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In the liver, insulin controls both lipid and glucose metabolism
through its cell surface receptor and intracellular mediators such as
phosphatidylinositol 3-kinase and serine-threonine kinase AKT.
The insulin signaling pathway is further modulated by protein
tyrosine phosphatase or lipid phosphatase. Here, we investigated
the function of phosphatase and tension homologue deleted on
chromosome 10 (PTEN), a negative regulator of the phosphatidyl-
inositol 3-kinase�AKT pathway, by targeted deletion of Pten in
murine liver. Deletion of Pten in the liver resulted in increased fatty
acid synthesis, accompanied by hepatomegaly and fatty liver
phenotype. Interestingly, Pten liver-specific deletion causes en-
hanced liver insulin action with improved systemic glucose toler-
ance. Thus, deletion of Pten in the liver may provide a valuable
model that permits the study of the metabolic actions of insulin
signaling in the liver, and PTEN may be a promising target for
therapeutic intervention for type 2 diabetes.

Insulin controls glucose and lipid homeostasis by modulating
the function of multiple organs, including liver, muscle, and fat.

In muscle and fat, insulin stimulates glucose uptake, resulting in
glucose clearance from circulation. In liver, insulin promotes
glycogen synthesis and glycolysis, as well as fatty acid (FA)
synthesis. Impairment of the insulin signaling pathway plays a
key role in the development of type 2 diabetes (T2D). Knockout
and transgenic studies of molecules in this pathway have pro-
vided novel insights into the understanding of the molecular
mechanisms underlying T2D (1). The muscle insulin receptor
(IR) knockout model demonstrated normal insulin levels, in
association with a metabolic syndrome characterized by defec-
tive FA metabolism (2). The liver IR knockout mice displayed
severe insulin resistance and mild diabetes, in conjunction with
hyperinsulinemia (3). Similar gene knockout studies were also
performed with glucose transporter type-4 in muscle and fat (4, 5).
Together with earlier studies (6) on murine models of obesity, these
knockout studies revealed the importance of cooperation among
different organs in the regulation of glucose and FA homeostasis
(7), as well as the vital role liver plays in this collaboration.

The importance of phosphatidylinositol 3-kinase (PI3-
kinase)�AKT in insulin signal has been suggested by both
molecular and genetic studies (8–10). Insulin signal leads to the
activation of PI3-kinase and its downstream target, AKT. One of
the negative regulators of the insulin signaling pathway is PTEN
(phosphatase and tension homologue deleted on chromosome
10), a lipid and protein phosphatase (11). In C-elegans, the
PTEN homolog, DAF-18, acts in insulin receptor-like pathway
and regulates longevity and dauer larva development (12–15).
Hyperactivation of the PI3-kinase�AKT pathway also appears to
be a main result of Pten deletion in mammalian systems (16).
Unfortunately, Pten-deficient mice die at early stage of embry-
onic development (17–20), which precludes study of the role of
PTEN in the mammalian insulin signaling pathway in a whole-
animal setting. Injection of antisense oligonucleotide has dem-
onstrated that inhibiting Pten may improve the glycemic control

in ob�ob and db�db mice (21). In this study, we have generated
an animal model by disrupting the Pten gene in mouse liver to
assess the biological functions of PTEN in insulin signaling and
the development of insulin resistance.

Materials and Methods
Animals. PtenloxP/loxP mice (22) were bred with Alb-Cre mice to
generate mice with liver-specific deletion (23). All experiments
were conducted in accordance with University of California, Los
Angeles live animal welfare guidelines.

Animals 1, 3, and 6 months old were used for the experiments.
For metabolic measurements, animals were fasted overnight.
Blood samples were taken next morning for assessment of
glucose, insulin (Linco and Alpco), nonesterified FAs (NEFA)
(Wako), leptin (Crystal Chem) and triglyceride (TG) (Thermo
DMA) by using manufactured kits. For tissue collection, mice
were fasted overnight and blood was collected from cardiac
puncture. Livers were perfused and collected in formalin for
histology or in TRIzol (Invitrogen) for RNA. Extra liver tissues
were flash-frozen in liquid nitrogen for protein analysis or frozen
section.

