated with
RNAse (25 �g/106 cells) for 30 min at 37°C. After addition
of 0.05% propidium iodide, cells were analyzed by flow
cytometry using a FacsCanto (Becton Dickinson, Franklin

Lakes, NJ).
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Transient Transfection with Small-Interfering
RNA

The small-interfering RNA (siRNA) oligonucleotide was
synthesized by Dharmacon RNAi Technologies (Thermo
Fisher Scientific, Waltham, MA) for gene silencing of
mouse PTP1B. Wild-type immortalized hepatocytes or the
HuH-7 human liver cancer cell line (JCRB Cell Bank,
JCRB0403, JTC-39) was seeded in 6-cm dishes and
incubated at 37°C with 5% CO2 overnight. When 40% to
50% confluence was reached, cells were transfected with
75-nmol/L PTP1B siRNA or a scrambled control siRNA,
following the manufacturer’s protocol (Dharmacon RNAi
Technologies protocol circular; DharmaFECT General
Transfection Protocol, Lafayette, CO). After 48 hours,
cells were used for experiments.

RNA Isolation and Analysis of IR A and B
Isoforms by PCR

Total RNA was isolated from approximately 100 mg of
mouse liver using a reagent (TRIzol; Invitrogen, Carlsbad,
CA). To analyze mouse and IR A isoform (IRA) and IR B
isoform (IRB) in regenerating livers by PCR, 5 �g of total
RNA was primed with oligo(dT) in the presence of murine
mammary tumor virus reverse transcriptase (Invitrogen)
to synthesize cDNA. The samples were diluted fivefold,
and 5% of the total volume was used for subsequent
PCR. The primers used were as follows: mouse IR exon 11,
5=-ATCAGAGTGAGTATGACGACTCGG-3= (forward) and
5=-TCCTGACTTGTGGGCACAATGGTA-3= (reverse). The
PCR reactions were performed as described.26 For ampli-
fication of mouse �-actin, the primers used were as
follows: 5=-GGTATGGAATCCTGTGGCATCCATGAAA-3=
(forward) and 5=-GTGTAAAACGCAGCTCAGTAACAG-
TCC-3= (reverse). Reaction products were resolved on 2%
agarose gels.

Real-Time PCR

The PTP1B�/� and PTP1B�/� immortalized hepatocytes
were grown to 80% confluence and then stimulated with
TGF-� (5 ng/mL) for several periods. Total RNA (1 �g),
extracted with reagent (TRIzol), was reverse transcribed
using a first-strand synthesis system (SuperScriptTM III)
following the indications of the manufacturer (Invitrogen).
Real-time PCR was conducted with SYBR Green (Applied
Biosystems, Foster City, CA) on a real-time PCR system
(MyiQ; Bio-Rad). The primers used were as follows:
PAI-1, 5=-CGGCAGATCCAAGATGCTATG-3= (forward)
and 5=-GACCAGCTCTAGGTCCCGCT-3= (reverse);
and 36B4, 5=-AGATGCAGCAGATCCGCAT-3= (forward)
and 5=-GTTCTTGCCCATCAGCACC-3= (reverse). The
PCR thermocycler parameters were 94°C for 3 minutes;
40 cycles of 94°C for 20 seconds, 60°C for 20 seconds,
and 72°C for 20 seconds; and a final cycle of 72°C for 5
minutes. Each sample was run in duplicate and was
normalized with the expression of 36B4. The fold induc-
tion was determined using ��Ct-based fold change cal-

culations. The relative quantity is as follow: 2 - ��Ct.
Analysis of PTP1B-Mediated Dephosphorylation

The PTP1B�/� hepatocytes were stimulated with TNF-�
(10 ng/mL) and IL-6 (10 ng/mL) for 10 minutes and EGF
(20 ng/mL) or HGF (25 ng/mL) for 30 minutes and imme-
diately homogenized in buffer containing 20 mmol/L im-
idazole-HCl, 2 mmol/L EGTA, and 2 mmol/L EDTA (pH
7.0), supplemented with protease inhibitors (10 �g/mL
leupeptin, 10 �g/mL aprotinin, and 1 mmol/L phenylmeth-
ylsulfonyl fluoride). Samples were sonicated three times
for 15 seconds at 1.5 mA, and lysates were clarified by
centrifugation at 12,000 � g for 10 minutes. After protein
content determination, 60 �L of cell lysates (1 �g/mL)
was incubated with 10 U recombinant PTP1B (Upstate
and Millipore) for 30 minutes at 37°C. Then, the reaction
was discontinued by adding LaemmLi buffer and sam-
ples were analyzed by Western blotting.

Data Analysis

Data are expressed as mean � SEM. Comparisons be-
tween groups were made using one-way analysis of vari-
ance. Differences were considered statistically significant at
P � 0.05. The data were analyzed by a computer program
(SPSS for Windows statistical package, version 9.0.1).

