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The liver is mainly responsible for maintaining normal concentrations of blood glucose by its
ability to store glucose as glycogen and to produce glucose from glycogen breakdown or
gluconeogenic precursors. During the last decade, new techniques have made it possible to gain
further insight into the turnover of hepatic glucose and glycogen in humans. Hepatic glycogen
varies from ~200 to ~450 mM between overnight fasted and postprandial conditions. Patients
with type-| diabetes (T | DM), type 2 diabetes (T2DM) or partial agenesis of the pancreas exhibit
increased endogenous glucose production and synthesize only 25-45% of hepatic glycogen
compared with non-diabetic humans. This defect can be partly restored in TIDM by combined
long- and short-term optimized treatment with insulin. In T2DM, increased gluconeogenesis was
identified as the main cause of elevated glucose production and fasting hyperglycaemia. These
patients also exhibit augmented intracellular lipid accumulation which could hint at a link between
deranged glucose and lipid metabolism in insulin-resistant states.

Key words: glycogen synthesis; glycogenolysis; insulin; glucagon; triglycerides; diabetes mellitus;
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Glucose homeostasis aims to keep concentrations of blood glucose constant within a
narrow range, from 3.9 to 5.6 mM. This is maintained by a dynamic equilibrium between
endogenous glucose production (EGP) and glucose utilization, which involves a series of
cellular metabolic events. These processes are regulated by hormones, mainly by insulin
and glucagon, and metabolites such as glucose, free fatty acids (FFA) and carbon-3
compounds, such as lactate, alanine and glycerol.

In vivo, the liver—and, only to a minor extent, the kidney—contribute to both EGP
and glucose utilization in humans.' The liver is involved in directing glucose fluxes both
during transition from the fed to fasted state and under pathological conditions such as
diabetes mellitus.”
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Current development of techniques, such as isotopic tracer dilution and nuclear
magnetic resonance spectroscopy (NMRS), has made possible the assessment of
glucose and glycogen metabolism, thereby providing greater insight into metabolic
regulation in humans.™

PHYSIOLOGICAL CONDITIONS

Whole-body energy balance remains stable during the episodic changes from nutrient
intake to fasting. The principal mechanisms by which nutrients and hormones regulate
glucose metabolism are well known. However, their respective contributions—and
particularly the intrahepatic fate of glucose and glycogen under various conditions—
have only recently been elucidated in humans.

Principal mechanisms of regulation
Intrahepatic glucose fluxes

Glucose uptake

Hepatocytes take up glucose independently of insulin by the low-affinity high-capacity
glucose transporter, GLUT-2, which facilitates the entry of glucose in the presence of
high concentrations of sinusoidal glucose. There, glucose is rapidly phosphorylated by
the hepatic hexokinase isoform, glucokinase, to glucose-6-phosphate. From glucose-6-
phosphate, the glucose flux is directed into glycogen via uridine diphosphate (UDP)-
glucose (direct pathway of glycogen synthesis), the pentose phosphate shunt—or into
glycolysis, yielding carbon-3 compounds such as pyruvate and lactate (Figure I).

Gluconeogenic and glycolytic flux

Carbon-3 compounds can undergo further oxidation in the tricarboxylic acid cycle or
serve as substrates for de novo synthesis of glucose, i.e. glucose-6- phosphoneogene5|s
and glycogen, i.e. the indirect or gluconeogenic pathway of glycogen synthesis.> Several
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enzymes regulate substrate cycles between gluconeogenesis exerted by phosphoe-
nolpyruvate carboxykinase (PEPCK) and fructose-1,6-biphosphatase, and glycolysis
exerted by phosphofructo-1-kinase and pyruvate kinase (Figure |). These substrate
cycles provide a system in which rates and direction of flux can be finely tuned by small
changes in the concentration of specific effector enzymes and/or by covalent
modification of involved enzymes.®’ In addition, the control of metabolic flux can be
influenced by changes in the gene expression of these enzymes.®

Glycogen synthesis and breakdown

The activities of glycogen synthase and branching enzymes are responsible for the
sphaeric shape of glycogen particles which aggregate to larger complexes, the o
rosettes.” Degradation of glycogen, i.e. glycogenolysis, requires the concerted action of
glycogen phosphorylase and the bifunctional debranching enzyme to release glucose-1-
phosphate, which is in equilibrium with glucose-6-phosphate (Figure I). Of note,
glycogen synthase and phosphorylase are both regulated by allosteric effectors, kinases
and phosphatases dependent on the hormonal and nutrient environment.”’~"' Both
glycogen synthesis and glycogenolysis can be simultaneously active—resulting in
glycogen cycling which is considered to be negligible only in fasting, non-diabetic
humans.” In vivo "*C nuclear magnetic resonance spectroscopy (NMRS) has enabled
the measurement of liver glycogen concentrations and the calculation of rates of
glycogen synthesis and glycogenolysis from changes in hepatic glycogen over time in
humans (Figure 2).

Glucose release

Glucose-6-phosphatase catalyses the dephosphorylation of glucose-6-phosphate and
represents the ultimate step prior to the release of free glucose into hepatic veins, be it
derived from glycogenolysis or gluconeogenesis (Figure |). As only the liver and the
kidneys express glucose-6-phosphatase, glucose-6-phosphoneogenesis in these tissues
can result in the release of glucose by these tissues but only in the release of lactate
from skeletal muscle, from where it can shuttle back to the liver (the Cori cycle).
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Figure 2. Time course of hepatic glycogen concentrations in one healthy volunteer after ingestion of a
800 kcal liquid meal at 17:00. Rates of net glycogen synthesis and breakdown are presented by the slopes of
lines determined from linear regression of the glycogen concentration time curves from 19:30 to 22:30 and
from 22:30 to 8:00, respectively.®’”
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The portal vein insulin:glucagon ratio and the effect of hyperglycaemia

It is well known that glucose production by the liver is controlled primarily by insulin,
glucagon and hyperglycaemia. The drainage of blood from the pancreas into the portal
vein ensures direct delivery of islet cell hormones to the liver sinusoids, allowing rapid
control by nutritional stimuli.” Even before any nutrient-induced increase in plasma
glucose, the cephalic phase of insulin secretion primes the liver and accelerates the
endocrine responses to ea’cin%.2 Plasma glucagon concentrations also increase after
ingestion of mixed meals>'>'? but remain unchanged—or even decrease—after
ingestion of a pure glucose load.'*'® Nevertheless, the portal vein insulin:glucagon ratio
rises under both conditions owing to the much more pronounced rise in plasma insulin.

Insulin

Under post-absorptive conditions, insulin concentrations are aEproximater three-fold
higher in the portal vein (~ 180 pM) than in peripheral plasma.” Similar concentrations
of portal vein insulin—130—170 pM—are required for half-maximal stimulation of
hepatic glycogen synthesis during hyperglycaemia (~ 10 mM)."” Interestingly, similar
concentrations of insulin half-maximally suppress EGP;'®~%° considerably less than the
insulin 2c:oncentration which half-maximally stimulates glucose uptake by peripheral
tissues.