Glucose Tolerance Test (GTT). A GTT was performed on mice that
were fasted for 16 h. For glucose measurement, tail veins were
punctured and a small amount of blood was released and applied
onto a Therasense glucometer. For GTT, mice were given a
single dose (2 g�kg of body weight) of D-dextrose (Sigma) by i.p.
injection after a baseline glucose check. Circulating glucose
levels were then measured at indicated time points after glucose
injection.

Analysis of Long-Chain FA Uptake by Hepatocytes. Primary hepato-
cytes were prepared by two-step perfusion with liver perfusion
and digestion medium, according to the manufacturer’s instruc-
tions (Invitrogen), and were immediately used for uptake assays.
Fluorescence-activated cell sorter-based short-term (30 sec) FA
uptake assays were performed as described (24).

Analysis of FA Synthesis Rate By Using GC-MS. Deuterium water
(D2O; Aldrich) was provided as deuterium source for incorpo-
ration into the FA in de novo lipogenesis (25, 26). An initial
priming dose of deuterium water (4% body weight) by i.p.
injection was followed by a maintenance dose of 6% (vol�vol)
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D2O in drinking water. Plasma samples were collected from
orbital eye bleeding before and at 2, 4, 7, and 9 days after D2O
injection. At the end of the experiment, tissue samples were
collected from perfused livers after overnight fasting. Total lipid
was isolated from both plasma and liver samples after saponi-
fication. The isolated FAs were methylated and injected onto
GC�MS with C-18 column. The spectrum of the palmitate peak
(270–276 m�z) was analyzed for its isotopomer distribution and
deuterium content, which were used to calculate the fraction of
newly synthesized FA (25, 26).

Assessment of Lipid Secretion Rate in Vivo. Overnight-fasted mice
were injected with 10% tyloxapol (5 �l�g body weight) through
the tail vein to coat the lipoprotein particles. Plasma was col-
lected through orbital eye bleeding before and 30, 60, and 90 min
after tyloxapol injection, and TG levels were determined (27).

Western Blot Analysis. Liver samples were homogenized in PBS
(pH 74)�1% NP-40�0.5% sodium deoxycholate�0.1% SDS con-
taining protease inhibitors. For SDS�PAGE, 50 �g of protein
was loaded. Blots were probed with PTEN, phospho-AKT, AKT,
phospho-GSK-3 (Cell Signaling Technology, Beverly, MA), and
FA synthase (FAS) from BD Bioscience. Same membranes
(Bio-Rad) were also probed with actin or vinculin (Sigma) for
loading controls.

Northern Blot Analysis. RNA samples were extracted from fresh
liver by using TRIzol reagents. For RNA blot, 10 �g of RNA per
sample was loaded. Blots were probed with phosphoenolpyru-
vate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase),
and actin for loading control. Probes for PEPCK and G6Pase are
generous gifts from E. G. Beale (Texas Tech University, Lub-
bock, TX) and K. Van Auken (University of Colorado, Denver),
respectively.

Statistical Analysis. All data are subjected to statistical analysis by
using the EXCEL DATA ANALYSIS TOOL PAK (Microsoft). A
Student’s t test was used to determine the differences between
the WT and mutant groups. A P value of 0.05 or less was
considered significant.

Results
Liver-Specific Pten Deletion. We crossed PtenloxP/loxP mice with
hepatocyte specific Alb-Cre-transgenic (23) mice to achieve
liver-specific Pten deletion. The breeding strategy is illustrated
in Fig. 1A. To avoid potential variations contributed by gender
and genetic background, male mice from the F2 generation,
Ptenloxp/loxp;Alb-Cre� (mutant) and Ptenloxp/loxp;Alb-Cre�

(WT), were used for studies described below. PCR analysis of

Ptenloxp/loxp;Alb-Cre� mice showed that Pten deletion, as indi-
cated by excision of the Pten locus (Pten�5), is specific to liver
with no leakage to other tissues, including white and brown
adipose tissues (Fig. 1B), which is consistent with the previous
report (23). As a result of Pten deletion, we observed hyper-
phosphorylation of AKT in the mutant livers (Fig. 1C; P-AKT).
A Residual amount of PTEN observed in mutant livers was
possibly contributed by cell types other than hepatocytes (Fig. 1C
and ref. 23).

