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Insulin resistance caused by a
redox-associated hepatokine
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Type 2 diabetes is a multifactorial disease that is caused by the disruption of
interorgan networks. These disruptions
lead to absolute and/or relative deficiencies in the actions of insulin due to either
a genetic disposition or environmental
factors. Recent studies have unraveled
humoral and nutritional factors, and a
neuronal pathway that may govern such
interorgan networks [1] . The disruption of
these interorgan networks leads to insulin
resistance. Several organ-derived bioactive mediators, such as reactive oxygen
species, fatty acids, plasminogen activator‑1 and cytokines/hormones secreted
from the liver and adipose tissue, may
cause oxidative stress and thereby promote
insulin resistance and vascular complications [2] . Insulin resistance is an underlying feature involved in the pathogenesis
of Type 2 diabetes and its related vascular
complications. Specifically, the liver plays
a central role in energy homeostasis and is
a major source of bioactive secretory proteins that contribute to the pathophysiology of diabetes and subsequent complications. Therefore, comprehensive gene
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expression analyses of the liver are important steps for understanding the molecular signature of Type 2 diabetes. By using
an in-house cDNA microarray, we found
that hepatic expression of genes encoding angiogenic factors, fibrogenic factors
and redox-associated factors are altered
in people with Type 2 diabetes compared
with those without diabetes [3–6] . This
differential expression may contribute to
the pathophysiology of Type 2 diabetes
and its clinical manifestations. Based on
these findings, we hypothesized that in a
manner analogous to adipose tissues [7]
the liver may also contribute to the development of diabetes and insulin resistance
through the production of secretory proteins, termed hepatokines. To identify a
novel hepatokine, we first applied a serial
analysis of gene expression (SAGE) technique that makes it possible to compare
tag levels among independent libraries
and to identify previously unrecognized
genes encoding hepatokines that may
regulate the pathophysiology of diabetes [8] . Samples for SAGE were obtained
from five patients with Type 2 diabetes

“Insulin resistance is an
underlying feature involved in
the pathogenesis of Type 2
diabetes … Specifically, the liver
plays a central role … Therefore,
comprehensive gene expression
analyses of the liver are
important steps for
understanding the molecular
signature of Type 2 diabetes.”
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“Serum levels of SeP
are elevated in people
with Type 2 diabetes,
and significantly
correlated with fasting
plasma glucose and
HbA1c levels.”

