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1. ABSTRACT

Diabetes is a complex disease involving multiple
organs with dysregulation in glucose and lipid metabolism.
Hepatic insulin insensitivity can contribute to elevated
fasting glucose levels and impaired glucose tolerance in
individuals with diabetes. Several currently available
therapeutics address defects at the liver. Metformin inhibits
glucose production, potentially through effects on AMPK.
Thiazolidinediones activate PPAR-gamma and improve
hepatic insulin sensitivity, primarily through indirect
effects on lipid metabolism. Insulin analogs and
secretagogues suppress glucose production and increase
liver glucose utilization by both direct and indirect hepatic
actions. Incretins, incretin mimetics, and dipeptidyl
peptidase-4 inhibitors reduce postprandial hepatic glucose
production by increasing insulin secretion and limiting
glucagon release, as well as through possible direct effects
on the liver. Pramlintide reduces the increase in plasma
glucagon that occurs following a meal in individuals with
diabetes, and may thereby suppress inappropriate
stimulation of liver glucose production. Many other hepatic
targets are being considered which may lead to alternative
strategies for the treatment of diabetes. This review focuses
on currently available therapeutics which target insulin
resistance in the liver.
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2. INTRODUCTION

Hyperglycemia in type 2 diabetes (T2D) results
from insulin resistance coupled with impaired beta cell
compensation. In the fasted state, the liver is the primary
producer of endogenous glucose, whereas following
feeding elevations in circulating glucose and insulin
mediate a switch to hepatic glucose storage. Therefore, the
liver plays a pivotal role in maintaining glucose
homeostasis during both fasting and feeding, and defective
hepatic insulin sensitivity in T2D results in impairments in
fasting glucose levels and glucose tolerance.

After an overnight fast, glucose is produced in the
liver by two processes: glycogenolysis, from available
glycogen stores, and gluconeogenesis, which is fueled by
lactate, glycerol, amino acids and pyruvate. Elevated basal
hepatic glucose production in insulin resistant individuals leads
to fasting hyperglycemia (1, 2) and is mainly accounted for by
an increase in gluconeogenesis related to increased production
of gluconeogenic precursors, elevated gluconeogenic enzyme
activity, hyperglucagonemia and increased hepatic fatty acid
oxidation (1). In the post-absorptive state, reduced suppression
of hepatic glucose production and abnormal liver glucose
clearance contribute to impaired glucose tolerance and
postprandial hyperglycemia (3).
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Thus, hyperglycemia associated with
impairments in the regulation of fasting glucose production
and glucose tolerance may be improved by therapeutics
which target insulin resistance in the liver. While some
drugs affect glucose metabolism through direct actions at
the liver, others improve hepatic insulin resistance through
indirect mechanisms. The purpose of this review is to
discuss current strategies for the inhibition of hepatic
glucose production in T2D.

3. METFORMIN

The biguanide metformin is the most common
drug used in the treatment of T2D. It is generally accepted
that metformin’s primary therapeutic effect results from its
action at the liver where it reduces glucose production (4,
5). In a recently published meta-analysis, based on 19
clinical studies, it was concluded that the drug enhances
insulin’s ability to inhibit hepatic glucose production
without improving its ability to increase glucose uptake (6).

The question thus arises as to whether metformin
decreases glucose production by inhibiting glycogenolysis
or gluconeogenesis. Two studies carried out several years
ago came to opposite conclusions with regard to this point.
Metformin was shown to improve glycemic control in one
case by suppressing gluconeogenesis (7) and in the other
case by inhibiting glycogenolysis (8). In the study by Cusi
et al. (7), 20 subjects with T2D and 8 control subjects were
studied in a randomized double blind placebo controlled
trial to determine the effect of 15 weeks of treatment with
metformin (TID: 2.5 g/day). Subjects were studied in the
basal state and during a euglycemic hyperinsulinemic (~40
pU/ml) clamp both before, and after, drug treatment.
Glucose production was measured using [*H]glucose and
gluconeogenesis was assessed using ["*C]lactate.
Metformin treatment reduced fasting hepatic glucose
production from 12.9 +0.7 to 11.0+0.5 pmol/kg/min (15%).
It did not, however, enhance glucose disposal during
hyperinsulinemia (10.9+0.9 vs. 11.0+£0.65 pmol/kg/min)
nor did it significantly enhance the suppression of hepatic
glucose production brought about by the rise in insulin. In
the fasting state, gluconeogenesis from lactate was not

reduced, implying that the fall in hepatic glucose
production was related to a decrease in glycogen
breakdown.

In the study by Hundal er al. (8), seven T2D
subjects and seven control subjects were assessed before
and after treatment with metformin (TID; total dose ~ 2.5g)
for 3 months. Glucose production was measured using
[6,6-*H,]glucose  while the rate of net hepatic
glycogenolysis was estimated using '*C  NMR.
Gluconeogenesis was also directly measured using the
deuterated water (*H,O) technique. Metformin reduced
fasting glucose production by 24% and at the same time
reduced gluconeogenesis by 36% (*C NMR) or 33%
(*H,0), depending on the approach used to measure it.
This was enough to explain virtually all of the decrease in
hepatic glucose production. The authors thus concluded
that inhibition of gluconeogenesis explains the ability of
metformin to decrease fasting hepatic glucose production.
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Although these two studies agree on the drugs’
ability to reduce fasting glucose production, they differ
with regard to their conclusion on the way in which this
comes about. The duration of treatment, the drug dose, the
subjects’ BMI and age, and their glycosylated hemoglobin
levels were similar in both studies. It is possible that
concurrent or pre-existing medications may have caused a
difference in the response to drug, but it seems more likely
that the different approaches wused to measure
gluconeogenesis led to different conclusions. Interestingly,
Stumvoll et al. (9) used the ["*C]lactate approach in an
carlier study and concluded that an alteration in
gluconeogenesis explains metformin’s effect, while
Christiansen et al. (10) used the mass isotopomer
distribution analysis (MIDA) approach to measure
gluconeogenesis and concluded that the drug worked by
inhibiting glycogenolysis. Given these conflicting data, the
process by which metformin decreases glucose production
in the human remains controversial.

There is an abundance of in vitro data (11-14)
and rodent data (15-17) which also indicate that metformin
can reduce hepatic glucose output, and in general they
support a role for an effect of the drug on gluconeogenesis.
A variety of hepatic gluconeogenic targets have been
identified including glucose-6-phosphatase (G6Pase) (16),
fructose-1,6-bisphosphatase ~ (F16BPase) (17) and
phosphoenolpyruvate  carboxykinase (PEPCK) (14).
Recently many of the beneficial effects of metformin have
been attributed to its ability to activate AMP-activated
protein kinase (AMPK), and to thereby bring about
allosteric changes in various enzymes (14), as well as
effects on gene transcription (14). Most recently, the
involvement of the orphan nuclear receptor SHP has been
proposed (12). In general, AMPK activation is associated
with an inhibition of gluconeogenesis (14) rather than
glycogenolysis. It should be noted, however, that in a
recent study AICAR, an adenosine analog activator of
AMPK, was shown to stimulate glycogen synthase, raising
the possibility that changes in glycogenolysis might still be
involved in metformin action (18). Thus, while the in vitro
rodent data support the concept that the drug primarily
alters gluconeogenesis, this is in part because few studies
have focused on glycogenolysis. In one study that did
assess glycogenolysis, metformin was in fact shown to
have an acute inhibitory effect on glycogenolysis in the dog
(19).

One of the difficulties in assessing the action of
metformin on glucose production in vivo is separating its
acute effect from the chronic effects which result from the
overall improvement in the metabolic state of the T2D
patient treated with the drug. A recently published study
examined the effects of metformin treatment in T2D
patients in whom oral drugs were washed out (20). Subjects
received the drug BID at 2 g/d and were studied before and
after 4 months of treatment. A hyperinsulinemic
euglycemic clamp was used to increase insulin by a modest
amount in the presence of a fixed basal glucose
concentration. Glucose production was measured using
[*H]glucose, and gluconeogenesis and glycogenolysis were
measured using “H,O. Fasting glucose production and
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utilization were not altered by drug treatment, although the
fasting plasma insulin level was reduced by ~20% (even in
the presence of increased plasma glucagon), suggesting an
improvement in insulin sensitivity. On the other hand, the
ability of a small increase in arterial insulin to inhibit
glucose production was not altered by metformin treatment.
Likewise, the declines in gluconeogenesis and
glycogenolysis caused by the rise in insulin were not altered by
the drug. Interpretation of the data from this study is, however,
complicated by the fact that insulin was infused via a
peripheral vein at the same time that somatostatin inhibited
endogenous insulin secretion (as confirmed by very low C-
peptide levels). As a result, the hepatic sinusoidal insulin
levels were undoubtedly below basal during the glucose clamp.
This means that the reduction in glucose production was
secondary to the extra-hepatic effects of insulin. In addition,
the rise in arterial insulin was greater post-treatment (A81
pmol/L) than pretreatment (A49 pmol/L), further complicating
data interpretation. Finally, the inhibition of hepatic glucose
production, gluconeogenesis, and glycogenolysis were so
extensive (65%, 70% and 70%, respectively) prior to treatment
that there was little room for improvement post-treatment.
Thus, although the results of this study do not support an effect
of metformin on the liver, the experimental design prevents a
definitive conclusion. In a similar study by Tikkainen et al.
(21) carried out four years earlier, four months of metformin
treatment in previously untreated T2D patients was shown to
be associated with an enhanced ability of insulin to inhibit
glucose production. It should be noted that the glucose levels
in the latter study were clamped at 8 mM rather than 5 mM,
and that insulin secretion was not inhibited by somatostatin.