Pten Deletion in the Liver Results in Hepatomegaly, Fatty Liver, and
Increased Glycogen Synthesis. Examination of the mutant liver
revealed pale color and marked hepatomegaly (Fig. 2A Left
Upper). Concomitant with increased liver size, the liver weight
and the ratio of liver weight to body weight in the mutant animals
were also significantly increased (Fig. 2 A Lower, P � 0.05).
Histological analysis demonstrated significant morphological
changes of mutant livers. The mutant hepatocytes were dis-
tended by large cytoplasmic vacuoles that push the nucleus
against the cell membrane (Fig. 2B, arrows in Top Right),
although the general lobular architecture remained. Because
AKT activation could increase glycogen synthesis as well as FA
synthesis, we stained liver sections with periodic acid Schiff’s to
visualize glycogen, and Oil red O for FAs. Staining with periodic
acid Schiff’s demonstrated increased glycogen storage in the
mutant livers (Fig. 2B Middle Right). Strikingly, significant lipid
deposition, as indicated by Oil red O staining, was observed in
the mutant livers but not in age- and genetic background-
matched WT mice (Fig. 2B Bottom Right). Quantification of liver
TG content revealed a 3-fold increase in the mutant liver (Fig.
2A Right Lower), further confirming the fatty liver phenotype.

The progression of fatty liver phenotype appeared to be
age-dependent. At 1 month of age, the mutant hepatocytes
appeared swollen with minimal lipid deposition, starting from
the area surrounding the central terminal hepatic venule (Fig.
1A Top). By 3 months of age, a substantial amount of lipid
accumulation in the mutant hepatocytes was clearly evident,
which further progress to entire liver by 6 months (Fig. 7, which
is published as supporting information on the PNAS web site).
Infiltration of inflammatory cells and mild fibrosis were ob-
served in some but not all mutant livers at 6 months of age (data
not shown). No apparent histological changes were observed in
other tissues.

Pten Deletion Enhances the FA Synthesis in the Mutant Liver. To
understand the mechanisms underlying liver steatosis, we inves-
tigated the sources of lipid in the mutant hepatocytes. Accumu-
lation of fat in the liver could be multifactorial, including
increased uptake from peripheral and�or enhanced de novo FA

Fig. 1. Liver-specific deletion of Pten. (A) Breeding strategy. (B) Liver-specific deletion of the Pten gene. PCR analysis of DNA from different tissues of
Ptenlox/lox;Alb-Cre� mice. (C) Western analysis for PTEN (Top), p-AKT (Middle) and AKT (Bottom).
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synthesis by the hepatocytes. We first investigated whether
PTEN loss may cause increased FA uptake by isolating primary
hepatocytes from 3-month-old WT and mutant mice and exam-
ining FA uptake by using fluorescent labeled long-chain FA
analogue and fluorescence-activated cell sorter analysis. FAs
enter hepatocytes through either passive diffusion (low uptake)
or active transportation (high uptake) (28), which can be easily
separated by fluorescence-activated cell sorter analysis (24). In
WT livers, �80% of the hepatocytes are in the low-uptake
group. However, the mean uptake of the entire hepatocyte
population depends on the high-uptake group because their
uptake rates are two orders of magnitude higher than that of the
low-uptake group (24). In mutant hepatocytes, uptake by the
low-uptake group was significantly increased by 20%, whereas no
significant difference was observed in the high-uptake group
(Fig. 3A). As a net result, total FA uptake by the mutant
hepatocytes was not significantly altered. This result was further
supported by measuring the levels of two major liver FA
transports, FATP2 and FATP5 (28). No significant differences
were observed in the protein levels of these two transporters
(data not shown).