Although the overall flux through glycogen synthase might plateau at high levels of
insulin, substantial differences occur in net glycogen synthesis and glycogen cycling. The
['*Clglucose pulse-['*C]glucose chase technique made it possible to assess flux rates
through glycogen synthase and phosphorylase, and to calculate net glycogen synthesis
from the difference of these fluxes in healthy humans in the presence of various
concentrations of glucose, insulin and glucagon.?' “2 In the presence of euglycaemia

Table |. Hepatic glycogen metabolism (calculated from the ['*CJglucose pulse-['*Clglucose chase
technique) in non-diabetic humans during various conditions of plasma glucose, portal vein insulin and
glucagon concentrations either (i) as created by intravenous hormone infusion during somatostatin
inhibition of pancreatic secretion (indicated by superscript ‘@’) or (ii) as calculated assuming a portal
vein:peripheral vein concentration gradient of ~ 3 for insulin'3? (indicated by superscript ‘b"). Superscript
c’ indicates a brief fast of 5— 10 hours compared to with overnight fasting for ~ 12 hours before all other
studies.

Portal vein Glycogen fluxes (wmoll liver"min~")

Insulin Glucagon  Flux through  Flux through Net glycogen

(PpM) (pg/ml) synthase phosphorylase  synthesis Reference
Euglycaemia 40° 30* 0 270 —270 [22]
(~5 mM)
400* 30* 480 290 190 [22]
Hyperglycaemia 40* 307 50 50 0 [22]
(~ 10 mM)
400° 307 390 30 360 [22]
190° 30* 400 70 330 [21]
190* 60° 190 120 60 [21]
~800° - 430 150 280 [90]
~1300° - 530 300 240 [90]
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(~5 mM), high concentratlons of insulin in the portal vein were required for stimulating
net glycogen synthesis®> (Table |). Hyperglycaemia per se inhibited net hepatic
glycogenolysis primarily through inhibition of glycogen phosphorylase flux, while
hyperinsulinaemia per se inhibited net hepatic glycogenolysis primarily through
stimulation of the glycogen synthase flux. Thus, inhibition of glycogen phosphorylase
and activation of glycogen synthesis are not necessarily coupled in a reciprocal fashion.

Glucagon

Concentrations of plasma glucagon increase during hypoglycaemia and induce an
immediate rise |n EGP* Likewise, glucagon infusion leads to a rapid but evanescent
increase in EGP?® Although ~90% of the initial elevation of EGP is accounted for by
hepatic glycogenolysis, the subsequent decline in EGP cannot be explained by depletion
of glyco;en stores in humans®>?¢?” but rather by gluconeogenesis, as has been shown
in dogs.”” Glucagon can augment gluconeogenesis by inhibiting pyruvate klnase29 and
phosphofructo- | -kinase®® as well as by stimulating pyruvate carboxylase 32 and
PEPCK.*? In contrast, insulin decreases the activity of pyruvate carboxylase’ and the
expression of PEPCK33 and glucose-6-phosphatase. .

The role of glucagon in hepatic glycogen synthesis and glycogenolysis was also
studied with the ['*C]glucose pulse-['*C]glucose chase technique.”' Suppression of
glucagon secretion by somatostatin doubled the glycogen synthase flux and decreased
glycogen cycling so that net glycogen synthesis was markedly higher than it was under
conditions of fasting glucagonaemia (Table 1). In the presence of fasting peripheral
insulinaemia and hypoglucagonaemia, there was negligible hepatic glycogen synthesis
and cycling.2"*? Thus, small changes in the concentrations of insulin and glucagon in the
portal vein independently affect hepatic glycogen synthesis and glycogenolysis.

Other metabolic factors

In addition to splanchnic glucose delivery and hyperglycaemia per se, other nutrients
derived from protein or fat intake also participate in the regulation of hepatic glucose
metabolism—either by serving as substrates for glucose fluxes (direct or substrate-
mediated effect) or by modulating the secretion of pancreatic hormones (indirect or
hormone-mediated effect).

Amino acids

It has been suspected that a high intake of protein induces glucose intolerance in
humans, mainly by affecting the utilization of gluconeogenic amino acids.*® Alanine—and
particularly branched chain amino acids—can be elevated in insulin-resistant states
such as obesity.*® However, when short-term intravenous infusion of an amino acid
mixture was used to create postprandial pIasma amino acid concentrations, insulin-
dependent suppression of EGP did not change'**—but amino acid elevation reduced
insulin-stimulated ;Iucose disposal by inhibition of skeletal muscle glucose transport or
phosphorylation.?

Nevertheless, a hlgh intake of protein could cause hyperglycaemia by increasing EGP
in the fasting state.’> This may result from an altered secretion pattern of
glucoregulatory hormones?’® and/or stimulation of gluconeogenesis from amino
acids.*® To address this issue, the relative contribution of the direct and indirect effects
of amino acids to hepatic glucose metabolism was examined in healthy men with or
without somatostatin inhibition of pancreatic hormone secretion.”’ Combined
measurement of hepatic glycogen concentrations and EGP showed that postprandial
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amino acid concentrations stimulate the secretion of insulin and glucagon without
affecting glycaemia—despite nearly doubled gluconeogenesis. When the secretion of
pancreatic hormones was inhibited, amino acid elevation increased EGP by ~30—-40%
and plasma glucose by ~50%.%" The rise in EGP was associated with ~50—65%
increased gluconeogenesis. Thus, only impaired insulin secretion unmasks the direct
gluconeogenic—and thereby hyperglycaemic—effect of postprandial amino acid
concentrations.

Free fatty acids

Plasma concentrations of free fatty acids (FFAs) are increased in the fasting state, when
lipid oxidation determines energy expenditure, and in insulin-resistant populations, in
whom FFA concentrations correlate with the magnitude of EGP and hyperglycaemia.

It is currently under discussion whether FFAs could be responsible for the indirect
effects of insulin in suppressing EGP in the dog*® and in man.*' According to the ‘single
gateway hypothesis’, inhibition by insulin of lipolysis in adipocytes would reduce the flux
of FFAs and glycerol to the liver*?, where FFAs stimulate gluconeogenesis via enzyme
activation and glycerol by serving as a gluconeogenic precursor.