Results

Increased Liver/Body Weight Ratio and
Hepatocyte Proliferation after PH in PTP1B�/�

Mice

To investigate the role of PTP1B in liver regeneration in
vivo, we performed 70% PH on 10- to 14-week-old male
PTP1B�/� and PTP1B�/� mice. Before PH, there was no
significant difference in the liver/body weight ratio be-
tween PTP1B�/� and PTP1B�/� mice (Figure 1A). How-
ever, the liver/body weight ratio was persistently higher in
mice lacking PTP1B from 36 hours to 7 days after PH
(Figure 1B). After surgery, liver mass is restored predom-
inantly by the proliferation of existing hepatocytes. By
using BrdU incorporation studies, we found increased
liver cell proliferation in PTP1B�/� mice compared with
PTP1B�/� mice (Figure 1, C and D). In mice of both
genotypes, proliferating hepatocytes were almost unde-
tectable before PH. Proliferation peaked 48 hours after
PH in both genotypes of mice, but the percentage of
BrdU-labeled cells was higher in PTP1B�/� mice. At 96
hours after surgery, the number of proliferating cells re-
mained elevated in PTP1B�/� mice. To confirm further
our findings, additional markers for cell cycle progression
were analyzed. PCNA is an auxiliary protein of DNA
polymerase delta. Its expression is cell cycle depen-
dent, being detected in late G1 and remaining in-
creased throughout the S phase and into the early
postreplicative G2 period.27 The PCNA levels in-
creased at 48 hours after PH in both genotypes of mice
(Figure 1E). However, the magnitude of induction was
significantly higher in the absence of PTP1B. The

PCNA levels declined at 96 hours after PH in both
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genotypes of mice. Moreover, the induction of cyclins
D1 and E after PH occurred at 36 hours in regenerating
liver lacking PTP1B compared with the PTP1B�/� mice
that elicited this response at 48 hours.

Our recent data have demonstrated increased expres-
sion of the IRA and, therefore, an increased IRA/IRB
isoform ratio in the livers of PTP1B�/� mice in the suck-
ling period, a stage related to high hepatocyte prolifera-
tion.28 Because IRA represents the predominant isoform
in proliferative cells,29 we analyzed the pattern of IR iso-
forms after PH. Before surgery, adult liver expressed
mostly the IRB isoform28 (Figure 1F). However, regener-
ating livers lacking PTP1B re-expressed IRA 24 hours
after PH; in PTP1B�/� mice, a slight increase in IRA was

detected at 48 hours. Altogether, these findings demon-
strated that livers of PTP1B�/� mice can regenerate more
efficiently than those of PTP1B�/� controls.

Effect of PTP1B Deficiency on the TNF-�– and
IL-6–Mediated Early Responses after PH

The early events that occur in response to PH are medi-
ated, in part, by a rapid increase in serum TNF-� and
IL-6, triggering the activation of cytokine-mediated sig-
naling pathways in regenerating liver.12,30 These pro-
inflammatory cytokines are key players of the priming
step, resulting in G0 to G1 transition and survival of liver
parenchymal cells. Serum levels of TNF-� peaked at 2
hours after PH in PTP1B�/� mice, whereas maximum

Figure 1. Increased liver/body weight ratio and
hepatocyte proliferation after PH in PTP1B�/�

mice. A: Comparison of liver/body weight ratio
in PTP1B�/� and PTP1B�/� mice. Results are
given as the mean � SEM (n � 9–11). B: The PH
was performed in PTP1B�/� and PTP1B�/�

mice, and regenerating livers were removed at
the indicated periods. The liver regeneration in-
dex (liver/body weight ratio) at the indicated
periods after PH was calculated. Results are
given as the mean � SEM (n � 6–7). *P � 0.05;
**P � 0.01 for PTP1B�/� versus PTP1B�/� mice.
C: Quantification of BrdU-positive nuclei in re-
generating livers from PTP1B�/� and PTP1B�/�

mice at 24 to 96 hours after PH. Values are given
as the mean � SEM (n � 4–6). D: Representa-
tive microscopic images of BrdU incorporation
at 48 and 96 hours after PH. The BrdU-positive
nuclei are indicated by arrows. Original magni-
fication, �10. E: Total protein (50 �g) was ana-
lyzed by Western blot, with the antibodies
against PCNA, cyclins D1 and E, and �-actin as a
loading control. Representative autoradiograms
from three independent experiments with simi-
lar results are shown. F: Total RNA was isolated
from regenerating livers from each genotype,
and RT-PCR was performed as described in the
corresponding section of Materials and Meth-
ods. The IR-deficient immortalized neonatal
hepatocytes reconstituted with IRA were used as
the control for the IRA isoform. RT-PCR with
mouse �-actin primers was performed as a load-
ing control. A representative experiment is
shown. Similar results were obtained in two in-
dependent series of each genotype of mice.
levels of this cytokine were reached at 4 hours in
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PTP1B�/� mice (Figure 2A). Likewise, serum levels of
IL-6 were higher in PTP1B�/� mice, reaching a signif-
icant difference at 6 hours after PH. In regenerating
liver, TNF-�–mediated JNK and c-Jun phosphoryla-
tions were maximal 2 hours after PH in both genotypes
of mice. However, these responses were higher in the
absence of PTP1B (Figure 2B). Similarly, IL-6 –induced
phosphorylation of STAT3 was enhanced in PTP1B�/�

regenerating liver compared with the PTP1B�/� liver.