“…there may be a pitfall
in antioxidant
supplements for the
treatment of diabetes/
obesity‑associated
diseases. Future diabetes
research may involve
possible reductive stress,
rather than oxidative
stress, to cause
insulin resistance.”
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and five subjects with normal glucose tolerance.
A total of 37,054 genes were unique in the two
libraries (normal glucose tolerance: 27,622
genes; Type 2 diabetes: 15,337 genes) [9] . Most
abundant mRNAs in the liver were genes for
secretory proteins, suggesting that the liver is
a major source of secretory proteins [8] . We
identified 117 genes encoding putative secretory proteins with expression levels at least
1.5‑fold higher in diabetic patients as compared with normal subjects. Second, of these
candidate genes, DNA chip methods were
used to identify genes whose hepatic expression levels were significantly correlated with
glycemic control (HbA1c), obesity (BMI) or
insulin resistance (HOMA‑R and metabolic
clearance rate). Third, we referred the expression of the genes to the various animal models
of diabetes, obesity and fatty liver [10–13] . Based
on these approaches, we isolated 62 candidate
genes for hepatokines associated with insulin
resistance, hyperglycemia and obesity [8] . Of
these, we identified a gene encoding selenoprotein P (SeP), the expression levels of which
were positively correlated with insulin resistance and hyperglycemia [14] . Serum levels of
SeP are elevated in people with Type 2 diabetes,
and significantly correlated with fasting plasma
glucose and HbA1c levels.
Selenoprotein P is a 50 kDa secretory protein mainly produced in the liver, and has been
known to be a selenium-carrier protein that
distributes selenium to peripheral tissues such
as the brain and testis. However, its metabolic
actions have remained unknown.
In a hyperinsulinemic euglycemic clamp
study, administration of purified SeP enhanced
hepatic glucose production and suppressed glucose uptake into the skeletal muscle in C57BL
mice [14] . Insulin-stimulated Akt phosphory
lation was impaired in the liver and skeletal
muscle of mice pretreated with SeP. Hepatic
expression of Sepp1 and serum levels of SeP
were increased by approximately 1.5‑fold in
Type 2 diabetic model OLETF rats and KKAy
mice compared with the controls. A liver- and
blood-specific 30% reduction of SeP protein
levels by delivery of Sepp1-specific siRNAs into
KKAy mice using a hydrodynamic transfection
method improved both glucose intolerance
and insulin resistance in the mice, suggesting
that SeP can be a therapeutic target for insulin resistance. Indeed, mice in which SeP was
deleted were insulin sensitive. Insulin-induced
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phosphorylation of Akt was enhanced in the
liver and skeletal muscle of SeP-knockout
mice. These findings indicate that liver-derived
SeP causes insulin resistance in the liver and
skeletal muscle.
Concerning the regulation of SeP by nutrients, glucose and palmitate upregulate and
insulin downregulates Sepp expression in
H4IIEC hepatocytes. Hepatic SeP mRNA was
elevated during fasting in mice. Therefore, the
regulation of SeP by nutrients seems consistent
with glucose homeostasis in the body (i.e., in
the fasting state) – SeP reduces insulin sensitivity leading to the maintenance of circulating
glucose levels.
We examined the mechanisms through
which SeP causes insulin resistance and
found that treatment with SeP reduces
phosphoryl ation of AMP-activated protein
kinase (AMPK) and expression of fatty acid
b‑oxidation-related genes in H4IIEC hepatocytes. AMPK is a key player in anti-aging as it
activates PGC‑1a and FoxO to enhance energy
expenditure and longe v ity. Constitutively
active AMPK prevented SeP-induced insulin
resistance in H4IIEC hepatocytes, suggesting that SeP causes insulin resistance, at least
partly, by inactivating AMPK [14] . Specifically,
SeP acts as a redox protein by activating glutathione peroxidase. How does antioxidant
SeP induce insulin resistance? Our findings
seem paradoxical because these are against
the recent concept that oxidative stress causes
insulin resistance. However, in concert with
our experimental findings, selenium supplementation was paradoxically associated with
an increased risk for diabetes in humans [15] .
Furthermore, in a previous study, the antioxidant reagent N‑acetyl-l‑cysteine rescued palmitate-induced insulin resistance only partly
in cultured hepatocyte cell lines, whereas it
effectively suppressed palmitate-induced activation of JNK [16] . In addition, mice lacking
one of the selenoproteins involved in the elimination of physiological reactive oxygen species,
glutathione peroxidase 1, are reported to be
protected from high-fat-diet-induced insulin
resistance [17] . Collectively, these findings and
our study [14] suggest that there may be a pitfall
in antioxidant supplements for the treatment
of diabetes/obesity-associated diseases. Future
diabetes research may involve possible reductive stress, rather than oxidative stress, to cause
insulin resistance.

future science group

Insulin resistance caused by a redox-associated hepatokine
Financial & competing interests disclosure
The authors have no relevant affiliations or financial
involvement with any organization or entity with a financial interest in or financial conflict with the subject matter
or materials discussed in the manuscript. This includes

1

Uno K, Katagiri H, Yamada T et al.:
Neuronal pathway from the liver modulates
energy expenditure and systemic insulin
sensitivity. Science 312, 1656–1659 (2006).

2

de Luca C, Olefsky JM: Stressed out about
obesity and insulin resistance. Nat. Med. 12,
41–42; discussion 42 (2006).