In order to test direct effects of FFAs on hepatic glucose metabolism, lipid/heparin
infusions were performed to achieve postprandial plasma FFA concentrations.*® Under
these conditions, FFAs stimulated insulin secretion and induced hyperglycaemia when
insulin secretion was prevented by somatostatin. Despite slightly increased gluconeo-
genesis, lipid/heparin infusion did not increase EGP so that peripheral effects probably
account for the observed hyperglycaemia.** When insulin secretion was not inhibited,
elevation of plasma FFAs increased gluconeogenesis, but decreased net glycogenolysis
by ~85%, suggesting that FFAs may evoke reciprocal changes in gluconeogenesis and
glycogenolysis™ which prevent any increase in EGP, as reported for the inhibition of
lipolysis by nicotinic acid.*

In the presence of fixed concentrations of fasting insulin and glucose, elevation of
plasma FFAs increased EGP, which could not be suppressed by subsequent
hyperglycaemia.>’ Under hyperinsulinaemic—euglycaemic conditions, elevation of
plasma FFAs also impaired the insulin-dependent suppression of EGP*¢~*8 which has
been primarily attributed to reduced inhibition of hepatic glycogenolysis.*’

Other endocrine factors

Stress hormones

Stress hormones, such as adrenaline (epinephrine), cortisol and growth hormone, also
affect hepatic glucose metabolism, particularly during hypoglycaemia counter-
regulation.”” The respective roles of these hormones have been studied extensively
and involve both increased gluconeogenesis and glycogenolysis in dogs (Chapter 3, this
issue) and humans.’®~>? Simulating the physiological secretion pattern by variable
delivery results in higher metabolic efficacy of these hormones.>"** Considering the
relevance of glucocorticoids in clinical therapy, it is of note that high-dose
hydrocortisone increases plasma glucose concentrations bz augmenting EGP; in
humans, this is due entirely to stimulation of gluconeogenesis.”

Incretins

In response to nutrient ingestion, the intestine secretes peptides such as glucagon-like
peptide-| (GLP-1) and gastric inhibitory peptide (GIP) which contribute to postprandial
insulin secretion and have been shown to cause the incretin effect.>® These peptides
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Hepatic glucose metabolism 371
further delay gastric emptying and suppress glucagon secretion and appetite.”®”” It is
therefore not surprising that exogenous administration of GLP-1 ameliorates
hyperglycaemia in diabetic patients®®, and GLP-I agonists, such as exendin, are currently
being tested as antidiabetic agents.>’

The post-absorptive state

The morning following an overnight fast represents the physiological post-absorptive
period which occurs daily in humans. During this period, from 6 to 12 hours after
ingestion of a meal, absorption of nutrients is completed, plasma insulin and glucagon
concentrations have returned to their baseline levels and fuel consumption is matched
by the release of endogenous fuels from storage depots.” Although FFA oxidation
becomes the major source of energy supply under these low-insulin conditions, the
body continues to consume glucose at rates of ~7—10 g/hours with the brain taking up
~4 g/hours.>*® Given the small pool of circulating free glucose, the liver needs to
switch from glucose storage to glucose production and contributes up to 90% of EGP,
the remainder being accounted for by the kidneys. The kidney’s contribution to EGP
varies over a broad range from 5 to 25% in the early post-absorptive period®', most
likely due to the use of different methods for qualification.®” This becomes relevant only
after prolonged fasting of 60 hours.' Thus, the liver remains the central organ of
glucose homeostasis by ensuring rates of EGP of ~1.8-2.0 mg/kg/min (~7-10g/
hour).®® This is brought about by releasing glucose resulting from glycogenolysis and
glucose-6-phosphoneogenesis (Figure I).

Glycogenolysis

A combination of '*C NMRS and the infusion of [3-*H]glucose for assessing EGP can be
employed to monitor the time course of hepatic glycogen concentrations and EGP
(Figure 2). Liver glycogen decreased almost linearly from ~400 mM at 4 hours after a
650 kcal meal to ~250 mM at 15 hours®*, which was similar to concentrations
obtained by needle biopsy.*> Surprisingly, net rates of glycogenolysis contributed to
EGP by only ~36% during the first 22 h, by ~ 18% from 22 to 46 h and by ~ 4% at 64 h,
when the hepatic glycogen concentration had decreased to ~40 mM. In order to
estimate the maximum contribution of glycogenolysis to EGP, net glycogenolysis was
followed for 5—12h after a 1000 kcal meal, and EGP was measured with
[6,6-2H]glucose24, which yields a minimum estimate of EGP®® Even under these
conditions, net hepatic glycogenolysis contributed only ~45% to EGP, indicating that
gluconeogenesis is responsible for at least ~50% glucose production in the early post-
absorptive state.

Gluconeogenesis

Determination of gluconeogenesis as the difference between the '3C NMRS
measured rates of glycogen breakdown and EGP yielded a high contribution of
gluconeogenesis to EGP, which was in contrast to earlier studies reporting estimates
of less than 40% after overnight fasting for 12—14 h.” =’ However, these studies
were limited by several methodological problems. Hepatic venous catheterization
with measurement of uptake of gluconeogenic precursors®’ neither accounts for
splanchnic and intrahepatic precursors nor for renal gluconeogenesis. Tracer-dilution
techniques using ['*C]lactate®® or [2-'*Clacetate’" suffer from insufficient labelling of
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the intrahepatocellular pool or the failure of the tracer to be metabolized in
extrahepatic tissues.”> On the other hand, mass isotopomer analysis (MIDA) upon
administration of uniformly labelled glucose or glycerol®®’® relies on untenable
assumptions.72

The *H,O method circumvented these limitations by calculating the fractional
gluconeogenesis in humans from the ratio of >H enrichments at carbon 5 over that at
carbon 2 of plasma glucose upon ingestion of safe doses of 2H,0.”® This approach is
based on the observation that every glucose molecule receives one hydrogen atom
from body water at carbon 5 during gluconeogenesis and another hydrogen at carbon 2
during both glycogenolysis and gluconeogenesis. This method yielded a contribution of
gluconeo§enesis to EGP ranging from 47 to 56% at 14—16 h of fasting in healthy
subjects’*7¢ and was in good agreement with the '*C NMRS method when these
methods were directly compared in healthy humans.**”>

The postprandial state

After ingestion of a meal, i.e. in the postprandial state, the absorbed nutrients stimulate
the secretion of insulin and, to a less extent, of glucagon, resulting in a rise in the portal
vein insulin:glucagon ratio (Table I), which is further amplified by incretin and signals
from the central nervous system.” Under these conditions, the liver rapidly suppresses
EGP and starts to take up and temporarily store glucose. Together with the insulin-
stimulated increase in glucose uptake by peripheral tissues such as skeletal muscle,
these actions minimize the postprandial rise in plasma glucose concentrations following
a meal. Finally, changes in the uptake and release of metabolites such as lactate and
alanine could affect postprandial glucose fluxes.””

Suppression of EGP

In many studies, oral or intravenous glucose loads were given and EGP was assessed
from either splanchnic glucose uptake, which does not allow separation of splanchnic
from intrahepatic fluxes, or by tracer techniques. Application of the latter techniques
gave a broad range of estimates for residual EGP ranging from ~20 to 55% of fasting
EGP for 35 h after an oral load of 50— 100 g glucose'>"~% (Table 2). Mean residual
EGP also varied between ~46 and 79% after ingestion of mixed meals containing 53—
83 g carbohydrates.'*8'82 This variability is partly explained by the use of constant
tracer infusions which result in changes of the specific activity of endogenous glucose
under such non-steady-state conditions.?