In summary, there is no doubt that metformin
improves glycemic control in patients with T2D. The
majority of data support the concept that the drug inhibits
glucose production by the liver. The effect on hepatic
glucose production is small but the glycemic gain is
significant. In vitro data and results from studies in rodents
support a predominant role for gluconeogenic inhibition in
explaining the metformin induced decline in hepatic
glucose production. Data in the human, however, are
controversial. The cellular mechanisms by which
metformin works are also not clearly understood, but more
recent data suggests an involvement of AMPK, a molecule
which is thought to act as a fuel sensor. Regardless of the
mechanisms by which metformin works, it is a good option
for treatment of individuals with T2D.

4. THIAZOLIDINEDIONES

Thiazolidinediones (TZDs) are high affinity
agonists for the nuclear peroxisome proliferator-activated
receptor gamma (PPAR-y), which improve glucose
homeostasis and whole-body insulin sensitivity via multiple
actions (22, 23). The antidiabetic effects of TZDs were first
described in the 1980’s and two TZDs, pioglitazone and
rosiglitazone, have been available for the treatment of T2D
in the US and Europe for almost a decade.

While some studies have not demonstrated an
effect of TZD treatment on hepatic glucose production, a
review of 23 clinical studies revealed that PPAR-y agonists
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potentiate insulin-stimulated glucose disposal over a wide
range of insulin concentrations, while also improving the
sensitivity of hepatic glucose production to insulin and
increasing fasting glucose clearance (6). In this systematic
review, when glucose production was adjusted for the
prevailing plasma insulin concentration, TZDs, as well as
metformin, decreased an index of glucose production (rate
of glucose production per unit of circulating insulin) by
~20%. In this analysis, TZDs also improved non-hepatic
insulin sensitivity, whereas metformin did not.

The beneficial effects of TZDs on insulin action
are primarily mediated through PPAR-y, a member of the
nuclear receptor superfamily (24, 25), which acts as a lipid-
activated transcription factor in the regulation of genes that
control lipid and glucose metabolism (26). PPAR-y plays
an essential role in adipocyte differentiation and
lipogenesis (27, 28) and is weakly activated by fatty acids
and eicosanoids, components of oxidized low density
lipoproteins (LDL), and nitrolinoleic acid (26). A highly
specific natural ligand for PPAR-y has not been identified
and indeed may not exist; instead, PPAR-y may act as a
physiologic lipid sensor which is activated by the combined
concentration of weakly binding activators (26).

PPAR-y is expressed predominantly in adipose
tissue and to a much lesser extent in muscle and the liver
(29, 30). The effects of TZD treatment on hepatic insulin
sensitivity appear to be primarily indirect, through PPAR-y
mediated changes in adipose gene expression, although in
liver specific PPAR-y knockout mice insulin resistance was
associated with elevated basal endogenous glucose
production (31), suggesting that TZDs may also have direct
effects on the organ. On the other hand, mice lacking
PPAR-y in adipose did not respond to the insulin-
sensitizing effects of TZDs (32, 33), highlighting the
importance of PPAR-y’s effect in fat. The mechanisms by
which TZDs mediate improved insulin action include
altered body composition, reduced free fatty acid (FFA)
levels, decreased intramyocellular and intrahepatocellular
triglyceride (TG) content, decreased production / actions of
circulating proinflammatory proteins and altered expression
of metabolically important genes in adipose, liver and
muscle (26, 34-36).

Visceral adiposity is associated with hepatic
insulin resistance in nondiabetic and T2D subjects (37, 38).
TZD treatment has been demonstrated to improve this
condition through adipocyte remodeling such that lipids are
redistributed from insulin-resistant, lipolytic visceral fat
depots into subcutaneous fat (39-42). In several studies, fat
redistribution following TZD treatment in T2D subjects
was associated with a 50% reduction in hepatic fat and
improvements in hepatic insulin sensitivity, including
greater insulin-mediated suppression of endogenous
glucose production and augmented splanchnic glucose
uptake (42, 43).

Obesity associated increases in circulating FFAs
and hepatic TG storage correlate with reduced insulin
mediated glucose uptake and production at the liver (34,
44, 45). Recently, intrahepatic TG content in obese subjects
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was shown to be the best predictor of insulin action in liver,
skeletal muscle and adipose tissue (46). In addition to
dietary intake, hepatic TG accumulation is affected by de
novo lipogenesis, fatty acid beta oxidation and very low
density lipoprotein (VLDL) export. PPAR-y affects these
processes in multiple ways. First, it mediates the
partitioning of lipids into adipocytes, away from the
circulation and tissues including the liver. This occurs as
FFA uptake by fat is augmented through increased
expression of lipoprotein lipase (47), fatty acid transport
protein (48), fatty acid translocase (49) and oxidized LDL
receptor 1 (50). In addition, TZDs promote recycling
instead of export of intracellular FFAs by increasing
adipose expression of PEPCK (enabling gluconeogenic
precursors to form the glycerol backbone required for TG
synthesis) (28), glycerol kinase (enabling the direct
synthesis of glycerol-3-phosphate from glycerol) (51) and
glycerol transporter aquaporin (52). Finally, FFA oxidation
is increased through the induction of the coactivator PGC-
la, which promotes mitochondrial biogenesis (53). These
cumulative effects result in increased FFA flux into adipose
tissue and decreased TG accumulation in the liver (41, 43),
improving hepatic insulin sensitivity (54, 55). In addition,
TZDs increase arachidonic acid content in TGs, which is
associated with increased insulin sensitivity (56).

TZDs also improve hepatic insulin sensitivity by
inducing the expression of the insulin-sensitizing factor,
adiponectin (57). Adiponectin is produced by adipose
tissue, is reduced in obesity (58) and T2D (59), and has
direct insulin sensitizing actions on the liver (60). It exists
in the serum and intracellularly in multiple complexes,
including high-molecular weight (HMW) multimers, which
have the predominant action in the liver (60). The
adiponectin promoter contains a functional PPAR-y
response element (61, 62) and production of adiponectin is
increased by TZD treatment in humans (21, 63-65).
Importantly, TZD treatment preferentially increases the
formation, secretion and amount of circulating HMW
adiponectin (66). In one study, patients with T2D treated
with a TZD for 21 days showed a strong correlation
between the percent increase in HMW adiponectin and
percent decrease in endogenous glucose production, and
these rapid treatment effects occurred prior to confounding
effects on plasma glucose and FFA levels (65). The
observed early hepatic response was the result of improved
suppression of endogenous glucose production by insulin
and occurred when arterial plasma insulin concentrations
were clamped at 50 but not 400 pU/ml, presumably
because at the higher dose insulin’s effect on the liver was
saturated. Greater suppression of glucose production with
TZD treatment was also observed at low (42) but not higher
(42, 67, 68) insulin clamp levels after longer periods of
treatment (8 to 16 weeks).

The TZD mediated adiponectin effect on the liver
appears to be brought about in part by increased hepatic
fatty acid oxidation through activation of PPAR-a (69),
another member of the PPAR family. In the liver, PPAR-a
promotes FFA oxidation, high density lipoprotein
synthesis, and TG hydrolysis (70). Treatment with
adiponectin in vitro resulted in increased activity of acyl-
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CoA oxidase, carnitine palmitoyl transferase-1 and fatty
acid binding protein, leading to increased fatty acid
oxidation (71). In addition, TZDs ameliorate the negative
effects of TNF-a on adiponectin expression (62). Part of
the insulin sensitizing action of adiponectin may involve
the activation of AMPK, which results in inhibition of
acetyl CoA carboxylase and subsequent increased fatty acid
beta oxidation (72). Adiponectin has also been shown to
reduce glucose production in the liver by inhibition of
PEPCK and G6Pase expression (73).

PPAR-y activation also ameliorates the effects of
insulin resistance associated with inflammation by
decreasing the expression of proinflammatory cytokines
and a wide variety of other insulin desensitizing molecules,
such as resistin, TNF-a, PAI-1, IL-6, IL-1p, retinol-binding
protein-4, inducible nitric oxide synthase, matrix metallo-
proteinase-9, scavenger receptor-A, NF-xB, and
superoxides (34, 74-76). In addition, expression of 11p3-
hydroxysteriod dehydrogenase-1 (11p-HSD1), which
elevates intracellular cortisol levels, is reduced by PPAR-y
activation (77). Cortisol antagonizes the effects of insulin
and promotes hepatic glucose production, and since the rate
of hepatic cortisol production approaches that of all other
endogenous sources (78, 79), inhibition of 113-HSD1 may
represent an important part of the TZD effect on the liver.

