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Abstract

Currently, many studies draw attention to novel secretory factors, such as adipokines or myokines, derived from the tissues
that were not originally recognized as endocrine organs. The liver may contribute to the onset of various kinds of pathologies
of type 2 diabetes by way of the production of secretory proteins “hepatokines.” Using the comprehensive gene expression
analyses in human livers, we have rediscovered selenoprotein P and LECT2 as hepatokines involved in the onset of dysregu-
lated glucose metabolism. Overproduction of selenoprotein P, previously reported as a transport protein of selenium, induces
insulin resistance and hyperglycemia in type 2 diabetic condition. Selenoprotein P also contributes to vascular complications
of type 2 diabetes directly by inducing VEGF resistance in vascular endothelial cells. Notably, selenoprotein P impairs health-
promoting effects of exercise by inhibiting ROS/AMPK/PGC-1a pathway in the skeletal muscle through its receptor LRP1.
Overproduction of LECT2, previously reported as a neutrophil chemotactic protein, links obesity to insulin resistance in the
skeletal muscle. Further studies would develop novel diagnostic or therapeutic procedures targeting hepatokines to combat

over-nutrition-related diseases such as type 2 diabetes.
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Introduction

Currently, many studies draw attention to novel secretory
factors, such as adipokines or myokines, derived from tissues
that were not previously recognized as endocrine organs.
The liver plays a central role in glucose homeostasis mainly
via glucose release and glycogen storage, but the liver is
also the site for the production of various secretory proteins.
For example, patients with fulminant hepatitis or hepatic
failure receive replacement therapy with liver-derived secre-
tory proteins such as albumin in clinical settings. In addi-
tion, most of clinicians diagnose various kinds of diseases
by measuring blood levels of liver-derived secretory fac-
tors such as transaminases or coagulation factors. In fact,
our previous reports using comprehensive gene expression
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analyses have revealed that genes encoding secretory pro-
teins are abundantly expressed in the livers of humans [1].
Because the human liver releases numerous kinds of secre-
tory factors, the identification and functional analysis of
liver-secreted factors may not be adequate.

Based on these findings, we hypothesized that, analogous
to adipose tissues, the liver may contribute to the develop-
ment of various kinds of pathologies observed in type 2 dia-
betes, through the production of secretory proteins, termed
“hepatokines”. Since about 15 years before, we have iden-
tified key hepatokines involved in the pathologies of type
2 diabetes and have shed light on the previously unknown
pathophysiological significance of hepatokine overproduc-
tion in type 2 diabetes.

Comprehensive gene expression analysis
in livers from people with type 2 diabetes

We investigated comprehensive gene expression profiles in
the liver of patients with type 2 diabetes and control sub-
jects with normal glucose tolerance (NGT) using the serial
analysis of gene expression (SAGE) technique and DNA
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chip analysis [1]. Samples for SAGE were obtained from 5
patients with type 2 diabetes and 5 subjects with NGT, all
of whom had undergone surgical treatments for malignant
tumors such as gastric cancer, gall bladder cancer, and colon
cancer. Samples for DNA chip analysis were obtained from
9 patients with type 2 diabetes and 9 subjects with NGT who
were admitted to Kanazawa University Hospital from April
2000 to March 2003. Hepatic tissues were obtained with
percutaneous needle liver biopsy.

In SAGE analysis, the gene ontology cellular components
of all identified transcripts were gathered and reclassified
into the 9 representative groups designated by the Gene
Ontology consortium. The top class for the type 2 diabe-
tes library was “mitochondria.” On the other hand, the top
class for the NGT library was “extracellular,” including
genes encoding secretary proteins such as apolipoprotein
C-I, apolipoprotein C-II, and albumin. These results raise the
possibility that the liver also functions as an endocrine organ
that releases various kinds of secretory proteins.

In DNA chip analysis, we computed the mean centroid of
oxidative phosphorylation (OXPHOS) genes. In our analy-
sis, the mean centroid of OXPHOS genes in the liver was
significantly correlated with fasting plasma glucose lev-
els. In addition, the mean centroid of OXPHOS genes had
a tendency to correlate negatively with markers of insulin
resistance such as metabolic clearance rate as measured by
glucose clamp experiments. Multivariate linear regression
models using fasting glucose level as the dependent vari-
able showed that the mean centroid of OXPHOS genes was
a predictor of fasting plasma glucose levels, independent of
age, body mass index, insulin resistance, and fasting insulin
levels. These results suggest that upregulation of OXPHOS
genes in the liver might contribute to hyperglycemia and
insulin resistance in people with type 2 diabetes.