Increased de novo lipogenesis is the other way in which FA can
accumulate in the liver. To separate the direct effect of PTEN
on FA synthesis from accumulated pathological effects of liver
steatosis in aged animals, only 1-month-old male mice were used.
We measured the rate of de novo FA synthesis by using D2O and
GC�MS (25, 26). Deuterium incorporation into newly synthe-
sized FAs provides a sensitive measurement for the rate of de
novo lipogenesis. We demonstrated that the rate of FA synthesis
is 2.5-fold higher in the mutant livers (Fig. 3B Left, P � 0.05), as
compared with the WT livers. To assess whether the newly
synthesized FAs could be released to plasma, we measured lipid
secretion rate by injecting triton. Lipid output by hepatocytes is
mediated by lipoproteins that complex with various lipid mole-
cules to form lipolipoprotein particles. Triton coats these lipid

particles (27) and inhibits their peripheral absorption. The
plasma TG levels in the mutant mice were higher than that of the
WT mice at every time point measured after triton injection (Fig.
3B Right; P � 0.05), suggesting that Pten deletion leads to higher
rates of both FA synthesis and secretion.

Liver Steatosis Is Accompanied by Decreased Body Fat Content. As a
result of Pten deletion in the liver, we also observed a 50%
reduction of total body fat content (Fig. 3C Left Upper) as
measured with NMR (29). Consistent with this sensitive in vivo
measurement, the mutant animals at 1 month of age also showed
decreased serum leptin levels (Fig. 3C Left Lower). No changes
in feeding behavior, as measured by daily food intake, was
observed that could account for the declined leptin in mutant
mice, because animals from either group consumed 3 � 0.5 g per
animal per day. Interestingly, despite normal levels of plasma TG
in the mutant animals (Fig. 3C Right Lower), there is a 30%
decrease in circulating free FAs (NEFA) levels (Fig. 3C Right
Upper), which is most likely due to decreased lipolysis rate, as
measured by the in vivo lipolysis assay (Fig. 8, which is published
as supporting information on the PNAS web site). Taken to-
gether, these results suggest that Pten liver-specific deletion may
lead to redistribution of fat from other tissues to the liver.

Liver-Specific Deletion of Pten Causes Decreased Fasting Glucose
Levels and Improved Glucose Tolerance. Because the levels of
NEFA are thought to have a significant influence on insulin
sensitivity, we measured both basal glucose levels and the rates
of glucose clearance on animals at 1, 3, and 6 months of age.
Deleting Pten caused a decrement in fasting plasma glucose
levels in 1- and 3-month-old mice (Fig. 4A Left and Center, P�
0.05). This occurrence of lowered glucose concentration was
accompanied by a significant decrease in fasting plasma insulin
levels (Fig. 4B Left). At 6 months of age, when severe steatosis
was observed in the liver, the fasting glucose level in the mutant

Fig. 2. Pten deletion results in hepatomegaly and liver steatosis. (A) Hepatomegaly of mutant mice. Photo shows livers from mutant (Upper) and WT mouse
(Lower); mutant mice have heavier livers (Upper Right; n � 6), increased liver to body weight ratio (Lower Left; n � 6), and increased TG storage (Lower Right;
n � 6). *, P � 0.05. (B) Histological analysis of liver sections from WT and mutant mice. (Top) Hematoxylin�eosin staining. (Middle) Periodic acid Schiff’s staining
(Bottom) Oil red O staining. (Bar, 50 �M.)
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mice was comparable with that of the WT mice (Fig. 4A Right),
suggesting that even though the insulin level in the mutant
remained lower than WT mice (Fig. 4B Right), accumulated liver
damage has started to influence liver function.

When challenged with an i.p. glucose load, the mutant mice
demonstrated a lower peak glucose concentration at 15 min (by
30%, P � 0.05) and a faster decline of plasma glucose levels
throughout the glucose tolerance curve (Fig. 5A, P � 0.05). The
increased glucose clearance during an i.p. glucose load occurred
in all age groups in mutant mice (Fig. 5) but is most evident in
mice at 1 month of age: plasma glucose levels in mutants
returned to baseline between 60 and 120 min, whereas it
remained above baseline at 120 min in WT animals. These
results suggest that Pten deletion in the liver not only causes
increased insulin action in the liver, as indicated by increased
glycogen and FA deposition, but also enhances glucose disposal.