In summary, TZDs increase insulin sensitivity in
the liver through the activation of PPAR-y, which mediates
a variety of effects, especially in adipose tissue. Effects of
TZD treatment on patients with T2D include alterations in
the site of fat deposition, decreases in circulating FFA
levels and intrahepatic TG accumulation, and altered
expression of adipokines such as adiponectin, resistin and
TNF-0. Beneficial effects at the liver appear to relate to
greater suppression of glucose production and increased
glucose utilization.

5. INSULIN ANALOGS AND SECRETAGOGUES

It is clear that insulin is a critical regulator of
hepatic glucose production (80). It brings about its effects
on the liver by both direct and indirect means. The direct
effect results from the interaction of the hormone with its
hepatic receptor and involves the classic Akt signaling
cascade (81). The indirect effects of insulin include an
action on fat, muscle, the alpha cell and the brain (82, 83).
In adipose tissue, insulin inhibits lipolysis and in turn
decreases the supply of glycerol and FFA reaching the
liver. Glycerol is a gluconeogenic substrate, while FFA
provide energy and exert control over gluconeogenic /
glycolytic flux, in part via an action on 6-
phosphofructo-1-kinase (PFK-1) (84-86). In muscle,
insulin stimulates protein synthesis and glucose uptake,
thereby again regulating the flow of gluconeogenic
precursors (amino acids and lactate) to the liver. In the
alpha cell, insulin inhibits glucagon secretion, which in
turn lowers hepatic glucose production (87). More
recently, it has been demonstrated in rodents that insulin
can reduce glucose output by the liver through an action
in the hypothalamus (88). To date this has not been
confirmed in man.
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In a study carried out in the dog (89), there was a
very similar fall in glucose production (60-75%) seen in
response to a modest rise in plasma insulin (~14 pU/ml)
brought about selectively at the liver (i.e. the insulin level
was basal in the rest of the body), or in the periphery (i.e.
the liver insulin level was basal). Since insulin is secreted
into the portal vein, the levels of the hormone that normally
exist in the hepatic sinusoid are about three-fold that in the
artery. One would predict, therefore, that in the normal
individual the direct effects of insulin would be dominant.
This was shown to be the case in a study by Edgerton et al.
(90) where during a pancreatic clamp in dogs the route of
insulin delivery was switched from the portal vein to a leg
vein. The insulin levels in arterial blood doubled (i.e.
doubling insulin’s indirect effects), while its level in the
hepatic sinusoid fell by ~50% (i.e. halving insulin’s direct
effect). As a result of these changes, glucose production
rose significantly and hyperglycemia resulted, showing that
the change in insulin at the liver was more important than
its change in the periphery.

Normally, the sensitivity of the liver to insulin is
extremely high. In fact, a doubling of basal insulin
secretion will markedly decrease hepatic glucose output
(80%), while a tripling will cause the liver to stop
producing glucose altogether (80). In the individual with
T2D this sensitivity is impaired. If this impairment is
accompanied by beta cell failure these patients often
require insulin treatment to control their diabetes. The
individual with type 1 diabetes is, of course, dependent on
insulin administration for control of glucose homeostasis.
Over the past several decades a variety of long acting
(glargine, detemir) and short acting (lispro, aspart,
glulisine) insulin analogs have been developed which have
improved the ability of the patient to manage their blood
sugar. However, all of these preparations must be delivered
by subcutaneous injection, resulting in an abnormal ratio
between peripheral and portal vein insulin concentrations.
In order to adequately control the blood sugar, insulin
levels in arterial blood must be higher than appropriate to
compensate for relative hypoinsulinemia in the hepatic
sinusoids. This is thought to contribute to the weight gain,
hypoglycemia, and possibly macrovascular disease
associated with insulin treatment. Ideally, one would like
an insulin molecule that could be given orally (thereby
increasing the portal to arterial insulin ratio) or one with
preferential sensitivity for the liver. The latter could be
given peripherally, but would act as if it had been given
intraportally.

Sulphonylureas have been intensely used in the
treatment of diabetes for nearly 50 years (5). They lower
blood glucose by stimulating the release of insulin from
pancreatic beta cells following the binding of an ATP-
dependent K channel (KATP) on the cell membrane. First
(acetohexamide, chlorpropamide, tolbutamide, tolazamide),
second (glipizide, gliclazide, glibenclamide, gliquidone)
and third (glimepiride) generation sulphonylureas have
been developed. More recently, meglitinide insulin
secretagogues, which target first phase insulin release
(nateglinide, repaglinide, mitiglinide), have become
available. They bind to a beta cell KATP channel in a
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similar manner to sulfonylureas, but at a separate binding
site. Compared to sulfonylureas, meglitinides have a faster
onset and peak, with a shorter duration, thus they are
generally taken just before meals and have reduced
potential for hypoglycemia.

Insulin secretagogues cause the release of
endogenous insulin and in doing so bring about a normal
distribution of insulin between the liver and the peripheral
tissues and regulate glucose production as described above
for insulin. For a review related to the insulin
secretagogues, see the article by Krentz and Bailey (5).

6. INCRETINS, INCRETIN MIMETICS AND
DIPEPTIDYL PEPTIDASE-4 INHIBITORS

Glucagon-like peptide-1 (GLP-1) is a gut derived
incretin peptide which is released following the ingestion of
food, stimulating insulin secretion in a glucose dependent
manner (91). GLP-1 also suppresses glucagon secretion and
appetite, delays gastric emptying and may help maintain
beta cell mass (91). GLP-1 is rapidly degraded by
dipeptidyl peptidase-4 (DPP4), therefore DPP4 resistant
GLP-1 analogs (liraglutide) and incretin mimetics
(exenatide) as well as inhibitors of DPP4 (sitagliptin,
vildagliptin) are, or might soon, be available (92).

With ~80% of hepatic blood supplied by the
hepatic portal vein, GLP-1 levels are significantly greater at
the liver than in the periphery (93). Mixed results suggest
that at best, minimal levels of the classical GLP-1 receptor
are present in the liver (94, 95), but it has been shown that
radiolabeled GLP-1 binds to hepatic membranes (96).
Thus, there is potential for direct regulation of the liver by
GLP-1 with resulting in changes in glucose production and
utilization (96, 97).

While it is clear that hepatic glucose production
and uptake can be regulated indirectly by GLP-1 through
its effect on pancreatic hormone levels, there is evidence
that GLP-1 can exert a direct effect on the liver as well (93,
98). In humans, a peripheral infusion of GLP-1 that created
a physiologic increase in plasma GLP-1 levels, suppressed
glucose production under euglycemic clamp conditions
with pancreatic hormones clamped at basal levels (99). In
dogs, when physiological or pharmacological increases in
plasma GLP-1 were brought about under hyperglycemic-
hyperinsulinemic clamp conditions, there was a modest
increase in net hepatic glucose uptake (93, 98, 100). This
effect occurred whether GLP-1 was administered
intraportally or via the hepatic artery (93, 98), suggesting
that GLP-1 was mediating this effect directly by activating
its receptors at the liver. This effect was small and required
high physiological levels of the peptide.

In an in vitro study, GLP-1 increased glucose
incorporation into glycogen in hepatocytes due to increased
glycogen synthase and decreased glycogen phosphorylase
activity (101). Changes in enzyme activation were the
result of cAMP-independent signaling via PI-3 kinase /
PKB pathways (102). This is in agreement with the
inhibition of glucagon-induced glycogenolysis by GLP-1
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(103). When GLP-1 levels were elevated in the brain of
mice, insulin mediated hepatic glucose uptake and
conversation into glycogen was favored over nonhepatic
glucose uptake (104). These results indicate that GLP-1
may enhance glucose uptake and storage in the liver by
both direct and indirect mechanisms.

In addition to possible direct hepatic effects,
elevated GLP-1 or incretin mimetic levels inhibit
endogenous glucose production by increasing insulin and
decreasing glucagon secretion. Glucagon is inappropriately
elevated following a meal in T2D patients (105-107) and is
therefore considered a component of liver insulin
resistance. In recent studies, vildagliptin (108, 109) and
exenatide (110) suppressed endogenous glucose production
by increasing the insulin to glucagon ratio.

In summary, incretins, incretin mimetics and
DPP4 inhibitors suppress hepatic glucose production by
increasing the plasma insulin to glucagon ratio. In addition,
some evidence suggests that signaling through the GLP-1
receptor in the liver may mediate direct inhibitory effects.

7. PRAMLINTIDE

Amylin, sometimes referred to as islet amyloid
polypeptide when produced endogenously, is a peptide
secreted by the pancreatic beta cell. Amylin is co-localized
and co-secreted with insulin (111). Primary gluco-
regulatory effects of the peptide are decreased food intake
and slowed gastric emptying, both resulting in a decrease in
the rate of nutrient entry in the body (112). Pramlintide, a
relatively new adjunct treatment for type 1 and 2 diabetic
patients who use insulin, is a stable analogue of human
amylin.

