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Mice with type 2 diabetes manifest selective hepatic insulin resistance: insulin fails to suppress gluconeogenesis but continues to activate lipogenesis, producing the deadly combination of hyperglycemia and
hypertriglyceridemia. In this issue of Cell Metabolism, Biddinger et al. (2008) show that mice with total
hepatic insulin resistance exhibit hyperglycemia without hypertriglyceridemia—a state paradoxically less
severe than selective insulin resistance.
Humans with type 2 diabetes mellitus exhibit the classic triad of hyperinsulinemia,
hyperglycemia, and hypertriglyceridemia.
Hyperglycemia in the face of hyperinsulinemia is attributed to insulin resistance.
In diabetic subjects, the major insulinresistant organs are liver, muscle, and
adipose tissue. The precise contribution
that each organ makes to hyperglycemia
and hypertriglyceridemia is not known.
To answer this question, Kahn and associates have conducted systematic studies
in mice in which they have ablated the
insulin receptor gene in each of these suspect organs (Biddinger and Kahn, 2006).
The latest installment is found in this issue,
where Biddinger et al. (2008) examine glucose and lipid metabolism in liver-specific
insulin receptor knockout (LIRKO) mice
(Michael et al., 2000). Biddinger et al. describe several disturbances of metabolism in the LIRKO mice. Here, we focus
on the central issue of the insulin resistance triad.
In their initial description of LIRKO mice,
Michael et al. (2000) reported that selective elimination of the insulin receptor in
livers of young mice produced both fasting hyperglycemia and hyperinsulinemia.
Despite extremely high levels of circulating insulin, the mice exhibited marked hyperglycemia in response to an exogenous
glucose load and a diminished response
to injected insulin, consistent with systemic insulin resistance.
Biddinger et al. (2008) explore the consequences of hepatic insulin receptor deficiency for the third element of the insulin
resistance triad, namely hypertriglyceridemia. Herein lies the paradox. In LIRKO
mice, the correlation with type 2 diabetes
breaks down. Despite hyperglycemia and

hyperinsulinemia, LIRKO mice manifest
low plasma triglycerides and no elevation
of hepatic triglycerides.
The explanation for the paradox is found
in the dual actions of insulin in the liver,
as illustrated in Figure 1. As shown in Figure 1A, under normal conditions, dietary
glucose stimulates insulin secretion from
the pancreas. The insulin travels directly
to the liver via the portal vein, where it elicits
two key actions at the level of gene transcription. First, insulin stimulates the phosphorylation of FoxO1, a transcription factor
that activates gluconeogenesis (Matsumoto et al., 2006). Insulin-stimulated phosphorylation prevents FoxO1 from entering
the nucleus, and hence it downregulates genes required for gluconeogenesis,
most prominently phosphoenolpyruvate
carboxykinase (PEPCK) and glucose 6phosphatase (G6Pase). The result is a decrease in hepatic glucose output, which
helps to keep blood glucose low.
The second action of insulin is to activate the transcription factor SREBP-1c,
which enhances transcription of genes
required for fatty acid and triglyceride biosynthesis, most prominently acetyl-coenzyme A carboxylase (ACC) and fatty acid
synthase (FAS) (Brown and Goldstein,
1997; Horton et al., 2002). Insulin activates
SREBP-1c by two mechanisms: (1) it increases transcription of the SREBP-1c
gene, and (2) it increases the amount of
nuclear SREBP-1c, most likely by increasing the conversion of the membranebound precursor to its cleaved nuclear
form (Shimomura et al., 2000; Ferre and
Foufelle, 2007). The newly produced triglycerides are secreted in very lowdensity lipoprotein (VLDL), which delivers
triglycerides to fat for storage and to

muscle for combustion. Uptake of VLDLderived fatty acids in adipose tissue is
facilitated by insulin, which increases the
amount of lipoprotein lipase on the surface
of endothelial cells.
Figure 1B shows how this regulatory
system goes awry in two mouse models
of insulin-resistant type 2 diabetes, ob/ob
mice and lipodystrophic mice, both of
which have increased food intake secondary to a deficiency of the appetitesuppressant hormone leptin. Increased
food intake increases insulin secretion.
In the liver, the FoxO1 pathway becomes
insulin resistant. Despite extremely high
insulin levels, the mRNAs for PEPCK and
G6Pase remain high, and gluconeogenesis continues. Despite insulin resistance
in the FoxO1 pathway, insulin sensitivity is
maintained in the SREBP-1c pathway
(Shimomura et al., 2000). Thus, nuclear
SREBP-1c levels are extremely high, fatty
acid synthesis is accelerated, and triglycerides accumulate in the liver. Excess triglycerides are secreted in VLDL, raising
plasma triglyceride levels. Fatty acids derived from these triglycerides worsen the
insulin-resistant state in muscle and adipose tissue. The net result is the classic
type 2 diabetic triad—hyperglycemia, hyperinsulinemia, and hypertriglyceridemia.
Figure 1C shows how glucose and fatty
acid metabolism in LIRKO mice differs
from that in mouse models of type 2 diabetes. In LIRKO mice, food intake is normal,
but hepatic insulin resistance is total. Insulin
cannot suppress gluconeogenesis, and
thus the liver continues to secrete glucose.
Insulin also cannot activate SREBP-1c, and
so hepatic triglycerides and circulating
VLDL are low. The net result is hyperinsulinemia and hyperglycemia without
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