Pten Regulates Key Enzymes Controlling Glycogen and FA Syntheses.
To correlate between the metabolic phenotypes and alterations
of insulin-controlled signaling pathway in mutant liver, we
investigated the expression of a number of genes involved in
glucose and lipid metabolism. GSK-3 is the key molecule neg-
atively regulating glycogen synthase (GS), which is required for
the incorporation of glucose into glycogen. GSK-3 constitutively
phosphorylates GS to inactive its enzymatic activity. Phosphor-
ylation of GSK-3 by AKT inactivates the kinase and relieves its
block on GS (30). We showed that phosphorylation of GSK-3�
was moderately increased (50%) when Pten is deleted (Fig. 6A).
Thus, GSK-3� hyperphosphorylation may account for the in-
creased glycogen accumulation observed in mutant livers. De-
letion of Pten resulted in a marked increase in liver FAS levels
(Fig. 6A), which is likely to play an important role in the
increased de novo FA synthesis observed in the mutant livers. In
contrast, there was down-regulation of two key gluconeogenic
enzymes in the mutant mice, namely glucose-6-phosphatase
(G6Pase) and PEPCK. The expression of these two enzymes was
similarly decreased in the mutant livers although the change in
PEPCK was more pronounced (Fig. 6B). Together, the changes
in FAS, G6Pase, and PEPCK enzyme levels may divert substrate
toward FA synthesis.

Discussion
Because T2D is characterized by an impaired insulin action,
research efforts have focused on understanding the insulin-

Fig. 3. Pten deletion enhances FA synthesis and secretion by hepatocytes. (A)
Uptake of long-chain FA by WT and mutant primary hepatocytes. (Left)
Low-uptake group. (Right) High-uptake group. n � 3. (B) FA synthesis rate is
calculated as newly synthesized portion of palmitate (Left, n � 6). Lipid
secretion rate is measured as plasma TG levels at indicated time points after
triton injection (Right, n � 3). (C) Lipid indexes of 1-month-old Pten WT and
mutant mice: (Left Upper) body fat content of WT (n � 7) and mutant mice
(n � 6). (Right Upper) Plasma NEFA levels in WT (n � 6) and mutant (n � 6)
mice. (Left Lower) Plasma leptin levels in WT (n � 5) and mutant mice (n � 5).
(Right Lower) Plasma TG levels in WT (n � 5) and mutant mice (n � 5). *, P �

0.05.

Fig. 4. Fasting plasma glucose and insulin levels. (A) Fasting plasma glucose
levels in 1- (Left), 3- (Center), and 6-month-old (Right) mice. Open bars, WT
(n � 9); filled bars, mutant (n � 11). (B) Fasting plasma insulin concentrations
in 3- (Left) and 6-month-old (Right) mice. n � 6. *, P � 0.05.

Fig. 5. i.p. GTT. (A) One-month GTT with WT (n � 9) and mutant (n � 11)
mice. (B) Three-month GTT with WT (n � 6) and mutant (n � 8) mice. (C)
Six-month GTT with WT (n � 11) and mutant (n � 8) mice. *, P � 0.05
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signaling pathway in an attempt to identify suitable therapeutic
target(s) for drug intervention. Although significant progress
has been made in the understanding of insulin activation, less is
known about the negative control mechanisms that result in
returning the activated IR to basal level. Because IR has intrinsic
tyrosine kinase activity, various protein tyrosine phosphatases
(PTPs) have been studied and implicated in controlling insulin
receptor dephosphorylation and inactivation (31). In this study,
we provided evidence that PTEN, a lipid phosphatase, serves as
an important negative modulator for the insulin-signaling path-
way by antagonizing the PI3-kinase�AKT signaling pathway. Thus,
the role of PTEN in regulating insulin signaling pathway is evolu-
tionary conserved from Caenorhabditis elegans (12) to mammals.

Deletion of Pten in the liver led to increased insulin sensitivity in
the liver and improved overall glucose tolerance. Not surprisingly,
the Pten liver deletion mouse shares similarity to PTP-1B knockout
mouse. PTP-1B is a tyrosine phosphatase that negatively regulates
IR signaling by presumably dephosphorylating IR, IRSs, or possibly
other phosphotyrosyl molecules in the insulin-signaling pathway.
PTP-1B deficiency causes insulin sensitivity, as demonstrated by
lower glucose levels and improved glucose clearance in an i.p.
glucose load (32), similar to what we observed in the liver-specific
Pten deletion mouse. In contrast, phenotype associated with Pten
liver-specific deletion is completely opposite to the insulin-resistant
phenotype observed in the liver IR knockout mouse, which consists
of severe liver insulin resistance and mild diabetes with hyperinsu-
linemia (3). Thus, our study provide, to our knowledge, the first
genetic evidence for the role of PTEN in controlling the insulin-
signal pathway in mammals in vivo and suggests that perturbing the
functions of the negative regulators of the insulin-signaling pathway,
either at the receptor level, as PTP-1B for IR, or on its downstream
mediators, as PTEN for PI3-kinase�AKT, may lead to increased
insulin sensitivity.