Earlier studies suggested that amylin increases
hepatic glucose production (113-116). This effect was
observed with supraphysiologic circulating levels of amylin
achieved after exogenous administration and appears to
result from increased muscle glycogenolysis, which in turn
increases  circulating  lactate levels and fuels
gluconeogenesis in the liver (116-118). There is no
evidence for a direct effect of amylin on endogenous
glucose production in hepatocytes, perfused liver, or in vivo
in humans (119).

It has been shown that in patients with either type
1 or type 2 diabetes, pramlintide infusion decreases
postprandial glycemia (120-122), and it is speculated that a
third mechanism, suppression of postprandial glucagon
levels (123, 124), is a key contributing factor alongside the
slowing of gastric emptying (125). The decrease in
postprandial glucagon levels may be a consequence of the
effect on gastric emptying, which leads to lower circulating
levels of amino acids during the postprandial period, rather
than a direct effect on the pancreatic alpha cell (112).
However, euglycemic clamp studies conducted in rodents
suggest that there may be an effect to suppress glucagon
independent of gastric emptying, where arginine-induced
glucagon release was suppressed by amylin (126). Of note,
the inhibitory effect of amylin on glucagon secretion is
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absent in the setting of hypoglycemia (127, 128). At
present, studies clarifying this issue have not been
performed in humans (129), but it appears that while
amylin reduces postprandial glucagon levels, it does not
affect glucagon action at the liver (130, 131). Lastly,
studies of glucagon secretion in isolated islets and in the
perfused pancreas (132) show no amylin effect, suggesting
that the effect on the alpha cell is not directly mediated.

In summary, since glucagon is inappropriately
elevated in T2D (105-107), it has been suggested that
amylin may reduce excessive endogenous glucose
production during the postprandial period through the
reversal of hyperglucagonemia (123, 124, 133). However,
it remains unclear what accounts for the significant
reductions in postprandial glucose levels observed in T2D
patients treated with pramlintide (120, 121) since studies in
the rat employing pharmacologic concentrations of amylin
have suggested stimulation of glucose production by
amylin (113-115), whereas improved glycemia in humans
is associated with reduced glucagon levels (123) as well as
slowed gastric emptying (125).

8. POTENTIAL HEPATIC TARGETS

The rate at which the liver produces glucose
during fasting, and the degree to which it switches to
glucose clearance following a meal, are determinants of
circulating glucose concentrations. Therefore, enzymes and
hormones controlling pathways involved in hepatic
glucose production and uptake represent potential
targets for the treatment of T2D. These have been
reviewed previously (134, 135) and include inhibition of
glucagon binding or signaling (glucagon receptor
antagonists, compounds that interfere with the coupling
between the glucagon receptor and activation of adenyl
cyclase), inhibitors of intrahepatic cortisol binding or
production (hepatic selective glucocorticoid receptor
antagonists, 113-HSD-1 inhibitors) enzyme inhibitors of
gluconeogenesis (G6Pase, F16BPase, the
bisphosphatase activity of 6-phosphofructo-2-kinase /

fructose-2,6-bisphosphatase [PFK-2 / F26BPase]),
PEPCK) and glycogenolysis (G6Pase, glycogen
phosphorylase), and activators of glucose uptake

(glucokinase) storage (glycogen synthase) and oxidation
(PFK-1, pyruvate kinase, or the kinase activity of PFK-2
/ F26BPase). Modulators of these pathways are in
various stages of development and it remains unclear
which may prove therapeutically viable.

9. SUMMARY

Dysregulation of hepatic glucose metabolism
in the diabetic state leads to elevated basal endogenous
glucose production with fasting hyperglycemia, as well
as impaired postprandial suppression of glucose
production and reduced liver glucose clearance. Several
of the currently available therapeutics target hepatic
dysfunction, directly or indirectly.  Although
mechanisms of action are frequently not fully
understood, the health benefits of improved hepatic
glucose metabolism are clear.



Inhibition of hepatic glucose production in T2D

10. REFERENCES

1. Consoli, A.: Role of liver in pathophysiology of
NIDDM. Diabetes Care, 15, 430-41 (1992)

2. Radziuk, J. & S. Pye: Quantitation of basal endogenous
glucose production in Type II diabetes: importance of the
volume of distribution. Diabetologia, 45, 1053-84 (2002)

3. Wahren, J. & K. Ekberg: Splanchnic regulation of
glucose production. Annu Rev Nutr, 27, 329-45 (2007)

4. Das, S. K. & R. Chakrabarti: Non-Insulin Dependent
Diabetes Mellitus: Present Therapies and New Drug
Targets. Mini Reviews in Medicinal Chemistry, 5, 1019-
1034 (2005)

5. Krentz, A. J. & C. J. Bailey: Oral antidiabetic agents:
current role in type 2 diabetes mellitus. Drugs, 65, 385-411
(2005)

6. Natali, A. & E. Ferrannini: Effects of metformin and
thiazolidinediones on suppression of hepatic glucose
production and stimulation of glucose uptake in type 2
diabetes: a systematic review. Diabetologia, 49, 434-41
(2006)

7. Cusi, K., A. Consoli & R. A. DeFronzo: Metabolic
effects of metformin on glucose and lactate metabolism in
noninsulin-dependent diabetes mellitus. J Clin Endocrinol
Metab, 81, 4059-67 (1996)

8. Hundal, R. S., M. Krssak, S. Dufour, D. Laurent, V. Lebon,
V. Chandramouli, S. E. Inzucchi, W. C. Schumann, K. F.
Petersen, B. R. Landau & G. I. Shulman: Mechanism by which
metformin reduces glucose production in type 2 diabetes.
Diabetes, 49, 2063-9 (2000)

9. Stumvoll, M., N. Nurjhan, G. Perriello, G. Dailey & J. E.
Gerich: Metabolic effects of metformin in non-insulin-
dependent diabetes mellitus. N Engl J Med, 333, 550-4 (1995)

10. Christiansen, M. P., P. A. Linfoot, R. A. Neese & M.
Hellerstein:  Metformin:  effects upon postabsorptive
intrahepatic carbohydrate fluxes. . Diabetes, 47 (Suppl. 1),
2244A (1997)

11. Fulgencio, J. P., C. Kohl, J. Girard & J. P. Pegorier: Effect
of metformin on fatty acid and glucose metabolism in freshly
isolated hepatocytes and on specific gene expression in
cultured hepatocytes. Biochem Pharmacol, 62,439-46 (2001)

12. Kim, Y. D., K. G. Park, Y. S. Lee, Y. Y. Park, D. K. Kim,
B. Nedumaran, W. G. Jang, W. J. Cho, J. Ha, I. K. Lee, C. H.
Lee & H. S. Choi: Metformin inhibits hepatic gluconeogenesis
through AMP-activated protein kinase-dependent regulation of
the orphan nuclear receptor SHP. Diabetes, 57, 306-14 (2008)

13. Otto, M., J. Breinholt & N. Westergaard: Metformin
inhibits glycogen synthesis and gluconeogenesis in cultured
rat hepatocytes. Diabetes Obes Metab, 5, 189-94 (2003)

1175

14. Zhou, G., R. Myers, Y. Li, Y. Chen, X. Shen, J. Fenyk-
Melody, M. Wu, J. Ventre, T. Doebber, N. Fujii, N. Musi,
M. F. Hirshman, L. J. Goodyear & D. E. Moller: Role of
AMP-activated protein kinase in mechanism of metformin
action. J Clin Invest, 108, 1167-74 (2001)

15. Minassian, C., S. Tarpin & G. Mithieux: Role of
glucose-6  phosphatase, glucokinase, and glucose-6
phosphate in liver insulin resistance and its correction by
metformin. Biochem Pharmacol, 55, 1213-9 (1998)

16. Mithieux, G., L. Guignot, J. C. Bordet & N.
Wiernsperger: Intrahepatic mechanisms underlying the
effect of metformin in decreasing basal glucose production
in rats fed a high-fat diet. Diabetes, 51, 139-43 (2002)

17. Song, S., S. Andrikopoulos, C. Filippis, A. W.
Thorburn, D. Khan & J. Proietto: Mechanism of fat-
induced hepatic gluconeogenesis: effect of metformin. 4m
J Physiol Endocrinol Metab, 281, E275-82 (2001)

18. Wang, H. M., S. Mehta, R. Bansode, W. Huang & K.
D. Mehta: AICAR positively regulate glycogen synthase
activity and LDL receptor expression through Raf-
1/MEK/p42/44MAPK/p90RSK/GSK-3 signaling cascade.
Biochem Pharmacol, 75, 457-67 (2008)

19. Chu, C. A., N. Wiernsperger, N. Muscato, M. Knauf, D.
W. Neal & A. D. Cherrington: The acute effect of
metformin on glucose production in the conscious dog is
primarily attributable to inhibition of glycogenolysis.
Metabolism, 49, 1619-26 (2000)

20. Basu, R., P. Shah, A. Basu, B. Norby, B. Dicke, V.
Chandramouli, O. Cohen, B. R. Landau & R. A. Rizza:
Comparison of the effects of pioglitazone and metformin
on hepatic and extra-hepatic insulin action in people with
type 2 diabetes. Diabetes, 57, 24-31 (2008)