Figure 2. Effect of PTP1B deficiency on the TNF-�– and IL-6–mediated early
responses after PH. The PH was performed in PTP1B�/� and PTP1B�/� mice,
and liver and serum samples were collected at the indicated periods. A: Serum
levels of TNF-� (left) and IL-6 (right) after PH. Results are given as the mean �
SEM (n � 4–6). *P � 0.05 for PTP1B�/� versus PTP1B�/� mice. B: Western blot
analysis of regenerating livers was performed in PTP1B�/� and PTP1B�/� mice
at the indicated periods. Total protein (50 �g) was analyzed by Western blot with
the antibodies against phospho-JNK (Thr183/Tyr185), JNK, phospho-c-Jun
(Ser73), phospho-STAT3 (Tyr705), and STAT3. Representative autoradiograms
of three independent series of PH in each genotype are shown.

Figure 3. The PTP1B�/� hepatocytes are hypersensitive to TNF-�– and IL-6
stimulated with 10-ng/mL TNF-� for the indicated periods. Control cells wer
lysed and 50 �g of total protein was analyzed by Western blot with antib
phospho-ERK (pERK) (Thr202/Tyr204), and ERK. Right: Immortalized PTP1
hours, cells were stimulated with 10-ng/mL TNF-� or left untreated. Total pro
representative of two independent experiments. B: Left: Primary hepatocytes
periods. Control cells were maintained in the absence of cytokines. At the e
Western blot with antibodies against phospho-STAT3 (pSTAT3) (Tyr705), ST

were transfected with PTP1B or scramble siRNA oligos. After 48 hours, cells were sti
Western blot with the indicated antibodies. Representative autoradiograms are show
PTP1B�/� Hepatocytes Are Hypersensitive to
TNF-�– and IL-6–Mediated Signaling

To determine whether the increased responses to pro-
inflammatory signaling in regenerating liver are a direct
consequence of PTP1B inhibition, we treated primary
hepatocytes from both genotypes of mice with TNF-� or
IL-6 for several periods; then, the phosphorylation of JNK
and STAT3 was analyzed. Tumor necrosis factor-�–in-
duced JNK phosphorylation was enhanced and more
sustained in PTP1B�/� primary hepatocytes compared
with PTP1B�/� controls (Figure 3A). To obtain further sup-
port for ERK mediation of the TNF-� action, we examined its
activation during the same experimental conditions. Treat-
ment with TNF-� led to increased and prolonged ERK phos-
phorylation in PTP1B�/� hepatocytes. To reinforce these
data, immortalized wild-type hepatocytes were transfected
with PTP1B or scrambled siRNA oligos and stimulated with
TNF-�. Silencing of PTP1B in wild-type cells resulted in
increased JNK and ERK phosphorylations in response to
TNF-�. Similarly, IL-6 stimulation led to a transient increase
in STAT3 and ERK phosphorylation in primary hepatocytes
from PTP1B�/� mice that was enhanced in PTP1B�/�

hepatocytes or immortalized PTP1B�/� cells transfected
with the PTP1B siRNA oligo (Figure 3B).

PTP1B Decreased TNF-�–Induced JNK
Phosphorylation in Human and Mouse
Hepatocytes

Next, in human liver cells (HuH-7), we investigated the
effect of PTP1B silencing on JNK and STAT3 phosphor-
ylation after stimulation with TNF-� and IL-6, respectively.
Figure 4A shows that, in HuH-7 cells, both JNK and
STAT3 phosphorylations, in response to TNF-� and IL-6
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stimulation, respectively, were increased when the ex-
pression of PTP1B was reduced by siRNA. Because JNK
contains the dual phosphorylation motif Thr-Pro-Tyr,31

and our results demonstrated that PTP1B deficiency in-
creased TNF-�–induced JNK phosphorylation in mouse
and human hepatocytes, we analyzed whether PTP1B
directly dephosphorylates JNK in liver cells. For this goal,
PTP1B�/� hepatocytes were stimulated with TNF-� (10
ng/mL) for 10 minutes, when phosphorylation on Thr183/
Tyr185 residues was maximally induced (Figure 3A).
Then, cell lysates were incubated with purified PTP1B,
and JNK phosphorylation was analyzed with the phos-
pho-specific antibody recognizing Tyr185. The TNF-�–
induced phosphorylation of JNK was decreased dramat-
ically in the presence of active PTP1B (Figure 4B).
Similarly, PTP1B reduced IL-6–induced phosphorylation
of Tyr705 residue of STAT3, a well-known substrate of this
phosphatase.17

Increased EGFR and HGFR Tyrosine
Phosphorylation in Livers of PTP1B�/�

Mice after PH

After priming, hepatocyte proliferation is regulated by dif-
ferent mitogens, including HGF and ligands of the EGFR
that are required for liver cell progression through the cell
cycle. Both HGFR and EGFR are members of the PTP1B
substrate family.3 Thus, we hypothesized that tyrosine
phosphorylation of these receptors would be increased im-
mediately after PH in the livers of PTP1B�/� mice compared
with controls. To test this hypothesis, we performed Western
blot analysis with anti–phospho-specific antibodies that rec-
ognize the activated forms of EGFR or HGFR. The early
induction of EGFR tyrosine phosphorylation was prolonged
more in regenerating livers lacking PTP1B (Figure 5A).
Moreover, HGFR tyrosine phosphorylation peaked at 0.5