Variable tracer infusion protocols overcame these limitations by maintaining
constant the specific activity of glucose released from the liver (stable tracer:tracee
ratio). This approach demonstrated that ingestion of a mixed meal containing 93 or
139 g glucose rapidly suppresses EGP, which thereafter remains at 35% (from 60 to
240 min)®® or 21% (from 60 to 270 min)'? of fasting EGP (Table 2). Taken together,
these findings suggest that previous studies probably underestimated the degree of EGP
suppression following ingestion of a meal.

Glycogen synthesis and turnover

Studies on the regulation of hepatic glucose removal were limited to measuring
splanchnic glucose uptake by isotopic methods or hepatic vein catheterization®*%°, and
were therefore unable to determine the fate of glucose within the liver.
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Table 2. Endogenous glucose production (EGP; calculated from double-tracer techniques) before and
after an oral glucose load or ingestion of a mixed meal in healthy (CON) and in hyperglycaemic
(~ 10—12 mM) type 2 diabetic humans (T2DM).
Fasting state Postprandial state
Insulin EGP Insulin ~ Suppression Appearance Carbohydrate
(pM) (wmolkg™'  (pM) of EGP (%) of ingested dose and study

‘min”") glucose (%) duration Reference
CON 72 £ 6* 12.3 ~140* ~67 76 Glucose | g/kg [114]
T2DM 138 = 24 13.9 ~290 ~54 75 35h
CON 66 * 30* 9.1* ~330% ~45 92 Glucose 50 g [80]
T2DM 84 £ |2 14.9 ~150 ~39 100 7h
CON 89 =+ 8* 10.7* ~210% ~46* 72 Glucose | g/kg [114]
T2DM 57 = 4 12.7 ~360 ~20 77 5h
CON 42=* ]2 7.2% ~330% ~30 71* Glucose 50 g/meal [14]
T2DM 64 £ |2 14.4 ~60 ~30 45 55h
CON 9717 ~89* ~500* ~39 78% Glucose 50 g/meal [115]
T2DM 61 £7  ~11.1 ~220 ~2I 64 5h
CON 6l =7 10.0 ~260 ~48 43 Glucose 67 g/meal [82]
T2DM 81 =9 17.1 ~180 ~30 50 5h
CON 50=x=10 14.4 ~270 ~45% - Glucose 93 g/meal [83]
T2DM 67 £ 12 16.1 ~190 ~35 = 8h

* P < 0.05 versus T2DM.

When liver glycogen concentrations were monitored closely by '3C NMRS, a rise in
liver glycogen from ~210 to 320 mM was observed within the first ~5 h following
a meal containing 139 g of glucose.'” Thus, ~31 g of glucose were deposited as
glycogen in the liver, which represents ~ 19% of the meal carbohydrate.'> This is
consistent with estimates of ~23-26% in recent NMRS studies.®* % By using
acetaminophen (paracetamol) to sample the hepatic UDP-glucose pool®’, the direct
pathway was calculated to account for ~50—-60% of glucose directly incorporated from
plasma glucose into hepatic glycogen.®

It is of note that the rate of net glycogen synthesis in these studies does not take into
account glycogen cycling under these hyperglycaemic and hyperinsulinaemic conditions.
In the presence of comparable hyperglycaemia, the ratio of flux through glycogen
breakdown to flux through glycogen synthase yields minimum estimates of glycogen
turnover which were markedly higher in the fed state than after 12—14 h of fasting
(~ 60 versus ~30%).”® Considering the linear correlation between hepatic glycogen
concentration and glycogenolysis, it is conceivable that the higher liver glycogen
content in the fed state may itself stimulate glycogen breakdown according to the
concept of hepatic autoregulation of glycogen stores.

Dynamic variations in hepatic glycogen metabolism

In order to examine changes in hepatic glycogen content during normal eating
behaviour, non-diabetic volunteers ingested three mixed meals at 5-h intervals over
the course of a day.”” Liver glycogen concentrations were measured after each meal and
increased from ~ 275 mM, reaching a peak just before the next meal, up to ~420 mM
at 4 h after dinner. This indicates negligible hepatic glycogenolysis during the day time,
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so that glucose absorption from meals, and gluconeogenesis, account for the major part
of whole-body glucose appearing during the day time, while net hepatic glycogenolysis
contributes to whole-body glucose production only during the night.

PATHOLOGICAL CONDITIONS

Type | diabetes mellitus (TI1DM)

The elevated rates of fasting EGP in patients with TIDM correlate with the degree of
fasting hyperglycaemia%‘g4 and could result from increased glycogenolysis and/or
increased gluconeogenesis. Older studies employing the liver biopsy technique
reported either decreased’®, or even increased liver glycogen stores’®”’ in TIDM.
On the other hand, studies using hepatic vein catheterization showed that patients with
TIDM have increased splanchnic uptake of substrates such as lactate and glycerol,
suggesting augmented gluconeogenesis.*®”® Using the isotope-dilution techniques’?, it
was found that the excessive entry of glucose into the peripheral circulation after
ingestion of a mixed meal results from insufficient suppression of EGP rather than from
defects in the uptake of splanchnic glucose.?' Of note, intensive insulin therapy in these
patients with TIDM restored postprandial suppression of EGP to the rates found in
non-diabetic humans.

More recently, application of '*C NMRS revealed that concentrations of liver
glycogen during fasting are within the normal range in patients with T|DM.8¢8792
However, at the end of a day, during which the patients had ingested three mixed meals,
TIDM patients on conventional insulin therapy had synthesized only 25—-30% liver
glycogen compared with that synthesized by non-diabetic humans®”*? (Figure 3). These
patients with poor metabolic control, as indicated by a mean glycosylated haemoglobin
Alc (HbAlc) of ~8.8%, were studied again during a variable insulin infusion resulting in
near-normoglycaemia for 24 h. Under these conditions of short-term optimized

Liver glycogen
(mmol/litre liver)

35
CON  11pm
StL TiDM
T S APA
30 T T
25 | Tl_II?M
20
% direct pathway 49+7 308 - 32+4 -
% indirect pathway 51+7 708 - 68+4  —

Figure 3. Maximum liver glycogen concentration after ingestion of a mixed meal in healthy volunteers (CON),
type | diabetic patients with poor metabolic control before (T1DM) and after short-term improvement of
glycaemia by insulin (TIDM S), type | diabetic patients with good short- and long-term metabolic control
(TIDMS + L) and patients with agenesis of the dorsal pancreas (APA). Contributions of the direct and indirect
(gluconeogenic) pathways of hepatic glycogen synthesis are shown at the bottom.'38¢87
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metabolic control, rates of hepatic glyco%en synthesis nearly doubled, but were still
~50% lower than in non-diabetic humans®’ (Figure 3). Likewise, glycogenolysis during
the subsequent overnight fast was ~50% in TIDM patients and increased, but
remained ~ 25% lower than in the non-diabetic group. These results help to explain the
normal fasting liver glycogen concentrations despite marked defects in glycogen
synthesis and glycogenolysis in TIDM.