Identification of selenoprotein P
as a hepatokine that induces insulin
resistance in type 2 diabetes

To identify key hepatic secretory proteins involved in insulin
resistance, we used the data of comprehensive analyses of
gene expression profiles in human livers (Fig. 1). First, using
SAGE data library, we identified 117 genes encoding puta-
tive secretory proteins with expression levels in people with
type 2 diabetes, 1.5-fold or greater higher than those in nor-
mal subjects. Next, we used the data of DNA chip analysis
to identify genes whose hepatic expression was significantly
correlated with insulin resistance. As a result, we found that
a negative correlation between hepatic SEPPI mRNA levels
and the metabolic clearance rate of glucose, indicating that
elevated hepatic SEPPI mRNA levels were positively asso-
ciated with the severity of insulin resistance [2].
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Fig. 1 Screening for diabetes-associated hepatokines using compre-
hensive gene expression analyses of the livers from people with type
2 diabetes. SAGE serial analysis of gene expression

Selenoprotein P (SeP encoded by the SEPPI gene) is a
secretory protein primarily produced by the liver [3]. SeP
contains 10 selenocysteine residues, and functions as a sele-
nium supply protein [4]. SeP exerts anti-oxidative effects by
acting directly as an anti-oxidative enzyme and by supplying
selenium to target cells [3—5]. However, the role of SeP in
the regulation of glucose metabolism and insulin sensitivity
was not established. Furthermore, the clinical significance
of SeP in human diseases was not well defined, although
studies of SeP knockout mice showed SeP deficiency to be
associated with neurological injury and low fertility [6, 7].

To characterize the role of SeP in the development of
insulin resistance, we measured serum SeP levels in human
samples, using enzyme-linked immunosorbent assays
(ELISA). Consistent with elevated hepatic SEPPI mRNA
levels, we found a significant positive correlation between
serum SeP levels and both fasting plasma glucose and hemo-
globin Alc levels. In addition, serum levels of SeP were sig-
nificantly elevated in people with type 2 diabetes compared
with normal subjects. Similar to data derived from clinical
specimens, in rodent models of type 2 diabetes, including
OLETF rats and KKAy mice, hepatic Sepp/ mRNA and
serum SeP levels were elevated. These results suggest that
production of SeP is increased in both rodents and humans
with type 2 diabetic condition.

To clarify the pathophysiology contributing to the hepatic
expression of SeP in type 2 diabetes, we investigated the
effects of nutrients on Seppl mRNA expression in cul-
tured hepatocytes. We found that the addition of glucose
or palmitate upregulated Seppl expression, whereas insulin
downregulated it. Consistent with the negative regulation of
Seppl by insulin in hepatocytes, Sepp! mRNA levels were
elevated in the livers of fasting C57BL6J mice, compared
with those that had been fed.

Because it is technically very difficult to produce cell
culture or animal model in which SeP is over-expressed,
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we purified SeP from human plasma using chromatographic
methods. At first, we expected that treatment with SeP pro-
motes insulin signal cascade via anti-oxidative actions.
However, unexpectedly, treatment of primary hepatocytes
with purified SeP induced a reduction in insulin-stimulated
phosphorylation of insulin receptor (IR), and Akt. Moreo-
ver, SeP increased phosphorylation of IRS1 at Ser307, the
downregulator of tyrosine phosphorylation of IRS. Similar
effects of SeP were also observed in C2C12 myocytes. Con-
sistent with the results of insulin signaling, treatment with
SeP upregulated mRNA expression of Pckl and G6pc, key
gluconeogenic enzymes, and increased glucose release in
the insulin-treated hepatocytes. These in vitro experiments
indicate that SeP impairs insulin signal transduction and
dysregulates cellular glucose metabolism.

To examine the physiological effects of SeP in vivo, we
treated female C57BL/6J mice with purified human SeP.
Injection of purified human SeP resulted in serum levels
of 0.5-1.5 pg/mL. These concentrations correspond to the
incremental change of SeP serum concentrations in people
with normal glucose tolerance to those with type 2 diabe-
tes. Glucose and insulin tolerance tests revealed that SeP-
induced glucose intolerance and insulin resistance. Western
blot analysis showed a reduction in insulin-induced serine
phosphorylation of Akt in both liver and skeletal muscle
of SeP-injected mice. Hyperinsulinemic—euglycemic clamp
studies showed that SeP increased endogenous glucose pro-
duction and decreased peripheral glucose disposal. These
data indicate that SeP impairs insulin signaling in the liver
and skeletal muscle and induces glucose intolerance in vivo.

We confirmed the effects of lowered SeP using Seppl
knockout mice. Gucose loading test revealed that SeP
knockout mice showed improved glucose tolerance. Insulin
loading test revealed that SeP knockout mice showed lower
blood glucose levels 60 min after insulin injection. Insu-
lin signaling, including phosphorylation of Akt and insulin
receptor, was enhanced in the liver and skeletal muscle of
SeP knockout mice. These results suggest that suppression
of SeP production improves glucose metabolism and insulin
sensitivity in vivo.