Figure 4. The PTP1B decreased TNF-induced JNK phosphorylation in human
or scramble (scr) siRNA oligos for 48 hours before TNF-� or IL-6 stimulation. Th
antibodies. A representative Western blot is shown. Autoradiograms correspond
show arbitrary units of JNK and STAT3 phosphorylation, and average PTP1B lev
for HuH-7 cells transfected with the PTP1B siRNA versus cells transfected with sc
or IL-6 for 10 and 30 minutes, respectively; 60 �L of cell lysates (1 �g/�L) was in
were analyzed by Western blot. As a loading control, membranes were bl
Autoradiograms corresponding to three independent experiments were quantifi
phosphorylation and are the mean � SEM. *P � 0.05 for PTP1B�/� hepatocyt
hours after PH in both genotypes of mice, but the response
was enhanced in PTP1B�/� mice. Downstream from these
activated receptors, Akt and ERK signaling cascades were
subsequently activated. Although no differences in the
course of ERK phosphorylation after PH were observed
between both genotypes of mice, Akt phosphorylation was
transiently activated at 0.5 hours in the PTP1B�/� mice, but
it was maintained up to 6 hours in regenerating livers from
PTP1B�/� mice.

Increased EGFR- and HGFR-Mediated Akt and ERK
Signaling and Proliferation in PTP1B�/� Hepatocytes

To substantiate the results obtained in vivo, we prepared
primary hepatocytes from PTP1B�/� and PTP1B�/� mice
and analyzed the magnitude of EGFR- and HGFR-mediated
signaling. Stimulation with EGF induced a rapid increase in
EGFR tyrosine phosphorylation in primary hepatocytes from
both genotypes of mice, with a more pronounced response
in cells lacking PTP1B (Figure 5B). In PTP1B�/� hepato-
cytes, EGF-induced phosphorylation of EGFR was de-
creased dramatically in the presence of active PTP1B (see
Supplemental Figure S1 at http://ajp.amjpathol.org). As ex-
pected, Akt phosphorylation was enhanced in EGF-stimu-
lated PTP1B�/� hepatocytes, whereas only a slight in-
crease in the activation of ERK was observed in the
absence of the phosphatase. Similar results were found in
immortalized hepatocytes transfected with the PTP1B
siRNA oligonucleotide (Figure 5C). Regarding HGF-medi-
ated signaling, the phosphorylation of HGFR was markedly
increased in HGF-stimulated PTP1B�/� primary hepato-
cytes compared with controls (Figure 5B). Again, in
PTP1B�/� hepatocytes, HGF-induced phosphorylation of
HGFR was decreased dramatically in the presence of
active PTP1B (see supplemental Figure S1 at http://ajp.
amjpathol.org). Downstream HGFR Akt phosphorylation was
higher in HGF-stimulated PTP1B�/� primary hepatocytes or

use hepatocytes. A: The HuH-7 human liver cells were transfected with PTP1B
horylation of JNK (pJNK) and STAT3 (pSTAT3) was analyzed with the indicated
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oligonucleotide than that of the corresponding controls (Fig-
ure 5, B and C). The ERK phosphorylation in response to
HGF was pronounced more in cells lacking PTP1B by either
genetic manipulation or RNA interference. Finally, we ana-
lyzed the effect of growth factors and cytokines on hepato-
cyte proliferation. For this goal, PTP1B�/� and PTP1B�/�

hepatocytes were stimulated with EGF or HGF alone or in
combination with TNF-� and IL-6; the percentage of cells in
the S phase of the cell cycle was analyzed. As shown in
Figure 5D, the increase in the percentage of proliferating
cells elicited by EGF or HGF was higher in hepatocytes
lacking PTP1B than in the PTP1B�/� control in either the
absence or presence of priming cytokines.

Effect of PTP1B Deficiency on Hepatic Lipid
Accumulation during Liver Regeneration
After PH, transient hepatic steatosis occurs during liver

regeneration to provide energy fuel to support cell
proliferation and tissue regrowth.32 Thus, we deter-
mined whether PTP1B deficiency affects the hepato-
cellular lipid accumulation in regenerating liver. Stain-
ing of liver sections with oil red O revealed that hepatic
fat content was similar in the livers of both genotypes of
mice before surgery (Figure 6A). However, PTP1B�/�

mice accumulated more fat in the liver at an earlier
period (12 hours) after PH compared with PTP1B�/�

controls; they accumulated lipids maximally at 24
hours. No differences in intrahepatic lipid accumula-
tion were found between the two genotypes of mice at
36 and 48 hours after PH. Moreover, differential release
of fatty acids from white adipose tissue deposits after
PH, measured by serum free glycerol levels, was ob-
served at 12 hours, with higher values in PTP1B�/�

mice (Figure 6B). These results indicate that the lack of
PTP1B has beneficial effects on hepatic lipid homeo-