Intensified insulin therapy in TIDM patients, resulting in long-term optimized
metabolic control (mean HbAIlc <7% for more than | year), results in normal EGP,
glycogen synthesis and glycogenolysis under comparable conditions®®®” (Figure 3).
Although these findings suggest that optimized long- and short-term metabolic control
reverses the defects in hepatic glycogen metabolism, these TIDM patients achieved
normal rates of postprandial glycogen synthesis only in the presence of doubled
concentrations of portal vein insulin and a higher contribution of the gluconeogenic
pathway to glycogen synthesis than in non-diabetic volunteers (~70 versus ~50%).
Similarly, even conditions of hyperglycaemia, and portal vein insulin:glucagon ratios
leading to normalized glycogen synthesis, were not able to abolish the increased
gluconeogenic flux to glycogen in TIDM patients (~ 65 versus ~40%)—which was
further associated with decreased rates of hepatic pyruvate oxidation.”> The
persistence of these defects in well-controlled TIDM is not yet clear, but animal
models hint at the involvement of impaired glucokinase activity'*'% or increased
PEPCK activity.'"'% In addition, TIDM may present with peripheral insulin
resistance’®'%® which could augment the availability of gluconeogenic precursors,
thus increasing gluconeogenesis and stimulating the flux through the gluconeogenic
pathway of glycogen synthesis.

Nevertheless, with regard to clinical practice, these studies showed that excellent
long-term metabolic control ensures sufficient postprandial net glycogen accumulation
despite the unphysiological, but usual, peripheral route of exogenous insulin delivery.
Restoring postprandial hepatic glycogen synthesis in T1DM will ameliorate both blood
glucose peaks and prolonged hyperglycaemia after ingestion of mixed meals.
Furthermore, this could help to prevent severe hypoglycaemic episodes because
glucagon-mediated glycogenolysis, which is the first-line defence against hypoglycae-
mia>®, depends on the availability of sufficient liver glycogen stores.

Partial agenesis of the pancreas (PAP)

While complete agenesis of the pancreas is not compatible with life'®, partial
agenesis of the pancreas can be detected in some patients with diabetes mellitus. A
rare form of familiar agenesis of the dorsal pancreas in diabetic woman and in both of
her non-diabetic sons'®>'% offered the opportunity to examine the effects of
different degrees of endogenous insulin secretion on glucose fluxes after ingestion of
a mixed meal (Figure 3). Regardless of differences in glycaemia and insulinaemia
among the patients, they all featured ~ 55 and ~40% reduction in glycogen synthesis
and glycogenolysis, respectively.?® Gluconeogenesis was ~60% higher in PAP and
contributed more to the slightly elevated fasting EGP than in non-diabetic humans
(~70 versus ~50%).

Maturity-onset diabetes of the young (MODY)

Another human model of altered insulin secretion is created by mutations in
the glucokinase gene on chromosome 7 in autosomal-dominant-inherited diabetes
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(MODY-2).'”” '3C NMRS studies showed that the moderate postprandial hypergly-
caemia of MODY-2 patients is associated with impaired hepatic glycogen synthesis so
that, at the end of the day, the glucokinase-deficient subjects had only ~70% of the
increment in glycogen observed in healthy subjects.'? In addition, the contribution of
the gluconeogenic pathway to glycogen synthesis was higher in MODY-2 patients at 4 h
after breakfast (~ 50 versus ~35%). As relative hypoinsulinaemia was present in the
MODY-2 patients only during the first 2 hours following breakfast, the lower portal vein
insulin:glucagon ratio cannot entirely explain the reduction in liver glycogen synthesis
throughout the day. Thus, decreased flux through hepatic glucokinase is probably
responsible for the impaired glycogen storage.

Type 2 diabetes mellitus (T2DM)

T2DM is characterized by fasting and/or postprandial hyperglycaemia. Fasting
hyperglycaemia was found to be correlated with EGP—which was therefore held
responsible for the rise in plasma glucose.>**”® However, measurement of EGP
depends on the experimental conditions and is influenced by, among other factors,
the prevailing degree of glycaemia.* The use of refined isotope technigues revised the
picture by demonstrating only modestly elevated (~ 10-25%)'°®'%” or unchanged
EGP''® in overt T2DM (Table 2). This small increase in EGP returns to the normal
range after insulin-mediated near-normoglycaemia, suggesting a major role for
glucose toxicity in the regulation of fasting EGP.'®>""! Finally, the finding of normal or
slightly elevated EGP in the presence of hyperinsulinaemia and hyperglycaemia, which
would normally act to suppress EGP, suggests abnormal regulation of EGP in
T2DM.®

The mechanism of defective glucose production in poorly controlled T2DM was
elucidated by '3C NMRS.''? These patients had decreased (89 versus 70%) net hepatic
glycogenolysis, so that increased gluconeo%enesis almost completely accounted for
EGP. Compared with the H,O method, '>*C NMRS yielded higher estimates for
gluconeogenesis in T2DM (84 versus 59%) but similar values in non-diabetic humans
(60 versus 56%).” Others calculated slightly higher gluconeogenesis (4 10%), also from
the 2H,0 method**’¢, suggesting substantial glycogen cycling in T2DM.

Ingestion of glucose or mixed meals leads to excessive and prolonged
hyperglycaemia in T2DM which has been attributed to decreased glucose-induced
insulin secretion, insufficient suppression of glucagon and FFA, and hyperglycaemia per
se. Splanchnic glucose output is increased in some patients>® but not all patients.''?
Likewise, splanchnic glucose uptake from enteral glucose is decreased during
hyperglycaemia and hyperinsulinaemia in T2DM.'® Nevertheless, postprandial hyper-
glycaemia is due to both decreased suppression of EGP and reduced skeletal muscle
glucose disposal.®%'"*

When double-isotope tracer techniques were used, T2DM exhibited an overall
increased EGP and initial splanchnic glucose uptake after ingestion of a mixed meal'*'"®
(Table 2). With isotopic dilution technique aiming constant tracer:tracee ratio
postprandial, EGP initially decreases to ~50% of fasting values within 30 min in non-
diabetic humans and in T2DM patients, who had a ~45% higher EGP during the 2 h
following ingestion of a meal.®? Most recently, application of this technique combined
with '3C NMRS has provided evidence that this EGP suppression is associated with a
~45% reduction in hepatic glycogen synthesis in T2DM patients, despite their
excessive hyperglycaemia.'
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Non-alcoholic fatty liver disease (NAFLD) and liver cirrhosis

NAFLDs include a broad spectrum of liver diseases ranging from steatosis, fibrosis and
non-alcoholic steatohepatitis (NASH) to cirrhosis defined by histological features of
alcoholic liver disease in patients with negligible alcohol intake.''” Interestingly, recent
studies found that NAFLD is associated with visceral obesity, low high-density
lipoprotein cholesterol and elevated plasma triglycerides, suggesting a link with the
insulin-resistance syndrome.' '8 In support of this hypothesis, patients with NAFLD
showed a reduction in insulin-stimulated glucose utilization comparable with that in
overt T2DM. Despite a normal fasting EGP, the insulin-dependent suppression was
similarly decreased in NAFLD and T2DM (—63 and —65% versus non-diabetic
subjects: —82% of fasting EGP). Such hepatic insulin resistance was paralleled by a
comparable degree of impaired insulin-dependent suppression of plasma FFA.''®