Adenosine monophosphate-activated protein kinase
(AMPK) is a serine/threonine kinase that phosphorylates
a variety of energy-associated enzymes and functions as a
metabolic regulator that promotes insulin sensitivity [8].
We found that SeP treatment reduced phosphorylation of
AMPKa and ACC in both H4ITEC hepatocytes and mouse
liver. In contrast, SeppI-deficient mice exhibited increased
phosphorylation of AMPKa and ACC in the liver. To
determine whether AMPK pathways were involved in the
action of SeP, we infected H4IIEC hepatocytes with con-
stitutively active (CA) AMPK. When CA-AMPK was
over-expressed, SeP was unable to impair insulin-stimu-
lated Akt phosphorylation. In addition, co-administration
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of 5-aminoimidazole-4-carboxyamide ribonucleoside
(AICAR), a known activator of AMPK, rescued cells from
the inhibitory effects of SeP on insulin signaling. These
results suggest that reduced phosphorylation of AMPK
mediates, at least in part, the inhibitory effects of SeP on
insulin signal transduction.

This study reveals that hepatic overproduction of SeP
contributes to the development of hyperglycemia in type 2
diabetes by inducing insulin resistance in the liver and skele-
tal muscle (Fig. 2) [2]. This study sheds light on a previously
underexplored function of the liver that is similar to adipose
tissue; the liver may participate in the pathogenesis of insu-
lin resistance through hormone secretion. Overproduction
of SeP in the liver may be a novel therapeutic target to treat
insulin resistance and hyperglycemia in type 2 diabetes.

Metformin suppressed selenoprotein
P production in hepatocytes via AMPK
phosphorylation

Metformin is widely used as an anti-diabetic drug interna-
tionally. Adenosine monophosphate-activated protein kinase
(AMPK) mediates mainly the glucose-lowering actions of
metformin, including the suppression of hepatic gluconeo-
genesis [8]. In contrast, several reports indicate that the oral
administration of metformin in human increases insulin sen-
sitivity in skeletal muscle, increases serum adiponectin, and
improves aortic arteriosclerosis [9-11]. To date, however,
the molecular mechanisms underlying the systemic actions
of metformin are not fully understood.

We examined the effects of metformin on SeP mRNA
in H4IIEC hepatocytes. Metformin suppressed Seppl
mRNA expression in a concentration- and time-dependent
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Fig.2 Overproduction of selenoprotein P (SeP) contributes to the
onset of hyperglycemia in type 2 diabetes by inducing insulin resist-
ance in the liver and skeletal muscle
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manner, similar to G6pc and Pckl that encode gluconeo-
genic enzymes, respectively. The human SEPPI promoter
region was cloned to a luciferase reporter vector as reported
previously [21]. Similar to the mRNA results, metformin
suppressed SEPP] promoter activity in a concentration- and
time-dependent manner, suggesting that it directly decreases
SEPP] transcriptional activity in H4IIEC3 hepatocytes.

The action of metformin on Seppl was also examined in
mice. Following the fasting for 4 h, C57BL/6J mice were
administrated 300 mg/kg of metformin. Gene expression
of Seppl in the liver was significantly decreased by met-
formin. These results indicate that metformin suppresses
gene expression for Seppl in the liver of mice, as well as in
the cultured hepatocytes.

Metformin is known to exert anti-diabetic effects by acti-
vating AMPK pathways [31]. Hence, to determine whether
AMPK pathways are involved in the metformin-induced
suppression of SEPPI promoter activity, cells were treated
with compound C, a representative AMPK inhibitor. Met-
formin-induced phosphorylation of AMPK and acetyl-CoA
carboxylase (ACC) was canceled by the co-administration
of compound C in H4IIEC3 hepatocytes. Co-administration
of compound C partly rescued the cells from the inhibi-
tory effects of metformin on the SEPPI promoter. In con-
trast, treatment with AICAR, a known activator of AMPK,
decreased SEPPI promoter activity similar to metformin.
Transfection with constitutive active-AMPK suppressed
Seppl and G6pc mRNA expression, while transfection
with dominant-negative AMPK enhanced Sepp! and G6pc
mRNA expression. These results suggest that metformin
decreases SEPPI promoter activity, at least partly, by acti-
vating AMPK.

To determine the nature of the metformin-response ele-
ment in the SEPP promoter region, several deletion mutants
of the SEPP1 promoter were constructed. Because the early
reports indicate that AMPK directly phosphorylates FoxO3a
and regulates its transcriptional activity [16], this investi-
gation focused on the two putative FoxO-binding sites. To
determine the critical FoxO-binding site for metformin-
induced SEPP1 suppression, we constructed luciferase vec-
tors which deleted either of two putative FoxO-binding sites.
Luciferase assay revealed that a putative FoxO-binding site
was essential for metformin-induced SEPPI suppression.
The interaction of FoxO proteins with DNA sequences in
the SEPP] promoter was examined using a ChIP assay.
The ChIP assay indicates that treatment with metformin
decreased the binding of FoxO3a to SEPPI promoter,
whereas it increased the binding of FoxO1. These results
suggest that FoxO3a, but not FoxOl1, is associated with the
metformin-induced suppression of SEPPI expression.