21. Tiikkainen, M., A. M. Hakkinen, E. Korsheninnikova,
T. Nyman, S. Makimattila & H. Yki-Jarvinen: Effects of
rosiglitazone and metformin on liver fat content, hepatic
insulin resistance, insulin clearance, and gene expression in
adipose tissue in patients with type 2 diabetes. Diabetes,
53, 2169-76 (2004)

22. Desvergne, B. & W. Wahli: Peroxisome proliferator-
activated receptors: nuclear control of metabolism. Endocr
Rev, 20, 649-88 (1999)

23. Dreyer, C., G. Krey, H. Keller, F. Givel, G. Helftenbein
& W. Wahli: Control of the peroxisomal beta-oxidation
pathway by a novel family of nuclear hormone receptors.
Cell, 68, 879-87 (1992)

24. Chawla, A., J. J. Repa, R. M. Evans & D. J.
Mangelsdorf: Nuclear receptors and lipid physiology:
opening the X-files. Science, 294, 1866-70 (2001)

25. Zhou, J., K. M. Wilson & J. D. Medh: Genetic analysis
of four novel peroxisome proliferator activated receptor-



Inhibition of hepatic glucose production in T2D

gamma splice variants in monkey macrophages. Biochem
Biophys Res Commun, 293, 274-83 (2002)

26. Lehrke, M. & M. A. Lazar: The many faces of
PPARgamma. Cell, 123, 993-9 (2005)

27. Barak, Y., M. C. Nelson, E. S. Ong, Y. Z. Jones, P.
Ruiz-Lozano, K. R. Chien, A. Koder & R. M. Evans:
PPAR gamma is required for placental, cardiac, and
adipose tissue development. Mol Cell, 4, 585-95 (1999)

28. Tontonoz, P., E. Hu & B. M. Spiegelman: Stimulation
of adipogenesis in fibroblasts by PPAR gamma 2, a lipid-
activated transcription factor. Cell, 79, 1147-56 (1994)

29. Chawla, A., E. J. Schwarz, D. D. Dimaculangan & M.
A. Lazar: Peroxisome proliferator-activated receptor
(PPAR) gamma: adipose-predominant expression and
induction early in adipocyte differentiation. Endocrinology,
135, 798-800 (1994)

30. Tontonoz, P., E. Hu, R. A. Graves, A. 1. Budavari & B.
M. Spiegelman: mPPAR gamma 2: tissue-specific regulator
of an adipocyte enhancer. Genes Dev, 8, 1224-34 (1994)

31. Matsusue, K., M. Haluzik, G. Lambert, S. H. Yim, O.
Gavrilova, J. M. Ward, B. Brewer, Jr., M. L. Reitman & F.
J. Gonzalez: Liver-specific disruption of PPARgamma in
leptin-deficient mice improves fatty liver but aggravates
diabetic phenotypes. J Clin Invest, 111, 737-47 (2003)

32. Chao, L., B. Marcus-Samuels, M. M. Mason, J. Moitra,
C. Vinson, E. Arioglu, O. Gavrilova & M. L. Reitman:
Adipose tissue is required for the antidiabetic, but not for
the hypolipidemic, effect of thiazolidinediones. J Clin
Invest, 106, 1221-8 (2000)

33. He, W., Y. Barak, A. Hevener, P. Olson, D. Liao, J. Le,
M. Nelson, E. Ong, J. M. Olefsky & R. M. Evans: Adipose-
specific peroxisome proliferator-activated receptor gamma
knockout causes insulin resistance in fat and liver but not in
muscle. Proc Natl Acad Sci U S A4, 100, 15712-7 (2003)

34. Kallwitz, E. R., A. McLachlan & S. J. Cotler: Role of
peroxisome proliferators-activated receptors in the
pathogenesis and treatment of nonalcoholic fatty liver
disease. World J Gastroenterol, 14, 22-8 (2008)

35. Quinn, C. E., P. K. Hamilton, C. J. Lockhart & G. E.
McVeigh: Thiazolidinediones: effects on insulin resistance
and the cardiovascular system. Br J Pharmacol, 153, 636-
45 (2008)

36. Rosenson, R. S.: Effects of peroxisome proliferator-
activated receptors on lipoprotein metabolism and glucose
control in type 2 diabetes mellitus. Am J Cardiol, 99, 96B-
104B (2007)

37. Gastaldelli, A., K. Cusi, M. Pettiti, J. Hardies, Y.
Miyazaki, R. Berria, E. Buzzigoli, A. M. Sironi, E.
Cersosimo, E. Ferrannini & R. A. Defronzo: Relationship
between hepatic/visceral fat and hepatic insulin resistance

1176

in nondiabetic and type 2 diabetic subjects.

Gastroenterology, 133, 496-506 (2007)

38. Miyazaki, Y., L. Glass, C. Triplitt, E. Wajcberg, L. J.
Mandarino & R. A. DeFronzo: Abdominal fat distribution
and peripheral and hepatic insulin resistance in type 2
diabetes mellitus. A4m J Physiol Endocrinol Metab, 283,
E1135-43 (2002)

39. Kawai, T., I. Takei, Y. Oguma, N. Ohashi, M. Tokui, S.
Oguchi, F. Katsukawa, H. Hirose, A. Shimada, K.
Watanabe & T. Saruta: Effects of troglitazone on fat
distribution in the treatment of male type 2 diabetes.
Metabolism, 48, 1102-7 (1999)

40. Laplante, M., H. Sell, K. L. MacNaul, D. Richard, J. P.
Berger & Y. Deshaies: PPAR-gamma activation mediates
adipose depot-specific effects on gene expression and
lipoprotein lipase activity: mechanisms for modulation of
postprandial lipemia and differential adipose accretion.
Diabetes, 52,291-9 (2003)

41. Mayerson, A. B., R. S. Hundal, S. Dufour, V. Lebon, D.
Befroy, G. W. Cline, S. Enocksson, S. E. Inzucchi, G. L.
Shulman & K. F. Petersen: The effects of rosiglitazone on
insulin sensitivity, lipolysis, and hepatic and skeletal
muscle triglyceride content in patients with type 2 diabetes.
Diabetes, 51, 797-802 (2002)

42. Miyazaki, Y., A. Mahankali, M. Matsuda, S.
Mabhankali, J. Hardies, K. Cusi, L. J. Mandarino & R. A.
DeFronzo: Effect of pioglitazone on abdominal fat
distribution and insulin sensitivity in type 2 diabetic
patients. J Clin Endocrinol Metab, 87, 2784-91 (2002)

43. Bajaj, M., S. Suraamornkul, T. Pratipanawatr, L. J.
Hardies, W. Pratipanawatr, L. Glass, E. Cersosimo, Y.
Miyazaki & R. A. DeFronzo: Pioglitazone reduces
hepatic fat content and augments splanchnic glucose
uptake in patients with type 2 diabetes. Diabetes, 52,
1364-70 (2003)

44. Boden, G., X. Chen, J. Ruiz, J. V. White & L.
Rossetti: Mechanisms of fatty acid-induced inhibition of
glucose uptake. J Clin Invest, 93, 2438-46 (1994)

45. Roden, M., T. B. Price, G. Perseghin, K. F. Petersen,
D. L. Rothman, G. W. Cline & G. 1. Shulman:
Mechanism of free fatty acid-induced insulin resistance
in humans. J Clin Invest, 97, 2859-65 (1996)

46. Korenblat, K. M., E. Fabbrini, B. S. Mohammed &
S. Klein: Liver, Muscle, and Adipose Tissue Insulin
Action Is Directly Related to Intrahepatic Triglyceride
Content in Obese Subjects. Gastroenterology (2008)

47. Schoonjans, K., J. Peinado-Onsurbe, A. M.
Lefebvre, R. A. Heyman, M. Briggs, S. Deeb, B. Staels
& J. Auwerx: PPARalpha and PPARgamma activators
direct a distinct tissue-specific transcriptional response
via a PPRE in the lipoprotein lipase gene. Embo J, 15,
5336-48 (1996)



Inhibition of hepatic glucose production in T2D

48. Frohnert, B. I, T. Y. Hui & D. A. Bernlohr:
Identification of a functional peroxisome proliferator-
responsive element in the murine fatty acid transport
protein gene. J Biol Chem, 274, 3970-7 (1999)

49. Teboul, L., M. Febbraio, D. Gaillard, E. Z. Amri, R.
Silverstein & P. A. Grimaldi: Structural and functional
characterization of the mouse fatty acid translocase
promoter: activation during adipose differentiation.
Biochem J, 360, 305-12 (2001)

50. Chui, P. C., H. P. Guan, M. Lehrke & M. A. Lazar:
PPARgamma regulates adipocyte cholesterol metabolism
via oxidized LDL receptor 1. J Clin Invest, 115, 2244-56
(2005)

51. Guan, H. P., Y. Li, M. V. Jensen, C. B. Newgard, C. M.
Steppan & M. A. Lazar: A futile metabolic cycle activated
in adipocytes by antidiabetic agents. Nat Med, 8, 1122-8
(2002)