Figure 5. Increased EGFR- and HGFR-mediated
signaling in hepatocytes and regenerating livers
of PTP1B�/� mice. A: The PH was performed in
PTP1B�/� and PTP1B�/� mice, and regenerat-
ing livers were removed at the indicated periods.
Total protein (50 �g) was analyzed by Western
blot with the antibodies against phospho-EGFR
(pEGFR) (Tyr1086), phospho-HGFR (pHGFR)
(Tyr1234/1235), HGFR, phospho-Akt (Akt)
(Ser473), Akt, phospho-ERK (pERK) (Thr202/
Tyr204), and ERK. Representative autoradio-
grams of three independent series of PH in each
genotype are shown. B: Primary hepatocytes
(PTP1B�/� and PTP1B�/�) were serum starved
for 4 hours and then stimulated with 20-ng/mL
EGF (left) or 30-ng/mL HGF (right) for the in-
dicated periods. Control cells were maintained
in the absence of growth factors. At the end of
the culture time, cells were lysed and 50 �g of
total protein was analyzed by Western blot with
the indicated antibodies. Representative autora-
diograms are shown. Similar results were ob-
tained in two independent series of experi-
ments. C: Immortalized PTP1B�/� hepatocytes
were transfected with PTP1B or scramble siRNA
oligos. After 48 hours, cells were serum starved for
4 hours and stimulated with 20-ng/mL EGF (left)
or 30-ng/mL HGF (right), as described in B, or left
untreated. Total protein was analyzed by Western
blot with the indicated antibodies. Results shown
are representative of two independent experi-
ments. D: Immortalized PTP1B�/� and PTP1B�/�

hepatocytes were grown to 60% to 70% conflu-
ence and serum deprived for 20 hours. Then, cells
were stimulated with TNF-� (10 ng/mL) (T), IL-6
(10 ng/mL) (I), EGF (20 ng/mL) (E), or HGF (30
ng/mL) (H), either alone or in combination, for a
further 24 hours (control: C). At the end of the
culture time, the percentage of cells in the S phase
of the cell cycle was analyzed by flow cytometry,
as described in the respective section in Materials
and Methods. Results are given as the mean � SEM
(n � 4–8). *P � 0.05 for PTP1B�/� versus
PTP1B�/� cells.
stasis during liver regeneration.
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Decreased Pro-Inflammatory Signaling and
Sustained Activation of Akt and ERK in the Late
Phase of Liver Regeneration in PTP1B�/� Mice

Overactivation of JNK at late periods after PH impairs
liver regeneration.33 Therefore, we analyzed JNK phos-
phorylation at 24 to 96 hours after surgery in both geno-

Figure 6. Effect of PTP1B deficiency on hepatic lipid accumulation during
liver regeneration. Mice were subjected to PH and allowed to recover for 12
to 48 hours. A: Oil red O staining of liver sections from PTP1B�/� and
PTP1B�/� mice at the indicated periods after PH. Original magnification,
�10. B: Serum levels of free glycerol after PH. Results are given as the
mean � SEM. *P � 0.05 for PTP1B�/� versus PTP1B�/� mice.
types of mice. Phosphorylated JNK was detectable 24
hours after PH in PTP1B�/� mice, coincident with a sec-
ond phase of ERK activation (Figure 7A, left). However,
JNK and c-Jun remained phosphorylated at 48 to 96
hours after PH, when ERK phosphorylation returned to
basal levels. However, during this period, late JNK and
c-Jun phosphorylations were almost undetectable in
PTP1B�/� mice, despite the sustained ERK phosphory-
lation (72 to 96 hours). Moreover, activation of Akt was
maximal at 36 hours after PH in PTP1B�/� mice and
declined thereafter, but activation was also maintained
from 24 to 96 hours after PH in PTP1B�/� mice. Neither
the presence of apoptotic cells quantified by terminal
deoxynucleotidyl transferase–mediated dUTP nick-end

Figure 7. Decreased pro-inflammatory signaling and TGF-�–mediated ef-
fects during the late phase of liver regeneration in PTP1B�/� mice. A: Left:
Western blot analysis of regenerating livers was performed in PTP1B�/� and
PTP1B�/� mice at the indicated periods with the antibodies against phos-
pho-JNK (pJNK) (Thr183/Tyr185), JNK, phospho-c (pc)–Jun (Ser73), phos-
pho-Akt (pAkt) (Ser473), Akt, phospho-ERK (pERK) (Thr202/Tyr204), and
ERK. Representative autoradiograms of three independent series of PH in
each genotype are shown. Right: Serum alanine aminotransferase activity at
different periods after PH. Results are given as the mean � SEM (n � 4–8).
*P � 0.05 for PTP1B�/� versus PTP1B�/� mice. B: Representative Western
blot analysis of regenerating livers with antibodies against SnoN, phospho-
Smad2 (Ser465/467)/Smad3 (Ser423/425) (pSmad2/3), Smad2/3, PAI-1, and
�-actin as a loading control. Quantification of SnoN and pSmad2/3 from three
independent animals in each period was normalized with �-actin or total
Smad2/3, respectively. *P � 0.05; **P � 0.01 for PTP1B�/� versus PTP1B�/�

mice. C: Constitutive expression of SnoN in wild-type (Wt), PTP1B�/� (KO),
and PTP1B�/�rec (KOrec) immortalized hepatocytes. GAPDH indicates glyc-
eraldehyde-3-phosphate dehydrogenase. D: mRNA levels of PAI-1 were
measured by real-time PCR in immortalized PTP1B�/� and PTP1B�/� hepa-
tocytes stimulated with TGF-� (5 ng/mL) for several periods. Results are

�/�
given as the mean � SEM (n � 6). **P � 0.001 for PTP1B versus
PTP1B�/� cells.
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labeling nor the activation of caspase-3 was found from
24 to 48 hours after PH in both genotypes of mice (results
not shown). In addition, analysis of the serum alanine
aminotransferase level revealed that, although the initial
hepatocytolysis at 6 to 12 hours after PH was similar in
both genotypes of mice, the serum transaminase level
decreased more rapidly along the regeneration process
in PTP1B�/� mice (Figure 7A, right).