To elucidate the mechanism by which metformin inacti-
vates FoxO3a, FoxO3a protein levels in hepatocytes treated
with metformin were examined. Metformin treatment neither

alters mRNA levels of Foxo3a nor protein levels of FoxO3a.
However, FoxO3a was phosphorylated by treatment with
metformin. FoxO3a protein levels were decreased by met-
formin treatment in the nuclear fraction. These results sug-
gest that metformin inactivates FoxO3a by phosphorylating
and decreasing nucleus FoxO3a protein levels.

This report demonstrates that metformin suppresses pro-
duction of the insulin resistance-inducing hepatokine SeP by
activating AMPK and subsequently inactivating FoxO3a in
HA4IIEC3 hepatocytes. Our study provides a novel mecha-
nism of action for metformin involving improvement of sys-
temic insulin sensitivity via the regulation of SeP production
(Fig. 3) [9], and suggests that AMPK/FoxO3a pathway in
the liver may be a therapeutic target to the development of
new-anti-diabetic drugs.

Hepatokine selenoprotein P impairs
angiogenesis by inducing VEGF resistance
in vascular endothelial cells

Angiogenesis is a physiological process involving the
growth of new blood vessels from pre-existing vascular
structures and the subsequent formation of vascular net-
work. A number of abnormalities associated with angio-
genesis were reported in people with type 2 diabetes [10],
and impaired angiogenesis is linked to the development
of various vascular complications in diabetes mellitus.
Patients with type 2 diabetes show poor development of
coronary collateral vessels on coronary angiography [11].
Moreover, people with diabetes have significantly lower
capillary densities in areas of myocardial infarction [12].
These reports suggest that the angiogenic response to
infarction and/or ischemia is inhibited at the levels of cap-
illaries and small arterioles in type 2 diabetes. Inadequate
vascular formation could attenuate perfusion recovery in
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Fig.3 Metformin suppresses production of selenoprotein P via
AMPK/FoxO3a pathway in the hepatocytes, leading to the improve-
ment of insulin resistance in the skeletal muscle. AMPK AMP-acti-
vated protein kinase, FoxO3a forkhead box O3a
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response to ischemia, thereby partially accounting for the
poor clinical outcomes in type 2 diabetic patients with
coronary heart disease or peripheral artery disease [13,
14]. In addition, insufficient angiogenesis is involved in
abnormal wound healing and the development of skin
ulcers in diabetes [15].

Vascular endothelial growth factor (VEGF) is a mediator
of angiogenesis under physiological and pathophysiological
conditions. VEGF binds and phosphorylates the receptors,
leading to the activation of a variety of signaling cascades
such as MAPK. Angiogenic gene therapy using plasmids
encoding VEGF has been attempted in patients with coro-
nary or peripheral artery diseases [16]. However, diabetes
mellitus people often show a poor response to therapeutic
angiogenesis [17]. Therefore, VEGF resistance, a defect of
VEGF-related signal transduction, has been postulated as a
molecular basis for the dysregulated angiogenesis in diabe-
tes mellitus [10, 18]. However, the molecular mechanisms
underlying VEGEF resistance in diabetes mellitus were not
fully understood.

SeP has heparin-binding properties [19] and is associ-
ated with endothelial cells in rat tissues [20], suggesting
that SeP exerts some actions on vascular endothelial cells.
We hypothesized that the liver-derived secretory protein
SeP contributes to angiogenesis-associated vascular com-
plications in type 2 diabetes. To assess the direct action of
SeP on vascular endothelial cells, we treated HUVECs with
purified human SeP protein. VEGF-induced proliferation of
HUVECs was significantly suppressed by treatment with
10 pg/mL of SeP. Co-administration of buthionine sulfoxi-
mine (BSO), an inhibitor of glutathione synthesis, partly
rescued the suppressive effect of SeP. Next, we examined
the effects of SeP on VEGF-induced migration in HUVECs.
VEGF promoted the migration of HUVECs into a polycar-
bonate filters. This migration was inhibited by the addition
of SeP in a concentration-dependent manner. In the absence
of VEGF, treatment with SeP did not affect the migration of
HUVECsS, suggesting that SeP modulates VEGF-depend-
ent migration of endothelial cells. We further examined the
effects of SeP on tubule formation in HUVECs. HUVECs
cultured on Matrigel containing VEGF showed morpho-
logical tubule formation. SeP inhibited tubule formation
of HUVECS in a concentration-dependent manner. These
in vitro results indicate that SeP impairs VEGF-dependent
angiogenesis of vascular endothelial cells.