52. Hibuse, T., N. Maeda, T. Funahashi, K. Yamamoto, A.
Nagasawa, W. Mizunoya, K. Kishida, K. Inoue, H.
Kuriyama, T. Nakamura, T. Fushiki, S. Kihara & I
Shimomura: Aquaporin 7 deficiency is associated with
development of obesity through activation of adipose
glycerol kinase. Proc Natl Acad Sci U S A4, 102, 10993-8
(2005)

53. Wilson-Fritch, L., S. Nicoloro, M. Chouinard, M. A.
Lazar, P. C. Chui, J. Leszyk, J. Straubhaar, M. P. Czech &
S. Corvera: Mitochondrial remodeling in adipose tissue
associated with obesity and treatment with rosiglitazone. J
Clin Invest, 114, 1281-9 (2004)

54. Boden, G.: Effects of free fatty acids on
gluconeogenesis and glycogenolysis. Life Sci, 72, 977-88
(2003)

55. Boden, G., P. Cheung, T. P. Stein, K. Kresge & M.
Mozzoli: FFA cause hepatic insulin resistance by inhibiting
insulin suppression of glycogenolysis. Am J Physiol
Endocrinol Metab, 283, E12-9 (2002)

56. Riserus, U., G. D. Tan, B. A. Fielding, M. J. Neville, J.
Currie, D. B. Savage, V. K. Chatterjee, K. N. Frayn, S.
O'Rahilly & F. Karpe: Rosiglitazone increases indexes of
stearoyl-CoA desaturase activity in humans: link to insulin
sensitization and the role of dominant-negative mutation in
peroxisome proliferator-activated receptor-gamma.
Diabetes, 54, 1379-84 (2005)

57. Neschen, S., K. Morino, J. C. Rossbacher, R. L.
Pongratz, G. W. Cline, S. Sono, M. Gillum & G. L
Shulman: Fish oil regulates adiponectin secretion by a
peroxisome proliferator-activated receptor-gamma-
dependent mechanism in mice. Diabetes, 55, 924-8 (2006)

58. Arita, Y., S. Kihara, N. Ouchi, M. Takahashi, K.
Maeda, J. Miyagawa, K. Hotta, I. Shimomura, T.
Nakamura, K. Miyaoka, H. Kuriyama, M. Nishida, S.
Yamashita, K. Okubo, K. Matsubara, M. Muraguchi, Y.

1177

Ohmoto, T. Funahashi & Y. Matsuzawa: Paradoxical
decrease of an adipose-specific protein, adiponectin, in
obesity. Biochem Biophys Res Commun, 257, 79-83 (1999)

59. Hotta, K., T. Funahashi, Y. Arita, M. Takahashi, M.
Matsuda, Y. Okamoto, H. Iwahashi, H. Kuriyama, N.
Ouchi, K. Maeda, M. Nishida, S. Kihara, N. Sakai, T.
Nakajima, K. Hasegawa, M. Muraguchi, Y. Ohmoto, T.
Nakamura, S. Yamashita, T. Hanafusa & Y. Matsuzawa:
Plasma concentrations of a novel, adipose-specific protein,
adiponectin, in type 2 diabetic patients. Arterioscler
Thromb Vasc Biol, 20, 1595-9 (2000)

60. Whitehead, J. P., A. A. Richards, 1. J. Hickman, G. A.
Macdonald & J. B. Prins: Adiponectin--a key adipokine in
the metabolic syndrome. Diabetes Obes Metab, 8, 264-80
(2006)

61. Iwaki, M., M. Matsuda, N. Maeda, T. Funahashi, Y.
Matsuzawa, M. Makishima & 1. Shimomura: Induction of
adiponectin, a fat-derived antidiabetic and antiatherogenic
factor, by nuclear receptors. Diabetes, 52, 1655-63 (2003)

62. Maeda, N., M. Takahashi, T. Funahashi, S. Kihara, H.
Nishizawa, K. Kishida, H. Nagaretani, M. Matsuda, R.
Komuro, N. Ouchi, H. Kuriyama, K. Hotta, T. Nakamura,
I. Shimomura & Y. Matsuzawa: PPARgamma ligands
increase expression and plasma concentrations of
adiponectin, an adipose-derived protein. Diabetes, 50,
2094-9 (2001)

63. Combs, T. P., J. A. Wagner, J. Berger, T. Doebber,
W. J. Wang, B. B. Zhang, M. Tanen, A. H. Berg, S.
O'Rahilly, D. B. Savage, K. Chatterjee, S. Weiss, P. J.
Larson, K. M. Gottesdiener, B. J. Gertz, M. J. Charron,
P. E. Scherer & D. E. Moller: Induction of adipocyte
complement-related protein of 30 kilodaltons by
PPARgamma agonists: a potential mechanism of insulin
sensitization. Endocrinology, 143, 998-1007 (2002)

64. Phillips, S. A., T. P. Ciaraldi, A. P. Kong, R. Bandukwala,
V. Aroda, L. Carter, S. Baxi, S. R. Mudaliar & R. R. Henry:
Modulation of circulating and adipose tissue adiponectin levels
by antidiabetic therapy. Diabetes, 52, 667-74 (2003)

65. Tonelli, J., W. Li, P. Kishore, U. B. Pajvani, E. Kwon, C.
Weaver, P. E. Scherer & M. Hawkins: Mechanisms of early
insulin-sensitizing effects of thiazolidinediones in type 2
diabetes. Diabetes, 53, 1621-9 (2004)

66. Pajvani, U. B., M. Hawkins, T. P. Combs, M. W. Rajala, T.
Doebber, J. P. Berger, J. A. Wagner, M. Wu, A. Knopps, A. H.
Xiang, K. M. Utzschneider, S. E. Kahn, J. M. Olefsky, T. A.
Buchanan & P. E. Scherer: Complex distribution, not absolute
amount of adiponectin, correlates with thiazolidinedione-
mediated improvement in insulin sensitivity. J Biol Chem, 279,
12152-62 (2004)

67. Boden, G., P. Cheung, M. Mozzoli & S. K. Fried:
Effect of thiazolidinediones on glucose and fatty acid
metabolism in patients with type 2 diabetes. Metabolism,
52, 753-9 (2003)



Inhibition of hepatic glucose production in T2D

68. Inzucchi, S. E., D. G. Maggs, G. R. Spollett, S. L. Page,
F. S. Rife, V. Walton & G. I. Shulman: Efficacy and
metabolic effects of metformin and troglitazone in type II
diabetes mellitus. N Engl J Med, 338, 867-72 (1998)

69. Yamauchi, T., J. Kamon, Y. Ito, A. Tsuchida, T.
Yokomizo, S. Kita, T. Sugiyama, M. Miyagishi, K. Hara,
M. Tsunoda, K. Murakami, T. Ohteki, S. Uchida, S.
Takekawa, H. Waki, N. H. Tsuno, Y. Shibata, Y. Terauchi,
P. Froguel, K. Tobe, S. Koyasu, K. Taira, T. Kitamura, T.
Shimizu, R. Nagai & T. Kadowaki: Cloning of adiponectin
receptors that mediate antidiabetic metabolic effects.
Nature, 423, 762-9 (2003)

70. Petruzzelli, M., G. Lo Sasso, P. Portincasa, G.
Palasciano & A. Moschetta: Targeting the liver in the
metabolic syndrome: evidence from animal models. Curr
Pharm Des, 13,2199-207 (2007)

71. Yoon, M. J., G. Y. Lee, J. J. Chung, Y. H. Ahn, S. H.
Hong & J. B. Kim: Adiponectin increases fatty acid
oxidation in skeletal muscle cells by sequential activation
of AMP-activated protein kinase, p38 mitogen-activated
protein kinase, and peroxisome proliferator-activated
receptor alpha. Diabetes, 55, 2562-70 (2006)

72. Yamauchi, T., J. Kamon, Y. Minokoshi, Y. Ito, H.
Waki, S. Uchida, S. Yamashita, M. Noda, S. Kita, K. Ueki,
K. Eto, Y. Akanuma, P. Froguel, F. Foufelle, P. Ferre, D.
Carling, S. Kimura, R. Nagai, B. B. Kahn & T. Kadowaki:
Adiponectin stimulates glucose utilization and fatty-acid
oxidation by activating AMP-activated protein kinase. Nat
Med, 8, 1288-95 (2002)

73. Kadowaki, T. & T. Yamauchi: Adiponectin and
adiponectin receptors. Endocr Rev, 26, 439-51 (2005)

74. Hsueh, W. A. & R. Law: The central role of fat and effect
of peroxisome proliferator-activated receptor-gamma on
progression of insulin resistance and cardiovascular disease.
Am J Cardiol, 92, 3J-9J (2003)

75. Libby, P. & J. Plutzky: Inflammation in diabetes mellitus:
role of peroxisome proliferator-activated receptor-alpha and
peroxisome proliferator-activated receptor-gamma agonists.
Am J Cardiol, 99, 27B-40B (2007)

76. Rangwala, S. M. & M. A. Lazar: Peroxisome proliferator-
activated receptor gamma in diabetes and metabolism. Trends
Pharmacol Sci, 25, 331-6 (2004)

77. Berger, J., M. Tanen, A. Elbrecht, A. Hermanowski-
Vosatka, D. E. Moller, S. D. Wright & R. Thieringer:
Peroxisome proliferator-activated receptor-gamma ligands
inhibit adipocyte 11beta -hydroxysteroid dehydrogenase type 1
expression and activity. J Biol Chem, 276, 12629-35 (2001)

78. Basu, R., D. S. Edgerton, R. J. Singh, A. Cherrington & R.
A. Rizza: Splanchnic cortisol production in dogs occurs
primarily in the liver: evidence for substantial hepatic specific
11beta hydroxysteroid dehydrogenase type 1 activity.
Diabetes, 55, 3013-9 (2006)

1178

79. Basu, R., R. J. Singh, A. Basu, E. G. Chittilapilly, C.
M. Johnson, G. Toffolo, C. Cobelli & R. A. Rizza:
Splanchnic cortisol production occurs in humans: evidence
for conversion of cortisone to cortisol via the 11-beta
hydroxysteroid dehydrogenase (11beta-hsd) type 1
pathway. Diabetes, 53,2051-9 (2004)

80. Cherrington, A. D.: Control of glucose production in
vivo by insulin and glucagon. The Handbook of Physiology:
The Endocrine Pancreas and Regulation of Metabolism, L.
Jefferson&A. D. Cherrington, Eds., Oxford University
Press, 759-785 (2001).