Although direct measurement of hepatic fat using liver biopsies is considered the
clinical gold standard, hepatocellular lipid concentrations (HCL) can be assessed by 'H
NMRS. HCL correlate with whole-body and hepatic insulin resistance and insulin-
dependent suppression of plasma FFA in non-diabetic and T2DM subjects.'°” Moreover,
HCL increased during prolonged infusion of insulin'®® and with insulin dosage in
T2DM.""” These findings suggest that either augmented portal flux of FFA from visceral
fat tissue or increased portal insulin favouring hepatic lipid accumulation could be
responsible for the early stages of NAFLD. In addition, serum concentrations of leptin,
an adipocyte-derived peptide participating in neuroendocrine appetite regulation,
independently predict hepatic steatosis but not fibrosis.'2® This suggests that cytokines
such as leptin could play a role in the early events leading to NAFLD, probably by
stimulating hepatic insulin signal transduction'?' and triglyceride synthesis.'** On the
other hand, a study in three patients with severe lipodystrophy, who were leptin-
deficient due to selective loss of fat tissue, featured hyperglycaemia with nearly doubled
EGP compared with weight-matched non-diabetic subjects.'”® These findings were
associated with whole-body and hepatic insulin resistance and augmented HCL, all of
which could be almost normalized by chronic leptin treatment. Taken together, aside
from its anorectic effect, leptin seems to regulate the metabolic balance between size of
visceral fat mass and intracellular lipid stores.

In liver cirrhosis, EGP was found to be decreased in some studies'**'?*, but not in
all.'?&'%” Fasting plasma glucose levels are most often normal, but are less tightly
regulated after eating.'?” Plasma concentrations of insulin, glucagon, lactate and FFA, as
well as uptake of gluconeogenic precursors, are increased. In the face of comparable
EGP, patients with biopsy-confirmed liver cirrhosis showed a ~80% reduction in net
hepatic glycogenolysis measured with '*C NMRS.”* With the ?H,O method,
gluconeogenesis was higher (~70 versus ~ 55%) and total glycogenolysis was reduced
by only ~30%, indicating substantial glycogen cycling in cirrhotic patients. Glycogen
cycling in cirrhosis may result from the rise in plasma concentrations of insulin and
glucagon?'22% or FFA #4588

Glycogen storage diseases (GSDs)

GSDs result from inborn enzyme defects which can affect the liver; these diseases
include types | (glucose-6-phosphatase), Il (amylo-1,6-glucosidase debranching
enzyme), IV (branching enzyme), VI (liver phosphorylase), IX (phosphorylase b kinase)
and glycogen synthase deficiency. GSD-| leads to hepatomegaly and hypoglycaemia,
even during short periods of fasting. Of note, EGP rates were lower than in healthy
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humans, but were not completely diminished.'*® [U-'3C]glucose isotopomer analysis of
plasma glucose revealed no recycled glucose, indicating that EGP is from non-labelled
sources and significant release of hepatic glucose occurs by alternative pathways such as
the debranching enzyme amylo-1,6-glucosidase.'*® In the absence of this enzyme, as in
GSD-lll, gluconeogenesis will become responsible for EGP. '*C NMRS non-invasively
confirmed the enlargement of hepatic glycogen pools in GSD-IA'?’ and GSD-IIIA.'*
This technique also aroused suspicion of GSD from hepatic glycogen accumulation in a
boy under 2 years of age prior to successful diagnosis of GSD-VI."?'
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Practice points

e new techniques, such as nuclear magnetic resonance spectroscopy, double
isotopic tracer dilution and the ?H,0 method, circumvent limitations of
previous approaches and now permit monitoring of intrahepatic glucose
metabolism in the human liver

e the liver is mainly responsible for glucose homeostasis by rapidly switching
from glucose uptake in the fed state to glucose production during fasting. Small
changes in insulin, glucagon and the degree of hyperglycaemia finely tune both
hepatic glycogen turnover and glucose production

e reduction in postprandial glycogen storage is not only explained by absolute
insulin deficiency but also results from chronic hyperglycaemia and abnormal
insulin delivery in diabetes mellitus due to autoimmune processes (type |
diabetes mellitus), defective glucokinase (MODY-2) and partial agenesis of the
pancreas

Research agenda

e further evaluation of hepatic glucose and glycogen metabolism under normal-
life conditions in healthy humans and particularly in type 2 diabetes mellitus

e examination of the impact of differently composed diets, individual nutrients
and fat-derived cytokines on hepatic glucose metabolism in humans

o testing the mechanism of action and efficacy of new therapeutic drugs designed
to improve glucose metabolism in the liver

NNB Exh. 2061, p. 014



Hepatic glucose metabolism 379

REFERENCES

20.

21.

22.

23.

24.

25.

26.

27.

. Ekberg K, Landau BR, Wajngot A et al. Contributions by kidney and liver to glucose production in the

postabsorptive state and after 60 h of fasting. Diabetes 1999; 48: 292—-298.

. Taylor R & Shulman GI. Regulation of hepatic glucose uptake. In Jefferson L & Cherrington A (eds)

Handbook of Physiology: The Endocrine Pancreas and Regulation of Metabolism. New York: Oxford
University Press, 2001, pp 787—-802.

. Roden M, Petersen KF & Shulman GI. Nuclear magnetic resonance studies of hepatic glucose

metabolism in humans. Recent Progress in Hormone Research 2001; 56: 219-237.

. Radziuk ] & Pye S. Quantitation of basal endogenous glucose production in type Il diabetes: importance

of the volume of distribution. Diabetologia 2002; 45: 1053—1084.

. Landau BR. Methods for measuring glycogen cycling. American Journal of Physiology, Endocrinology and

Metabolism 2001; 281: E413—-E419.

. Dohm GL & Newsholme EA. Metabolic control of hepatic gluconeogenesis during exercise. Biochemical

Journal 1983; 212: 633-639.

. Hue L & Bartrons R. Role of fructose 2,6-bisphosphate in the control by glucagon of gluconeogenesis

from various precursors in isolated rat hepatocytes. Biochemical Journal 1984; 218: 165—170.

. Nordlie RC, Foster |D & Lange AJ. Regulation of glucose production by the liver. Annual Review of

Nutrition 1999; 19: 379—-406.

. Bollen M, Keppens S & Stalmans W. Specific features of glycogen metabolism in the liver. Biochemical

Journal 1998; 336: 19-31.

. Villar-Palasi C & Guinovart JJ. The role of glucose 6-phosphate in the control of glycogen synthase. Faseb

Journal 1997; 11: 544-558.

. Foufelle F & Ferre P. New perspectives in the regulation of hepatic glycolytic and lipogenic genes by

insulin and glucose: a role for the transcription factor sterol regulatory element binding protein-lc.
Biochemical Journal 2002; 366: 377—391.

. Taylor R, Magnusson |, Rothman DL et al. Direct assessment of liver glycogen storage by '*C nuclear

magnetic resonance spectroscopy and regulation of glucose homeostasis after a mixed meal in normal
subjects. Journal of Clinical Investigation 1996; 97: 126—132.