Next, we determined whether SeP affects VEGF signal
transduction in endothelial cells. Pretreatment with SeP
reduced VEGF-stimulated phosphorylation of VEGFR2
and ERK1/2 in HUVECs. Co-administration of BSO par-
tially abolished the inhibitory effect of SeP on VEGF sign-
aling. These results indicate that SeP, at physiological con-
centrations, impairs VEGF signal transduction in vascular
endothelial cells.
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To clarify the mechanism by which an anti-oxidative pro-
tein SeP impairs VEGF signaling, we assessed the action
of SeP on the acute generation of reactive oxygen species
(ROS) stimulated by VEGF. VEGF-induced ROS burst is
reported to be required for the subsequent VEGF signal
transduction [21]. Stimulation with 50 ng/mL of VEGF
for 5 min significantly increased cellular levels of ROS in
HUVEC. Pretreatment with SeP suppressed intracellular lev-
els of ROS with VEGF stimulation. These results suggest
that SeP-induced VEGF resistance is associated with the
reduction of ROS burst stimulated by VEGF.

Next, to clarify whether hepatic overexpression of SeP
affects angiogenesis-related disorder in vivo, we used a
hydrodynamic injection method to generate mice that over-
express human SEPPI mRNA in the liver. We created exci-
sional wounds in the dorsal skin of the mice and quantified
the rate of wound healing. Wound closure was significantly
impaired in the mice overexpressing SEPPI. In contrast,
Seppl~'~ mice showed an improvement of the wound clo-
sure. These results indicate that the hepatokine SeP delays
the wound healing of the skin in mice.

To determine whether attenuation of SeP expression
enhances angiogenesis in vivo, we generated hindlimb
ischemia in SeP heterozygous knockout mice. 5 days after
femoral artery ligation, SeP heterozygous knockout mice
showed a significant increase of blood flow compared with
wild-type mice. Histological examination showed increased
vessel density in the hindlimb musculature as determined by
immunostaining with anti-CD31 antibody.

These results indicate that the liver-derived secretory pro-
tein SeP impairs angiogenesis by inducing VEGF resistance
in the vascular endothelial cells (Fig. 4) [22]. Hepatic over-
production of SeP may contribute to the onset of impaired
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Fig.4 Overproduction of selenoprotein P (SeP) contributes to the
onset of impaired angiogenesis in type 2 diabetes by inducing vas-
cular endothelial growth factor (VEGF) resistance in the vascular
endothelial cells. ROS reactive oxygen species, ERK extracellular
signal-regulated kinase
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angiogenesis in type 2 diabetes. Overproduction of SeP in
the liver may be a novel therapeutic target for the treatment
of VEGF resistance, as well as insulin resistance, in people
with type 2 diabetes.

Hepatokine selenoprotein P and its receptor
LRP1 impair health-promoting effects
of exercise training

Physical exercise has health-promoting effects in humans
[23]. However, not all people derive equal improvement of
metabolic health from exercise. In particular, some people
show complete non-responsiveness to exercise training in
terms of aerobic endurance improvement [24]. Similarly,
20% of patients with type 2 diabetes show a poor hypogly-
cemic effect to regular exercise therapy [25]. These findings
suggest that some people are suffering from so-called “exer-
cise resistance” and derive limited benefit from the physical
exercise.

Exercise-induced acute generation of ROS not only
induces oxidative damage, but also functions as signaling
molecules to mediate beneficial molecular adaptations by
exercise [26]. Adenosine monophosphate-dependent pro-
tein kinase (AMPK) and peroxisome proliferator-activated
receptor y coactivator- 1o (PGC-1a, encoded by Ppargcla),
both of which play a major role in exercise-mediated skel-
etal muscle adaptations [27, 28], are activated by acute gen-
eration of ROS [29, 30]. Notably, recent growing evidence
suggests that supplementation with antioxidants such as
vitamin C abolishes exercise-induced molecular alterations
and limits the positive effects of exercise training in humans
[31, 32]. Acute generation of ROS may mediate the positive
effects of exercise training by activating several molecules
including AMPK and PGC-1a in muscle. However, a few
reports were available on endogenous anti-oxidative inhibi-
tory factors, as opposed to exogenously administered anti-
oxidants, that reduce exercise-induced ROS generation and
impair the effects of exercise.

SeP reduces oxidative stress by acting directly as an anti-
oxidative enzyme and by supplying selenium to target cells
[3-5]. Based on the previous reports suggesting the involve-
ment of acute generation of ROS in the effects of exercise,
we hypothesized that the antioxidant hepatokine SeP causes
“exercise resistance” by suppressing exercise-induced ROS
in the skeletal muscle [33].