81. Taniguchi, C. M., B. Emanuelli & C. R. Kahn: Critical
nodes in signalling pathways: insights into insulin action.
Nat Rev Mol Cell Biol, 7, 85-96 (2006)

82. Cherrington, A. D., D. Edgerton & D. K. Sindelar: The
direct and indirect effects of insulin on hepatic glucose
production in vivo. Diabetologia, 41, 987-96 (1998)

83. Cherrington, A. D., M. C. Moore, D. K. Sindelar & D.
S. Edgerton: Insulin action on the liver in vivo. Biochem
Soc Trans, 35, 1171-4 (2007)

84. Hue, L., L. Maisin & M. H. Rider: Palmitate inhibits
liver glycolysis. Involvement of fructose 2,6-bisphosphate
in the glucose/fatty acid cycle. Biochem J, 251, 541-5
(1988)

85. Morand, C., C. Besson, C. Demigne & C. Remesy:
Importance of the modulation of glycolysis in the control of
lactate metabolism by fatty acids in isolated hepatocytes
from fed rats. Arch Biochem Biophys, 309, 254-60 (1994)

86. Randle, P. J.: Regulatory interactions between lipids
and carbohydrates: the glucose fatty acid cycle after 35
years. Diabetes Metab Rev, 14, 263-83 (1998)

87. Igawa, K., M. Mugavero, M. Shiota, D. W. Neal & A.
D. Cherrington: Insulin sensitively controls the glucagon
response to mild hypoglycemia in the dog. Diabetes, 51,
3033-42 (2002)

88. Obici, S., B. B. Zhang, G. Karkanias & L. Rossetti:
Hypothalamic insulin signaling is required for inhibition of
glucose production. Nat Med, 8, 1376-82 (2002)

89. Sindelar, D. K., J. H. Balcom, C. A. Chu, D. W. Neal &
A. D. Cherrington: A comparison of the effects of selective
increases in peripheral or portal insulin on hepatic glucose
production in the conscious dog. Diabetes, 45, 1594-604
(1996)

90. Edgerton, D. S., M. Lautz, M. Scott, C. A. Everett, K.
M. Stettler, D. W. Neal, C. A. Chu & A. D. Cherrington:
Insulin's direct effects on the liver dominate the control of
hepatic glucose production. J Clin Invest, 116, 521-7
(2006)

91. Baggio, L. L. & D. J. Drucker: Biology of incretins:
GLP-1 and GIP. Gastroenterology, 132, 2131-57 (2007)



Inhibition of hepatic glucose production in T2D

92. Drucker, D. J. & M. A. Nauck: The incretin system:
glucagon-like peptide-1 receptor agonists and dipeptidyl
peptidase-4 inhibitors in type 2 diabetes. Lancet, 368,
1696-705 (2006)

93. Dardevet, D., M. C. Moore, C. A. DiCostanzo, B.
Farmer, D. W. Neal, W. Snead, M. Lautz & A. D.
Cherrington: Insulin secretion-independent effects of GLP-
1 on canine liver glucose metabolism do not involve portal
vein GLP-1 receptors. Am J Physiol Gastrointest Liver
Physiol, 289, G806-14 (2005)

94. Egan, J. M., C. Montrose-Rafizadeh, Y. Wang, M.
Bernier & J. Roth: Glucagon-like peptide-1(7-36) amide
(GLP-1) enhances insulin-stimulated glucose metabolism
in 3T3-L1 adipocytes: one of several potential
extrapancreatic sites of GLP-1 action. Endocrinology, 135,
2070-5 (1994)

95. Sandhu, H., S. R. Wiesenthal, P. E. MacDonald, R. H.
McCall, V. Tchipashvili, S. Rashid, M. Satkunarajah, D.
M. Irwin, Z. Q. Shi, P. L. Brubaker, M. B. Wheeler, M.
Vranic, S. Efendic & A. Giacca: Glucagon-like peptide 1
increases insulin sensitivity in depancreatized dogs.
Diabetes, 48, 1045-53 (1999)

96. Villanueva-Penacarrillo, M. L., E. Delgado, M. A.
Trapote, A. Alcantara, F. Clemente, M. A. Luque, A. Perea
& 1. Valverde: Glucagon-like peptide-1 binding to rat
hepatic membranes. J Endocrinol, 146, 183-9 (1995)

97. Nishizawa, M., H. Nakabayashi, K. Kawai, T. Ito, S.
Kawakami, A. Nakagawa, A. Niijima & K. Uchida: The
hepatic vagal reception of intraportal GLP-1 is via
receptor different from the pancreatic GLP-1 receptor. J
Auton Nerv Syst, 80, 14-21 (2000)

98. Dardevet, D., M. C. Moore, D. Neal, C. A.
DiCostanzo, W. Snead & A. D. Cherrington: Insulin-
independent effects of GLP-1 on canine liver glucose
metabolism: duration of infusion and involvement of
hepatoportal region. Am J Physiol Endocrinol Metab,
287, E75-81 (2004)

99. Prigeon, R. L., S. Quddusi, B. Paty & D. A.
D'Alessio: Suppression of glucose production by GLP-1
independent of islet hormones: a novel extrapancreatic
effect. Am J Physiol Endocrinol Metab, 285, E701-7
(2003)

100. Nishizawa, M., M. C. Moore, M. Shiota, S. M.
Gustavson, W. L. Snead, D. W. Neal & A. D.
Cherrington: Effect of intraportal glucagon-like peptide-
1 on glucose metabolism in conscious dogs. Am J
Physiol Endocrinol Metab, 284, E1027-36 (2003)

101. Alcantara, A. 1., M. Morales, E. Delgado, M. 1.
Lopez-Delgado, F. Clemente, M. A. Luque, W. .
Malaisse, 1. Valverde & M. L. Villanueva-Penacarrillo:
Exendin-4 agonist and exendin(9-39)amide antagonist
of the GLP-1(7-36)amide effects in liver and muscle.
Arch Biochem Biophys, 341, 1-7 (1997)

1179

102. Redondo, A., M. V. Trigo, A. Acitores, 1. Valverde &
M. L. Villanueva-Penacarrillo: Cell signalling of the GLP-1
action in rat liver. Mol Cell Endocrinol, 204, 43-50 (2003)

103. Ikezawa, Y., K. Yamatani, H. Ohnuma, M. Daimon,
H. Manaka & H. Sasaki: Glucagon-like peptide-1 inhibits
glucagon-induced glycogenolysis in  perivenous
hepatocytes specifically. Regul Pept, 111, 207-10 (2003)

104. Knauf, C., P. D. Cani, C. Perrin, M. A. Iglesias, J.
F. Maury, E. Bernard, F. Benhamed, T. Gremeaux, D. J.
Drucker, C. R. Kahn, J. Girard, J. F. Tanti, N. M.
Delzenne, C. Postic & R. Burcelin: Brain glucagon-like
peptide-1 increases insulin secretion and muscle insulin
resistance to favor hepatic glycogen storage. J Clin
Invest, 115, 3554-63 (2005)

105. Dunning, B. E. & J. E. Gerich: The role of alpha-cell
dysregulation in fasting and postprandial hyperglycemia in
type 2 diabetes and therapeutic implications. Endocr Rev, 28,
253-83 (2007)

106. Unger, R. H., E. Aguilar-Parada, W. A. Muller & A. M.
Eisentraut: Studies of pancreatic alpha cell function in normal
and diabetic subjects. J Clin Invest, 49, 837-48 (1970)

107. Unger, R. H. & L. Orci: The role of glucagon in the
endogenous hyperglycemia of diabetes mellitus. Annu Rev
Med, 28, 119-30 (1977)

108. Balas, B., M. R. Baig, C. Watson, B. E. Dunning,
M. Ligueros-Saylan, Y. Wang, Y. L. He, C. Darland, J.
J. Holst, C. F. Deacon, K. Cusi, A. Mari, J. E. Foley &
R. A. DeFronzo: The dipeptidyl peptidase IV inhibitor
vildagliptin suppresses endogenous glucose production
and enhances islet function after single-dose
administration in type 2 diabetic patients. J Clin
Endocrinol Metab, 92, 1249-55 (2007)