PTP1B Deficiency Up-Regulates the TGF-�
Inhibitor SnoN and Delays Termination of Liver
Regeneration

Termination of liver regeneration is an important check-
point that triggers feedback inhibition of growth factors
and cytokine-mediated signaling pathways to regulate
liver size. Transforming growth factor � via Smad is the
main antiproliferative factor within the liver and, therefore,
inhibitors of the TGF-�–Smad pathway, such as Ski-re-
lated novel gene (SnoN) and Ski, are up-regulated during
regeneration.34 Because liver regeneration was in-
creased at late periods after PH in PTP1B�/� mice com-
pared with the PTP1B�/� controls (Figure 1), we ana-
lyzed the expression of SnoN along this process. Figure
7B shows that increased SnoN levels were detected
within 36 to 72 hours after PH in PTP1B�/� mice, de-
creasing thereafter. The SnoN level was up-regulated in
PTP1B�/� livers before surgery and remained highly el-
evated until 72 hours after PH. In agreement with this
finding, the expression of PAI-1, a TGF-� target, in-
creased after PH, reaching a maximum at 48 hours in
PTP1B�/� mice. However, it was decreased substantially
and its induction was delayed in PTP1B�/� regenerating
livers. In contrast, TGF-�–mediated upstream signaling,
measured by Smad2/3 phosphorylation normalized with
total Smad2/3 content, was unexpectedly up-regulated in
PTP1B�/� livers before and during regeneration. Up-
stream of Smad, the expression of TGF-� receptors I and
II followed the pattern described during liver regeneration
in the PTP1B�/� mice35; however, in mice lacking PTP1B,
the expression of both receptors remained elevated up to
96 hours after PH. In vitro, the constitutive expression of
SnoN was higher in PTP1B�/� immortalized hepatocytes
compared with the controls and decreased further by
stable reconstitution of PTP1B�/� cells with wild-type
PTP1B (Figure 7C). To substantiate these results, we
stimulated immortalized hepatocytes from both geno-
types with TGF-� for several periods and the expression
of PAI-1 was analyzed by real-time PCR. Figure 7D shows
that mRNA levels of PAI-1 were decreased in TGF-�–
stimulated PTP1B�/� hepatocytes, probably because of
higher SnoN expression.

PTP1B Deficiency Protects from Diet-Induced
Steatosis and Improves Hepatic Regeneration
during HFD Conditions

Experiments performed in genetic-based and HFD-in-
duced murine models have shown that pre-existing

steatosis significantly impairs liver regeneration after
PH.36 –38 Because PTP1B�/� mice are protected from
HFD-induced insulin resistance and obesity, the latter
because of enhanced sensitivity to leptin actions in the
brain,39 we investigated the presence of fat accumulation
in the liver in both genotypes of mice fed an HFD for 12
weeks immediately after weaning. The protection of
PTP1B deficiency against obesity and insulin resistance
in our mice colony is shown in Supplemental Figure S2 (at
http://ajp.amjpathol.org). As depicted in Figure 8, A and
B, in PTP1B�/� mice fed an HFD, visceral fat mass and
total body weight were significantly decreased when
compared with PTP1B�/� mice. More important, in
PTP1B�/� mice fed an HFD, the histological analysis of
liver sections revealed the absence of hepatic steatosis
(Figure 8D, upper). Therefore, we studied the hepatic
regeneration process under these experimental condi-
tions. Analysis of the hepatosomal index revealed a sig-
nificant increase at 48 to 72 hours after PH in PTP1B�/�

mice fed an HFD compared with PTP1B�/� mice (Figure
8C). Moreover, PCNA and cyclin E peaked at an early
period in regenerating livers from HFD-fed PTP1B�/�

mice (Figure 8E). Despite the absence of hepatic steato-
sis in the livers from PTP1B�/� mice fed an HFD, intra-
hepatic lipid accumulation was assessed by oil red O
staining of liver sections from these mice at 48 hours after
PH (Figure 8D, middle and lower). These results suggest
that transient hepatic steatosis is a programmed adapta-
tion response to PH that is maintained in PTP1B�/� mice
fed an HFD. Regenerating livers from PTP1B�/� mice
showed additional lipid overload after PH during the
same period. Altogether, these results indicate that
PTP1B deficiency also improves hepatic regeneration
during HFD conditions, in parallel to the protection
against obesity and hepatic steatosis.

Discussion

Many intracellular pathways regulated by tyrosine phos-
phorylation play a role during liver regeneration.11,12,40