First, we subjected SeppI-deficient mice to a high-fat
diet (HFD) and regular exercise training. SeP deficiency
did not alter endurance capacity in the absence of exercise
training. However, after exercise training, Sepp-deficient
mice showed higher aerobic exercise capacity in a running
endurance test, although all the mice were subjected to
the same intensity and duration of exercise training. The

glucose-lowering effect of insulin was higher in trained
SeppI-deficient mice. Mitochondrial DNA content was
higher in trained SeppI-deficient mice. These results indi-
cate that deficiency of SeP enhances the responsiveness to
regular exercise training in mice.

Next, we obtained skeletal muscle samples after a single
bout of exercise for 3 h. Seppi-deficient mice after acute
exercise showed higher AMPK phosphorylation and TBARS
levels, a marker of oxidative stress, in the skeletal muscle.
After acute exercise, Consistent with the result in AMPK
phosphorylation, exercise-induced gene expression of
Ppargcla was also higher in exercised SeppI-deficient mice.
To determine whether ROS elevation mediates the pheno-
type of Sepplh-deficient mice, we injected these animals
with the anti-oxidant NAC. NAC pretreatment abrogated the
elevation of exercise-induced AMPK phosphorylation and
TBARS, resulting in a reduction in endurance capacity in
exercised Seppl-deficient mice. These results indicate that
SeP deficiency enhances ROS-mediated AMPK phospho-
rylation in the skeletal muscle during exercise, leading to
enhanced exercise responsiveness in mice.

In the experiments to mimic exercise in cultured myo-
tubes, treatment with SeP suppressed H,O,-stimulated
AMPK phosphorylation and mitochondrial DNA content.
Among selenoproteins containing a selenocysteine residue,
production of glutathione peroxidase 1 (GPX1 encoded by
Gpx1) and selenoprotein W (SelW encoded by SelpwI), but
not of selenoprotein N (SelN), was induced by treatment
with SeP. SeP reduced mRNA levels of genes expressed
downstream of AMPK, such as Ppargcla, in the presence
of H,0,. Knockdown for AMPKa by small interfering
RNA (siRNA) abolished the inhibitory actions of SeP on
Ppargcla expression in C2C12 myotubes. These results
indicate that SeP impairs the effects of ROS on AMPK
phosphorylation and Ppargcla gene expression in cultured
myotubes.

To identify the functional receptor of SeP in the skel-
etal muscle, we transfected C2C12 mouse myotubes with
siRNA specific to the genes encoding two abundant LDLR
family members, because the early reports showed that
LDLR family proteins function as SeP receptors in the
testis or kidney [34, 35]. Knockdown of Lrpl (low-den-
sity lipoprotein receptor-related protein 1), but not of Ldlr
(low-density lipoprotein receptor), reduced SeP-induced
Gpxl mRNA in C2C12 cells. Similarly, the inhibitory
effects of SeP on the expression of Ppargcla were com-
pletely abolished by knockdown of Lrpi. Furthermore,
knockdown of Lrpl canceled the inhibitory effect of
SeP on H,0,-induced AMPK phosphorylation in C2C12
myotubes. C2C12 cells transfected with siRNA for Lrp!
showed lower specific binding to ">Se-labeled SeP. Finally,
C2C12 myotubes with siRNA for LrpI exhibited lower
SeP uptake compared with cells with control siRNA.
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These results indicate that LRP1 functions as the primary
SeP receptor in cultured mouse myotubes.

To assess the role of LRP1 on exercise resistance
induced by SeP in vivo, we generated muscle-specific
LRP1 KO (musLRP1KO) mice by crossing mice bearing
a conditioning allele for LRP1 with muscle creatine kinase
(MCK)-Cre transgenic mice. Western blotting and hyper-
insulinemic—euglycemic clamp studies showed that LRP1
deficiency enhanced insulin signaling and subsequent glu-
cose uptake in the skeletal muscle of mice. To determine
whether LRP1 mediates the effects of SeP in the skeletal
muscle, we treated musLRP1KO mice with SeP. Western
blotting revealed that musLRP1KO mice injected with SeP
showed lower uptake of SeP in the skeletal muscle. AMPK
phosphorylation induced by a single bout of exercise was
suppressed by treatment with SeP in the negative control
mice but not in musLRP1KO mice. Similarly, SeP-induced
suppression of Ppargcla gene expression during exercise
was abolished in musLRP1KO mice. These results indicate
that LRP1 functions as an uptake receptor of SeP in the
skeletal muscle of mice.

To further examine the effect of LRP1 on exercise
responsiveness in the skeletal muscle, we subjected mus-
LRP1KO mice to an HFD and exercise training. Trained
musLRP1KO mice showed a higher aerobic exercise
capacity and glucose-lowering effect of insulin. These
results indicate that LRP1 deficiency in the skeletal mus-
cle enhances the responsiveness to exercise training for
exercise capacity and insulin sensitivity in mice.