109. Vella, A., G. Bock, P. D. Giesler, D. B. Burton, D. B.
Serra, M. L. Saylan, B. E. Dunning, J. E. Foley, R. A.
Rizza & M. Camilleri: Effects of dipeptidyl peptidase-4
inhibition on gastrointestinal function, meal appearance,
and glucose metabolism in type 2 diabetes. Diabetes, 56,
1475-80 (2007)

110. Cervera, A., E. Wajcberg, A. Sriwijitkamol, M.
Fernandez, P. Zuo, C. Triplitt, N. Musi, R. A. Defronzo
& E. Cersosimo: Mechanism of Action of Exenatide to
Reduce Postprandial Hyperglycemia In Type 2 Diabetes.
Am J Physiol Endocrinol Metab (2008)

111. Young, A.: Tissue expression and secretion of amylin.
Adv Pharmacol, 52, 19-45 (2005)

112. Young, A.: Amylin and the integrated control of
nutrient influx. 4dv Pharmacol, 52, 67-77 (2005)

113. Frontoni, S., S. B. Choi, D. Banduch & L. Rossetti: /n
vivo insulin resistance induced by amylin primarily through
inhibition of insulin-stimulated glycogen synthesis in
skeletal muscle. Diabetes, 40, 568-73 (1991)



Inhibition of hepatic glucose production in T2D

114. Koopmans, S. J., A. D. van Mansfeld, H. S. Jansz, H.
M. Krans, J. K. Radder, M. Frolich, S. F. de Boer, D. K.
Kreutter, G. C. Andrews & J. A. Maassen: Amylin-induced
in vivo insulin resistance in conscious rats: the liver is more
sensitive to amylin than peripheral tissues. Diabetologia,
34, 218-24 (1991)

115. Molina, J. M., G. J. Cooper, B. Leighton & J. M.
Olefsky: Induction of insulin resistance in vivo by amylin
and calcitonin gene-related peptide. Diabetes, 39, 260-5
(1990)

116. Young, A. A., G. J. Cooper, P. Carlo, T. J. Rink & M.
W. Wang: Response to intravenous injections of amylin
and glucagon in fasted, fed, and hypoglycemic rats. Am J
Physiol, 264, E943-50 (1993)

117. Vine, W., P. Smith, R. LaChappell, T. J. Rink & A. A.
Young: Lactate production from the rat hindlimb is
increased after glucose administration and is suppressed by
a selective amylin antagonist: evidence for action of
endogenous amylin in skeletal muscle. Biochem Biophys
Res Commun, 216, 554-9 (1995)

118. Young, A. A., B. Gedulin, L. S. Gaeta, K. S. Prickett,
K. Beaumont, E. Larson & T. J. Rink: Selective amylin
antagonist suppresses rise in plasma lactate after
intravenous glucose in the rat. Evidence for a metabolic
role of endogenous amylin. FEBS Lett, 343, 237-41 (1994)

119. Young, A.: Effects in liver. Adv Pharmacol, 52, 229-
34 (2005)

120. Maggs, D. G., M. Fineman, J. Kornstein, T. Burrell, S.
Schwartz, Y. Wang, J. A. Ruggles, O. G. Kolterman & C.
Weyer: Pramlintide reduces postprandial glucose
excursions when added to insulin lispro in subjects with
type 2 diabetes: a dose-timing study. Diabetes Metab Res
Rev, 20, 55-60 (2004)

121. Singh-Franco, D., G. Robles & D. Gazze: Pramlintide
acetate injection for the treatment of type 1 and type 2
diabetes mellitus. Clin Ther, 29, 535-62 (2007)

122. Weyer, C., A. Gottlieb, D. D. Kim, K. Lutz, S.
Schwartz, M. Gutierrez, Y. Wang, J. A. Ruggles, O. G.
Kolterman & D. G. Maggs: Pramlintide reduces
postprandial glucose excursions when added to regular
insulin or insulin lispro in subjects with type 1 diabetes: a
dose-timing study. Diabetes Care, 26, 3074-9 (2003)

123. Fineman, M., C. Weyer, D. G. Maggs, S. Strobel & O.
G. Kolterman: The human amylin analog, pramlintide,
reduces postprandial hyperglucagonemia in patients with
type 2 diabetes mellitus. Horm Metab Res, 34, 504-8
(2002)

124. Fineman, M. S., J. E. Koda, L. Z. Shen, S. A. Strobel,
D. G. Maggs, C. Weyer & O. G. Kolterman: The human
amylin analog, pramlintide, corrects postprandial
hyperglucagonemia in patients with type 1 diabetes.
Metabolism, 51, 636-41 (2002)

1180

125. Kong, M. F., P. King, I. A. Macdonald, T. A. Stubbs,
A. C. Perkins, P. E. Blackshaw, C. Moyses & R. B.
Tattersall: Infusion of pramlintide, a human amylin
analogue, delays gastric emptying in men with IDDM.
Diabetologia, 40, 82-8 (1997)

126. Gedulin, B. R, T. J. Rink & A. A. Young: Dose-
response for glucagonostatic effect of amylin in rats.
Metabolism, 46, 67-70 (1997)

127. Amiel, S. A., S. R. Heller, I. A. Macdonald, S. L.
Schwartz, L. J. Klaff, J. A. Ruggles, C. Weyer, O. G.
Kolterman & D. G. Maggs: The effect of pramlintide on
hormonal, metabolic or symptomatic responses to insulin-
induced hypoglycaemia in patients with type 1 diabetes.
Diabetes Obes Metab, 7, 504-16 (2005)

128. Heise, T., L. Heinemann, S. Heller, C. Weyer, Y.
Wang, S. Strobel, O. Kolterman & D. Maggs: Effect of
pramlintide on symptom, catecholamine, and glucagon
responses to hypoglycemia in healthy subjects. Metabolism,
53, 1227-32 (2004)

129. Young, A.: Clinical studies. Adv Pharmacol, 52, 289-
320 (2005)

130. Nishimura, S., T. Sanke, K. Machida, H. Bessho, T.
Hanabusa, K. Nakai & K. Nanjo: Lack of effect of islet
amyloid polypeptide on hepatic glucose output in the in
situ-perfused rat liver. Metabolism, 41, 431-4 (1992)

131. Orskov, L., B. Nyholm, K. Yde Hove, C. H. Gravholt,
N. Moller & O. Schmitz: Effects of the amylin analogue
pramlintide on hepatic glucagon responses and
intermediary metabolism in Type 1 diabetic subjects.
Diabet Med, 16, 867-74 (1999)

132. Silvestre, R. A., J. Rodriguez-Gallardo, C. Jodka, D.
G. Parkes, R. A. Pittner, A. A. Young & J. Marco:
Selective amylin inhibition of the glucagon response to
arginine is extrinsic to the pancreas. Am J Physiol
Endocrinol Metab, 280, E443-9 (2001)

133. Young, A.: Inhibition of glucagon secretion. Adv
Pharmacol, 52, 151-71 (2005)

134. Agius, L.: New hepatic targets for glycaemic control
in diabetes. Best Pract Res Clin Endocrinol Metab, 21,
587-605 (2007)

135. Wu, C., D. A. Okar, J. Kang & A. J. Lange: Reduction
of hepatic glucose production as a therapeutic target in the
treatment of diabetes. Curr Drug Targets Immune Endocr
Metabol Disord, 5, 51-9 (2005)

Abbreviations: T2D: type 2 diabetes; “H,O: deuterated
water; MIDA: mass isotopomer distribution analysis;
G6Pase: glucose-6-phosphatase; F16BPase: fructose-1,6-
bisphosphatase; PEPCK: phosphoenolpyruvate
carboxykinase; AMPK: AMP-activated protein kinase;
TZD: thiazolidinedione; PPAR-y: peroxisome proliferator-
activated receptor gamma; LDL: low density lipoprotein;



Inhibition of hepatic glucose production in T2D

FFA: free fatty acid; TG: triglyceride; VLDL: very low
density lipoprotein; HMW: high molecular weight; 11B-
HSDI1: 11B-hydroxysteriod dehydrogenase-1; PFK-1: 6-
phosphofructo-1-kinase; KATP: ATP-dependent K
channel; GLP-1: glucagon-like peptide-1; DPP4: dipeptidyl
peptidase-4; PFK-2: 6-phosphofructo-2-kinase; F26BPase:
fructose-2,6-bisphosphatase

Key Words: Hepatic Glucose Production, Diabetes,
Metformin,  Thiazolidinediones, Insulin, Incretins,
Dipeptidyl Peptidase-4 Inhibitors, Pramlintide, Review

Send correspondence to: Dale Edgerton, 710 Robinson
Building, 2200 Pierce Ave, Nashville TN, 37232-0615,
Tel:  615-343-3193, Fax: 615-343-0490, E-mail:
dale.edgerton@vanderbilt.edu

http://www.bioscience.org/current/vol14.htm

1181