However, the function of negative modulators of tyrosine
kinase–mediated signaling in this complex biological pro-
cess remains largely unexplored. In this study, we inves-
tigated the role of PTP1B in liver regeneration after PH.
We found that the early responses that initiate mitogen-
esis after surgery were enhanced in PTP1B�/� mice
compared with PTP1B�/� controls. These responses are
mediated by cytokines and growth factors that stimulate
tyrosine phosphorylation of membrane-bound receptors
and/or intracellular proteins in hepatocytes. Regarding
the priming signals that trigger the exit of G0 and transi-
tion to the G1 phase of the cell cycle, activation of JNK
and STAT3 by the pro-inflammatory cytokines TNF-� and
IL-6, respectively, was enhanced in regenerating livers
from PTP1B�/� mice. This effect was mimicked by stim-
ulation of PTP1B�/� and PTP1B�/� primary hepatocytes
with TNF-� or IL-6 or transfection of murine or HuH-7
human liver cells with PTP1B siRNA, indicating that hepa-
tocytes lacking this phosphatase are hypersensitive to
cytokine-mediated signaling. Although leptin-induced

phosphorylation of the Tyr705 residue of STAT3 is de-

http://ajp.amjpathol.org
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phosphorylated by PTP1B,17 in this study we reported,
for the first time to our knowledge, a new substrate for
PTP1B, the Tyr185 residue of JNK. We excluded the
possibility of indirect effects of PTP1B deficiency, such as
the up-regulation of dual-specificity phosphatase-9
(MKP-4/DUSP-9),41 because its expression in the liver
does not differ between PTP1B�/� and PTP1B�/� mice
(results not shown). More important, the fact that JNK
phosphorylation was severely decreased in PTP1B�/�

hepatocytes reconstituted with active PTP1B indicates
that this phosphatase directly modulates the effect of
TNF-� on JNK phosphorylation in liver cells. Whether the
same effect occurs in other TNF-�–responsive tissues or
cell types remains to be investigated. Thus, the hyperac-
tivation of TNF-�– and IL-6–mediated priming cascades
in hepatocytes by PTP1B deficiency might trigger a rapid
proliferative response after PH, as discussed later. On
the other hand, circulating levels of TNF-� and IL-6 were
rapidly elevated after PH, this effect being enhanced in
the absence of PTP1B. These molecules are released by
liver macrophages (Kupffer cells), suggesting an addi-
tional new role of PTP1B in Kupffer cells that modulate the
secretion of early inducers of liver regeneration; this role
deserves further investigation.

In the second phase of liver repair, growth factors are
required for progression of hepatocytes through the cell
cycle.30 In this step, PTP1B deficiency increased tyrosine
autophosphorylation of EGFR and HGFR in hepatocytes
and regenerating liver. This result agrees with the in-
creased phosphorylation of EGFR reported in PTP1B�/�

fibroblasts,3 whereas sustained HGFR tyrosine phos-
phorylation in response to an apoptotic trigger has been
described in the livers of PTP1B�/� mice.42 Moreover,
our results revealed that PTP1B modulates the early sig-
naling pathways activated downstream of receptors of
the tyrosine kinase superfamily in hepatocytes. Thus,
phosphorylation of Akt and ERK was enhanced and/or
prolonged in the absence of this phosphatase. However,
the early responses induced in vivo after PH showed
substantial differences between the two genotypes of
mice because Akt, but not ERK, phosphorylation was
prolonged in PTP1B�/� regenerating livers. Therefore,
the absence of ERK hyperactivation during the early pe-
riods after PH in PTP1B�/� mice suggests the existence
of compensatory mechanisms that probably avoid the
dysregulation of the regenerative process. In fact, two

Figure 8. The PTP1B deficiency protects from diet-induced steatosis and
improves hepatic regeneration under HFD conditions. A: Comparison of
visceral fat mass in PTP1B�/� and PTP1B�/� mice fed an HFD for 12 weeks
after weaning. Animals were subjected to RMN scan analysis in fed condi-
tions. The images were acquired in axial or coronal orientation. B: Compar-
ison of total body weight in PTP1B�/� and PTP1B�/� mice fed an HFD for
12 weeks after weaning. Results are given as the mean � SEM (n � 8). *P �
0.05 for PTP1B�/� versus PTP1B�/� mice. C: The PH was performed in
PTP1B�/� and PTP1B�/� mice after 12 weeks of an HFD, and regenerating
livers were removed at the indicated periods. The liver regeneration index
(liver/body weight ratio) is given after PH. Results are given as the mean �
SEM (n � 8). *P � 0.05 for PTP1B�/� versus PTP1B�/� mice. D: Oil red O
staining of liver sections from PTP1B�/� and PTP1B�/� mice after 12 weeks
of HFD and at 48 to 96 hours after PH. Original magnification, �10.

E: Representative Western blot analysis with the antibodies against PCNA,
cyclins D1 and E, and
 �-actin as a loading control.
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recent articles43,44 noted that the loss of PTP1B in mouse
models of breast cancer is accompanied by attenuation
of the Ras/ERK pathway. Thus, during hepatic regener-
ation, the overall effect of cytokines and growth factors
is a coordinated response that is enhanced in the
absence of PTP1B, resulting in accelerated and/or in-
creased expression of cell cycle markers and the re-
expression of IRA.

One of the major hallmarks of liver regeneration after
PH is the programmed adaptation response that triggers
transient steatosis after surgery, with a peak before the
initial wave of hepatocyte proliferation.45 The mecha-
nisms underlying this accumulation of triglycerides in-
clude elevated fatty acid mobilization from white adipose
tissue and delivery to the liver, coupled with increased
hepatic lipogenesis.45,46 We found increased lipid accu-
mulation in PTP1B�/� regenerating livers 12 hours after
PH, in parallel with increased levels of serum free glyc-
erol, an indicator of lipolysis in white adipose tissue. The
PTP1B deficiency has tissue-specific effects on carbohy-
drate and lipid metabolism. In the liver, the lack of this
phosphatase increased insulin signaling and, therefore,
fatty acid synthesis. On the other hand, adipocytes from
PTP1B�/� mice have attenuated insulin responses be-
cause of basal activation of the mammalian target of
rapamycin complex 1, resulting in enhanced serine phos-
phorylation of insulin receptor substrate 1 by a feedback
mechanism.47 Therefore, enhanced hepatic lipogenesis
and elevated lipolysis in white adipose tissue induce a
more rapid lipid load in the liver of PTP1B�/� mice im-
mediately after PH. These metabolic adaptations might
also play a role in the enhanced regenerative response in
the liver of PTP1B�/� mice.