Finally, to further establish a role for SeP in regula-
tion of exercise responsiveness, the relationship between
pre-training plasma SeP concentrations and the effect of
exercise training on exercise capacity in humans were
assessed. A total of 31 sedentary postmenopausal women
without obesity or type 2 diabetes underwent aerobic exer-
cise training at 60-75% of the individually determined
maximal heart rates for 8 weeks. Exercise capacity was
measured as maximal oxygen consumption (V02max)
using an ergometer and online computer-assisted circuit
spirometry. Exercise training increased V02max but did
so without affecting plasma concentrations of SeP. There
was no significant correlation between VO, .. and SeP
concentrations in the pre-training condition. However, pre-
training plasma SeP concentrations negatively correlated
with training-induced increment in VO, .. (AVO, . ).
People in the highest tertile for AVO, . showed a signifi-
cant reduction of pre-training plasma SeP concentrations
versus those in the lowest tertile. Multivariate regression
analysis showed that pre-training SeP concentrations pre-
dicted AVO,, . independently of other clinical param-
eters such as age and body weight. These results indicate
that pre-training plasma SeP concentrations predict the
ineffectiveness of exercise training in humans.
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Our study demonstrates that overproduction of hepa-
tokine SeP causes exercise resistance by impairing exer-
cise-induced molecular adaptations in the skeletal muscle
through its receptor LRP1 (Fig. 5) [33]. Much progress has
been made in the development of exercise mimetics that
induce adaptations similar to exercise by targeting nuclear
receptors and their coregulators [28]. However, to date, a
little attention has been paid to intrinsic inhibitory factors
that impair the molecular adaptations induced by exercise.
The current findings suggest that future screening for small
molecule inhibitors of the SeP-LRP1 axis may identify exer-
cise-enhancing drugs to treat physical inactivity-associated
diseases such as type 2 diabetes.

Identification of LECT2 as a hepatokine
that is over-produced in obesity

Growing evidence suggests a central role for fatty liver dis-
ease in the development of insulin resistance in obesity [36,
37]. Kotronen et al. [38] reported that intrahepatocellular
rather than intramyocellular fat associates with hyperinsu-
linemia independently of obesity in non-diabetic men. Fab-
brini et al. [39] have revealed that intrahepatic triglyceride,
but not visceral adipose tissue, is a better marker of multi-
organ insulin resistance associated with obesity. D’Adamo
et al. [40] showed that obese adolescents with high hepatic
fat content exhibit lower whole-body insulin sensitivity
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related protein 1). Selenoprotein P suppresses ROS generation by
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independently of visceral fat and intramyocellular lipid.
These papers indicate a strong correlation between fatty
liver and muscle insulin resistance in humans, but it was still
unknown whether fatty liver disease directly causes muscle
insulin resistance in obesity (Figs. 5, 6).

To identify hepatokines involved in obesity-induced
insulin resistance, we performed liver biopsies in humans
and conducted a comprehensive analysis of gene expression
profile. As a result, we found a positive correlation between
hepatic LECT2 mRNA levels and BMI, indicating that ele-
vated hepatic LECT2 mRNA levels were associated with
obesity in humans [41].

Leukocyte cell-derived chemotaxin 2 (LECT2) is a
secretory protein identified in the process of screening for
a novel neutrophil chemotactic protein [42]. LECT2 (in
humans encoded by the LECT?2 gene) is expressed prefer-
entially by human adult and fetal liver cells [43]. The early
study using Lect2-deficient mice showed that LECT2 neg-
atively regulates the homeostasis of natural killer T cells
in the liver [44]. More recently, Anson et al. reported that
LECT2 exerts anti-inflammatory and tumor-suppressive
actions in p-catenin-induced liver tumorigenesis [45]. To
date, however, the role of LECT2 in the development of
obesity and insulin resistance induced by over-nutrition was
not established.

To confirm the elevation of LECT2 in animal models with
obesity, we fed C57BL6J mice with a HFD. HFD increased
body weight time-dependently, and tended to increase tri-
glyceride contents in the liver. Gene expression for Lect2
was elevated in the livers of the mice fed HFD, in accord-
ance with the steatosis-associated genes such as Fasn and
Srebplc. Serum concentrations of LECT2 showed a sus-
tained increase since a week after the beginning of HFD.
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Fig.6 Overproduction of hepatokines contributes to the various kinds
of pathologies observed in type 2 diabetes and obesity. Our studies
open the door for inhibitor of hepatokine production as novel drugs
for type 2 diabetes-associated pathologies. LECT2 leukocyte cell-
derived chemotaxin 2, LRP1 low-density lipoprotein receptor-related
protein 1, WAT white adipose tissue

These results indicate that diet-induced obesity increases
LECT?2 production in the liver of mice.