. Velho G, Petersen KF, Perseghin G et al. Impaired hepatic glycogen synthesis in glucokinase-deficient

(MODY-2) subjects. Journal of Clinical Investigation 1996; 98: 1755—1761.

. McMahon M, Marsh HM & Rizza RA. Effects of basal insulin supplementation on disposition of mixed

meal in obese patients with NIDDM. Diabetes 1989; 38: 291-303.

. Mitrakou A, Kelley D, Veneman Tet al. Contribution of abnormal muscle and liver glucose metabolism to

postprandial hyperglycemia in NIDDM. Diabetes 1990; 39: 1381—1390.

. Basu A, Basu R, Shah P et al. Effects of type 2 diabetes on the ability of insulin and glucose to regulate

splanchnic and muscle glucose metabolism: evidence for a defect in hepatic glucokinase activity. Diabetes
2000; 49: 272-283.

. Roden M, Price TB, Perseghin G et al. Mechanism of free fatty acid-induced insulin resistance in humans.

Journal of Clinical Investigation 1996; 97: 2859—-2865.

. DeFronzo RA, Ferrannini E, Hendler R et al. Regulation of splanchnic and peripheral glucose uptake by

insulin and hyperglycemia in man. Diabetes 1983; 32: 35—45.

. Kolterman OG, Insel J, Saekow M & Olefsky JM. Mechanisms of insulin resistance in human obesity:

evidence for receptor and postreceptor defects. Journal of Clinical Investigation 1980; 65: 1272—1284.
Rizza RA, Mandarino L) & Gerich JE. Dose-response characteristics for effects of insulin on production
and utilization of glucose in man. American Journal of Physiology 1981; 240: E630—E639.

Roden M, Perseghin G, Petersen KF et al. The roles of insulin and glucagon in the regulation of hepatic
glycogen synthesis and turnover in humans. Journal of Clinical Investigation 1996; 97: 642—648.
Petersen KF, Laurent D, Rothman DL et al. Mechanism by which glucose and insulin inhibit net hepatic
glycogenolysis in humans. Journal of Clinical Investigation 1998; 101: 1203—1209.

Magnusson |, Rothman DL, Gerard DP et al. Contribution of hepatic glycogenolysis to glucose
production in humans in response to a physiological increase in plasma glucagon concentration. Diabetes
1995; 44: 185-189.

Petersen KEF, Price T, Cline GW et al. Contribution of net hepatic glycogenolysis to glucose production
during the early postprandial period. American Journal of Physiology 1996; 270: EI86—EI91.

Cryer PE. Banting lecture. Hypoglycemia: the limiting factor in the management of IDDM. Diabetes 1994;
43: 1378-1389.

Brehm ARWY, Krssak M, Anderwald C et al. Hepatic glucose metabolism in type 2 diabetes after mixed
meal ingestion. Diabetologia 2002; 45(Suppl 2): A188.

Krebs M, Brehm A & Krssak M. Direct and indirect effects of amino acids on hepatic glucose metabolism
in humans. Diabetologia 2003; 46: 917-925.

NNB Exh. 2061, p. 015



380

28.
29.
30.
31
32.
33.

34.

35.

36.

37.

38.

39.

40.
*4].
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

M. Roden and E. Bernroider

Cherrington AD, Williams PE, Shulman Gl & Lacy WW. Differential time course of glucagon’s effect on
glycogenolysis and gluconeogenesis in the conscious dog. Diabetes 1981; 30: 180—187.

Engstrom L. The regulation of liver pyruvate kinase by phosphorylation—dephosphorylation. Current
Topics in Cell Regulation 1978; 13: 28-51.

Jiang G & Zhang BB. Glucagon and regulation of glucose metabolism. American Journal of Physiology,
Endocrinology and Metabolism 2003; 284: E67 1 —E678.

Groen AK, Vervoorn RC, van der Meer R & Tager JM. Control of gluconeogenesis in rat liver cells.
I. Kinetics of the individual enzymes and the effect of glucagon. Journal of Biological Chemistry 1983; 258:
14346—14353.

Attwood PV & Keech DB. Pyruvate carboxylase. Current Topics in Cell Regulation 1984; 23: |-55.
Beale E, Andreone T, Koch S et al. Insulin and glucagon regulate cytosolic phosphoenolpyruvate
carboxykinase (GTP) mRNA in rat liver. Diabetes 1984; 33: 328-332.

Argaud D, Zhang Q, Pan W et al. Regulation of rat liver glucose-6-phosphatase gene expression in
different nutritional and hormonal states: gene structure and 5'-flanking sequence. Diabetes 1996; 45:
1563—1571.

Linn T, Geyer R, Prassek S & Laube H. Effect of dietary protein intake on insulin secretion and glucose
metabolism in insulin-dependent diabetes mellitus. Journal of Clinical Endocrinology and Metabolism 1996;
81:3938-3943.

Felig P, Wahren | & Hendler R. Influence of maturity-onset diabetes on splanchnic glucose balance after
oral glucose ingestion. Diabetes 1978; 27: 121—126.

Krebs M, Krssak M, Nowotny P et al. Free fatty acids inhibit the glucose-stimulated increase of
intramuscular glucose-6-phosphate concentration in humans. journal of Clinical Endocrinology and
Metabolism 2001; 86: 2153-2160.

Waldhausl W, Kleinberger G, Korn A et al. Severe hyperglycemia: effects of rehydration on endocrine
derangements and blood glucose concentration. Diabetes 1979; 28: 577-584.

Bogardus C, Lillioja S, Howard BV et al. Relationships between insulin secretion, insulin action, and
fasting plasma glucose concentration in nondiabetic and noninsulin-dependent diabetic subjects. Journal
of Clinical Investigation 1984; 74: 1238—1246.

Rebrin K, Steil GM, Mittelman SD & Bergman RN. Causal linkage between insulin suppression of lipolysis
and suppression of liver glucose output in dogs. Journal of Clinical Investigation 1996; 98: 741—749.
Lewis GF, Zinman B, Groenewoud Y et al. Hepatic glucose production is regulated both by direct hepatic
and extrahepatic effects of insulin in humans. Diabetes 1996; 45: 454—462.

Bergman RN, Bradley DC & Ader M. On insulin action in vivo: the single gateway hypothesis. Advances in
Experimental Medicine and Biology 1993; 334: 181—-198.

Stingl H, Krssak M, Krebs M et al. Lipid-dependent control of hepatic glycogen stores in healthy humans.
Diabetologia 2001; 44: 48—54.

Roden M, Stingl H, Chandramouli V et al. Effects of free fatty acid elevation on postabsorptive
endogenous glucose production and gluconeogenesis in humans. Diabetes 2000; 49: 701 -707.

Chen X, Igbal N & Bodeu G. The effects of free fatty acids on gluconeogenesis and glycogenolysis in
normal subjects. Journal of Clinical Investigation 1999; 103: 365—-372.