Notably, in hepatectomized PTP1B�/� mice, the phos-
phorylation of both JNK and c-Jun was detected at later
periods (ie, 24 hours and thereafter). In fact, the differ-
ential responses between PTP1B�/� and control mice
became most evident at 24 to 96 hours after PH. At these
later times, substantial differences were found between
wild-type and Gadd45b�/� mice; the latter displayed
overactivation of JNK and, therefore, defective hepatic
regeneration.33 It is intriguing that PTP1B�/� mice lack
the second peak of JNK activation during the 24 to 96
hours after PH (Figure 7A) because the opposite pattern
was observed during earlier periods (Figure 2B). A tem-
poral regulation of JNK activation seems critical during
liver regeneration. Thus, JNK phosphorylation immedi-
ately after PH is required for the activation of nuclear
factor �B, activator protein-1, and STAT3 transcription
factors, resulting in G0 to G1 transition11,12,30; sustained
phosphorylation at later phases might induce a pro-in-
flammatory–like milieu, with subsequent negative cross
talk with the intracellular signaling pathways activated
through regeneration. This molecular mechanism would
orchestrate the later phases of liver regeneration to mod-
ulate the termination step. Thus, it is possible that low
JNK activity, sustained Akt, and, to a lesser extent,
ERK1/2 phosphorylation at 48 to 96 hours after PH
would enhance and/or prolong hepatic regeneration in
PTP1B�/� mice. In addition, alanine aminotransferase

activity and liver regeneration indicate that the recovery
of hepatocytolysis is improved in PTP1B�/� mice. Thus,
the overall result is an improvement of the proliferative
response after PH and in cultured hepatocytes in the
absence of PTP1B.

Among the checkpoints that regulate the regenerative
process, TGF-� and related family members are well-
known antiproliferative factors within the liver.48 However,
in the early periods after PH, hepatocytes become resis-
tant to TGF-� and can proliferate despite the presence of
this cytokine secreted by stellate cells.49 More important,
levels of SnoN, an inhibitor of the TGF-�–Smad signaling
pathway, are also increased during the main proliferative
phase in regenerating liver.34 In light of these data, we
show that PTP1B deletion concurs with an increase in
SnoN expression and cell proliferation in both the in vivo
model of liver regeneration and in vitro in cultured hepa-
tocytes. In chronic kidney diseases, HGF abolished
TGF-� signaling by inducing SnoN in tubular epithelial
cells.50 Because PTP1B�/� hepatocytes are hypersensi-
tive to HGF-induced ERK phosphorylation, this effect
might explain the overexpression of SnoN in the liver of
PTP1B�/� mice before surgery. In addition, after PH,
SnoN expression is up-regulated by TGF-�/Smad2/3–
mediated signaling.34 Therefore, the maintenance of
TGF-� receptor expression up to 72 hours after PH and
the high phospho-Smad2/3 content during this period
likely contribute to the increased expression of SnoN in
regenerating livers lacking PTP1B. These results are in
agreement with the increased SnoN levels and im-
proved liver regeneration in Cav-1�/� mice, as re-
ported recently.51 More important, many human cancer
cell lines that express high levels of SnoN are refrac-
tory to TGF-�–induced growth arrest.52 Altogether,
these data suggest that PTP1B deficiency affects the
early triggers of the regenerative response after PH
and mediates gene expression related to the termina-
tion of this process. Therefore, the molecular mecha-
nism by which PTP1B modulates SnoN expression de-
serves further investigation.

The role of PTP1B as a regulator of insulin sensitivity
and body weight has been investigated extensiv-
ely.19,20,53 In this study, we show protection against the
development of hepatic steatosis together with improved
regenerative responses in PTP1B�/� mice fed an HFD
before PH. In addition to the protection against insulin
resistance and obesity,20,54 an additional benefit of
PTP1B deficiency may be the improvement of liver regen-
eration under conditions of increased lipid intake, as
demonstrated herein by accelerated or increased induc-
tion of S-phase markers and an increased hepatosomal
index compared with wild-type controls. In clinical situa-
tions, obese patients with fatty livers, who frequently de-
velop insulin resistance, tend to have poor outcomes
after resection or liver transplantation.55 Thus, our results
suggest that, in addition to the amelioration of hepatic
steatosis, PTP1B inhibitors could have additional thera-
peutic utility in these individuals with respect to the im-
provement of liver regeneration after PH.

In conclusion, the results presented herein have re-
vealed an essential role of PTP1B in the response to

cytokines/growth factors that initiate hepatic regeneration
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and in the control of its termination. More important, the
overall process of liver regeneration in the absence of this
phosphatase is accelerated but not deregulated. There-
fore, PTP1B could be a novel drug target to improve liver
regeneration in patients with acute or chronic liver injury.
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