To determine whether AMPK, a starvation-sensing
kinase, regulates LECT?2 expression, we transfected H4IIEC
hepatocytes with adenoviruses either encoding constitu-
tively active or dominant-negative AMPK. Transfection
with constitutively active-AMPK significantly decreased
mRNA levels for Lect2 in H4ITEC hepatocytes, similarly
to those for G6Pc that encodes key gluconeogenic enzyme
glucose-6 phosphatase already-known to be suppressed by
AMPK [46]. In contrast, transfection with dominant-nega-
tive AMPK increased Lect2 gene expression. These results
indicate that AMPK negatively regulates LECT2 production
in the cultured hepatocytes.

Next, we examined the role of LECT2 in the development
of insulin resistance in mice. We found that gene expres-
sion for Lect2 in the liver was overwhelmingly dominant
compared with that in the other tissues in mice. This result
suggests that the contribution of the other tissues except the
liver on the circulating levels of LECT2 is very small or
negligible in mice. Hence, we used systemic knockout mice
of LECT?2 in the following experiments. Body weight, food
intake, and resting heat production were unaffected by Lect2
knockout. However, the treadmill running challenge revealed
that physical exercise-assessed muscle endurance was signif-
icantly higher in Lect2™'~ mice. A glucose or insulin loading
test revealed that Lect2~'~ mice showed lower blood glucose
levels after glucose or insulin injection. Lecr2~'~ mice exhib-
ited an increase in insulin-stimulated Akt phosphorylation
in skeletal muscle, but not in the liver or adipose tissue.
Consistent with the results of insulin signaling, hyperinsu-
linemic—euglycemic clamp studies showed that the glucose
infusion rate and peripheral glucose disposal were increased,
whereas endogenous glucose production was unaffected by
Lect2 deletion. These results indicate that an Lect2 deletion
increases insulin sensitivity in the skeletal muscle in mice.

To examine the effect of LECT2 on insulin signaling
in vitro, we transfected C2C12 myocytes with a plasmid
expression vector encoding mouse LECT2. LECT?2 transfec-
tion suppressed myotube differentiation in C2C12 cells. The
cells transfected with the LECT2 vector showed a decrease
in insulin-stimulated Akt phosphorylation and an increase
in basal c-Jun-N-terminal kinase (JNK) phosphorylation.
To further confirm the acute action of LECT2 on insulin
signaling, we treated C2C12 myotubes with recombinant
LECT2 protein. Treatment with LECT2 protein for 3 h
decreased insulin-stimulated Akt phosphorylation. In addi-
tion, treatment with LECT2 protein for 30-60 min increased
JNK phosphorylation transiently in C2C12 myotubes. To
determine whether INK pathway mediates LECT2-induced
insulin resistance, we transfected C2C12 myoblasts with
siRNAs specific for INK1 and JNK2. Because knockdown of
JNK is known to alter the myotube differentiation in C2C12
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myotubes [47], we used undifferentiated C2C12 myoblasts
to purely assess the action of LECT?2 on insulin signal trans-
duction. Double knockdown of JNK1 and JNK2 rescued
the cells from the inhibitory effects of LECT2 on insulin
signaling. These in vitro experiments indicate that, at nearly
physiological concentrations, LECT?2 impairs insulin signal
transduction by activating JNK in the cultured myotubes.

Our research reveals that the overproduction of hepa-
tokine LECT?2 contributes to the development of muscle
insulin resistance in obesity [41]. The current study demon-
strates a previously unrecognized role for LECT?2 in glucose
metabolism and suggests that LECT?2 is a strong candidate
to explain a mechanism by which the fatty liver leads to
whole-body insulin resistance in obesity.

Conclusions and future perspectives

We have rediscovered two liver-derived secretory factors,
SeP and LECT2, as hepatokines that induce insulin resist-
ance and hyperglycemia (Fig. 6). After the publication of
our reports on the hepatokines, many researchers have paid
much attention to liver-derived secretory factors that play a
major role in the regulation of glucose metabolism [48, 49].
Notably, our research reveals that abnormal production of
hepatokines contributes to the onset of various kinds of sys-
temic pathologies observed in type 2 diabetes, and suggests
that hepatokines may be promising targets to treat or diag-
nose the pathologies in over-nutrition-associated diseases
such as type 2 diabetes. Actually, high-throughput screen-
ing for low molecular inhibitors of hepatokine production
is now ongoing. In addition, neutralizing antibodies against
SeP was reported to improve insulin resistance in animal
models with diabetes [50]. For the diagnosis of hepatokines-
related pathologies, the rapid measurement system of blood
concentrations of human SeP has been already established
[51]. We strongly expect that further studies would develop
novel diagnostic or therapeutic procedures targeting hepa-
tokines to combat over-nutrition-related diseases such as
type 2 diabetes.
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