3

Takamura T, Sakurai M, Ota T, Ando H,
Honda M, Kaneko S: Genes for systemic
vascular complications are differentially
expressed in the livers of Type 2 diabetic
patients. Diabetologia 47, 638–647 (2004).

4

Takeshita Y, Takamura T, Hamaguchi E
et al.: Tumor necrosis factor-a-induced
production of plasminogen activator
inhibitor 1 and its regulation by pioglitazone
and cerivastatin in a nonmalignant human
hepatocyte cell line. Metabolism 55,
1464–1472 (2006).

5

Shimizu A, Takamura T, Matsuzawa N et al.:
Regulation of adiponectin receptor expression
in human liver and a hepatocyte cell line.
Metabolism 56, 1478–1485 (2007).

6

Takeshita Y, Takamura T, Ando H et al.:
Cross talk of tumor necrosis factor-a and the
rennin–angiotensin system in tumor necrosis

future science group

employment, consultancies, honoraria, stock ownership or
options, expert te stimony, grants or patents received or
pending, or royalties.
No writing assistance was utilized in the production of
this manuscript.
factor-a-induced plasminogen activator
inhibitor‑1 production from hepatocytes.
Eur. J. Pharmacol. 579, 426–432 (2008).

Bibliography
7

Editorial

Maeda K, Okubo K, Shimomura I,
Funahashi T, Matsuzawa Y, Matsubara K:
cDNA cloning and expression of a novel
adipose specific collagen-like factor, apM1
(AdiPose Most abundant Gene transcript 1).
Biochem. Biophys. Res. Commun. 221,
286–289 (1996).

12

Matsuzawa-Nagata N, Takamura T et al.:
Increased oxidative stress precedes the onset
of high-fat diet-induced insulin resistance
and obesity. Metabolism 57, 1071–1077
(2008).

13

Ando H, Takamura T, Matsuzawa-Nagata N
et al.: The hepatic circadian clock is preserved
in a lipid-induced mouse model of nonalcoholic steatohepatitis. Biochem. Biophys.
Res. Commun. 380, 684–688 (2009).

8

Takamura T, Misu H, Yamashita T,
Kaneko S: SAGE application in the study of
diabetes. Curr. Pharm. Biotechnol. 9,
392–399 (2008).

14

Misu H, Takamura T, Takayama H et al.:
A liver-derived secretory protein,
selenoprotein P, causes insulin resistance.
Cell Metab. 12, 483–495 (2010).

9

Misu H, Takamura T, Matsuzawa N et al.:
Genes involved in oxidative phosphorylation
are coordinately upregulated with fasting
hyperglycaemia in livers of patients with
Type 2 diabetes. Diabetologia 50, 268–277
(2007).

15

Stranges S, Marshall JR, Natarajan R et al.:
Effects of long-term selenium
supplementation on the incidence of Type 2
diabetes: a randomized trial. Ann. Intern.
Med. 147, 217–223 (2007).

16

10

Ota T, Takamura T, Kurita S, Matsuzawa N
et al.: Insulin resistance accelerates a dietary
rat model of nonalcoholic steatohepatitis.
Gastroenterology 132, 282–293 (2007).

11

Matsuzawa N, Takamura T, Kurita S et al.:
Lipid-induced oxidative stress causes
steatohepatitis in mice fed an atherogenic
diet. Hepatology 46, 1392–1403 (2007).

Nakamura S, Takamura T, MatsuzawaNagata N et al.: Palmitate induces insulin
resistance in H4IIEC3 hepatocytes through
reactive oxygen species produced by
mitochondria. J. Biol. Chem. 284,
14809–14818 (2009).

17

Loh K, Deng H, Fukushima A et al.: Reactive
oxygen species enhance insulin sensitivity.
Cell Metab. 10, 260–272 (2009).

www.futuremedicine.com

257