Lipid metabolism is also affected in Pten mutant mice. Similar
to PTP-1B mice, which have increased energy expenditure and
decreased adiposity (33), the Pten liver-specific deletion mice
have decreased total body fat, and serum NEFA and leptin
levels. Whether PTEN liver deficiency will lead to increase
energy expenditure and resistance to diet-induced obesity, as
reported for PTP-1B�/� mice, remains to be investigated. Fur-
thermore, it is not clear whether lean body mass and hepatoste-
atosis in Pten mutant mice may alter the production and signaling

of adiponectin, an adipocyte hormone involved in whole-body
energy expenditure (34–36).

Unlike the PTP-1 knockout mouse, deleting Pten in the liver
led to the development of hepatomegaly and fatty liver. Fatty
liver has also been observed in ob�ob mice, a type II diabetes
model (37, 38). Several fatty liver (nonalcoholic fatty liver
disease) models exist, including the fa�fa rats and the lipoatro-
phic mice (39–41). The common denominator for these fatty
liver models is hyperinsulinemic and insulin resistance, despite
the differences in plasma leptin level and adipose tissue mass. In
humans, liver steatosis is known to associate with obesity and
diabetes conditions with hyperinsulinemia and insulin resistance
(42). It was postulated that the high level of NEFA in circulation
due to peripheral insulin resistance is the primary cause of fatty
liver (43, 44). We showed in Pten mutants, a different fatty liver
phenotype from that of hyperinsulinemic and insulin-resistant
models. Fatty liver in our Pten mutant is associated with relative
hypoinsulinemia, enhanced insulin action and low plasma
NEFA, which is concomitant with lipoatrophy. Thus, our model
has provided an insight into the mechanisms responsible for liver
steatosis.

Recent studies (45–47) also suggest that the interaction among
the different insulin-sensitive organs may be mediated through
interactions between insulin and leptin signaling pathways, which
may converge onto AKT and its effectors, such as the forkhead
transcription factors and other not-yet-identified targets (48). In
the ob�ob or knockout models, insulin resistance accompanies
defects in leptin action in the liver (2–4, 38, 41, 47). In vivo,
PTP-1B regulates leptin signal transduction, likely by targeting
Jak2 (49). Interestingly, in the Pten liver knockout, increased
insulin sensitivity is accompanied by hypoleptinemia.

The interplay between glucose and lipid metabolism is medi-
ated by the reciprocal relationship of substrate use and distri-
bution between liver and peripheral tissues. This relationship
was observed in the IR�glucose transporter knockout mice with
decreased glucose utilization (2, 4, 50), or in the ob�ob model
with increased lipogenesis (38). In our study, the hepatosteatosis
phenotype was accompanied by improved glucose tolerance and
leaner body mass in mutant mice. In this case, enhanced insulin
signaling in the liver resulted in redistribution of body fat from
fatty tissue to the liver. The liver also appeared to be using more
glucose for lipogenesis, as evidenced by the reduced levels of
gluconeogenic enzymes. As a result, liver consumes more energy
to synthesize and store fat. Thus, liver became the sacrificial
organ to maintain glucose control and lean body mass.

In summary, we have created a valuable model for studying
insulin action in the liver, as well as the complex interaction
among insulin-sensitive organs and the reciprocal regulations of
glucose and lipid metabolisms. The similarities shared by Pten-
deficient mice and PTP-1B�/� mice further emphasize the
importance of the negative regulators in normal insulin signaling
and in the development of T2D and suggest that PTEN may be
an attractive candidate or target for inhibitors as therapeutic
intervention in the treatment of T2D.
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