Ferrannini E, Barrett EJ, Bevilacqua S & DeFronzo RA. Effect of fatty acids on glucose production and
utilization in man. Journal of Clinical Investigation 1983; 72: 1737—-1747.

Boden G & Jadali F. Effects of lipid on basal carbohydrate metabolism in normal men. Diabetes 1991; 40:
686—692.

Bajaj M, Pratipanawatr T, Berria R et al. Free fatty acids reduce splanchnic and peripheral glucose uptake
in patients with type 2 diabetes. Diabetes 2002; 51: 3043—-3048.

Boden G, Chen X & Stein TP. Gluconeogenesis in moderately and severely hyperglycemic patients with
type 2 diabetes mellitus. American Journal of Physiology, Endocrinology and Metabolism 2001; 280: E23—E30.
Waldhausl WK, Gasic S, Bratusch-Marrain P et al. Effect of stress hormones on splanchnic substrate and
insulin disposal after glucose ingestion in healthy humans. Diabetes 1987; 36: 127—135.
Bratusch-Marrain PR. Insulin-counteracting hormones: their impact on glucose metabolism. Diabetologia
1983; 24: 74-79.

Sacca L, Vigorito C, Cicala M et al. Role of gluconeogenesis in epinephrine-stimulated hepatic glucose
production in humans. American Journal of Physiology 1983; 245: E294—E302.

Dinneen S, Alzaid A, Miles ] & Rizza R. Metabolic effects of the nocturnal rise in cortisol on carbohydrate
metabolism in normal humans. Journal of Clinical Investigation 1993; 92: 2283-2290.

Khani S & Tayek JA. Cortisol increases gluconeogenesis in humans: its role in the metabolic syndrome.
Clinical Science (Lond) 2001; 101: 739-747.

Mojsov S, Heinrich G, Wilson IB et al. Preproglucagon gene expression in pancreas and intestine
diversifies at the level of post-translational processing. Journal of Biological Chemistry 1986; 261:
11880—11889.

NNB Exh. 2061, p. 016



56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

Hepatic glucose metabolism 381

Drucker D). Glucagon-like peptide 2. Journal of Clinical Endocrinology and Metabolism 2001; 86:
1759-1764.

Komatsu R, Matsuyama T, Namba M et al. Glucagonostatic and insulinotropic action of glucagonlike
peptide I-(7-36)-amide. Diabetes 1989; 38: 902—905.

Nathan DM, Schreiber E, Fogel H et al. Insulinotropic action of glucagonlike peptide-I-(7-37) in diabetic
and nondiabetic subjects. Diabetes Care 1992; 15: 270-276.

Baron AD, Kim D & Weyer C. Novel peptides under development for the treatment of type | and type 2
diabetes mellitus. Current Drug Targets in Immune Endocrine and Metabolic Disorders 2002; 2: 63—-82.
Bjorntorp P & Sjostrom L. Carbohydrate storage in man: speculations and some quantitative
considerations. Metabolism 1978; 27 (supplement 2): 1853—1865.

Cersosimo E, Garlick P & Ferretti ). Renal glucose production during insulin-induced hypoglycemia in
humans. Diabetes 1999; 48: 261 —266.

Moller N, Rizza RA, Ford GC & Nair KS. Assessment of postabsorptive renal glucose metabolism in
humans with multiple glucose tracers. Diabetes 2001; 50: 747-751.

DeFronzo RA. Lilly lecture 1987. The triumvirate: beta-cell, muscle, liver. A collusion responsible for
NIDDM. Diabetes 1988; 37: 667—687.

Rothman DL, Magnusson I, Katz LD et al. Quantitation of hepatic glycogenolysis and gluconeogenesis in
fasting humans with '3C NMR. Science 1991; 254: 573-576.

Nilsson LH & Hultman E. Liver and muscle glycogen in man after glucose and fructose infusion.
Scandinavian Journal of Clinical Laboratory Investigation 1974; 33: 5—10.

Jahoor F, Klein S, Miyoshi H & Wolfe RR. Effect of isotope infusion and sampling sites on glucose kinetics
during a euglycemic clamp. American Journal of Physiology 1988; 255: E87| —E874.

Wabhren J, Felig P, Cerasi E & Luft R. Splanchnic and peripheral glucose and amino acid metabolism in
diabetes mellitus. Journal of Clinical Investigation 1972; 51: 1870—1878.

Pimenta W, Nurjhan N, Jansson PA et al. Glycogen: its mode of formation and contribution to hepatic
glucose output in postabsorptive humans. Diabetologia 1994; 37: 697-702.

Hellerstein MK, Neese RA, Linfoot P et al. Hepatic gluconeogenic fluxes and glycogen turnover during
fasting in humans. A stable isotope study. Journal of Clinical Investigation 1997; 100: 1305—1319.

Katz | & Tayek JA. Gluconeogenesis and the Cori cycle in 12-, 20-, and 40-h-fasted humans. American
Journal of Physiology 1998; 275: E537—-E542.

Consoli A, Kennedy F, Miles ] & Gerich ]. Determination of Krebs cycle metabolic carbon exchange in
vivo and its use to estimate the individual contributions of gluconeogenesis and glycogenolysis to overall
glucose output in man. Journal of Clinical Investigation 1987; 80: 1303—1310.

Landau BR. Quantifying the contribution of gluconeogenesis to glucose production in fasted human
subjects using stable isotopes. Proceedings of the Nutritional Society 1999; 58: 963—-972.

Landau BR, Wahren ], Chandramouli V et al. Use of ,H,O for estimating rates of gluconeogenesis.
Application to the fasted state. Journal of Clinical Investigation 1995; 95: 172—178.

Petersen KF, Krssak M, Navarro V et al. Contributions of net hepatic glycogenolysis and gluconeogenesis
to glucose production in cirrhosis. American Journal of Physiology 1999; 276: E529—E535.

Hundal RS, Krssak M, Dufour S et al. Mechanism by which metformin reduces glucose production in type
2 diabetes. Diabetes 2000; 49: 2063-2069.

Gastaldelli A, Baldi S, Pettiti M et al. Influence of obesity and type 2 diabetes on gluconeogenesis and
glucose output in humans: a quantitative study. Diabetes 2000; 49: 1367—1373.

Capaldo B, Gastaldelli A, Antoniello S et al. Splanchnic and leg substrate exchange after ingestion of a
natural mixed meal in humans. Diabetes 1999; 48: 958—966.

Radziuk J, Pye S & Zhang Z. Substrates and the regulation of hepatic glycogen metabolism. Advances in
Experimental Medicine and Biology 1993; 334: 235-252.

Fery F & Balasse EO. Glucose metabolism during the starved-to-fed transition in obese patients with
NIDDM. Diabetes 1994; 43: 1418—1425.

Firth RG, Bell PM, Marsh HM et al. Postprandial hyperglycemia in patients with noninsulin-dependent
diabetes mellitus. Role of hepatic and extrahepatic tissues. Journal of Clinical Investigation 1986; 77:
1525-1532.

Pehling G, Tessari P, Gerich JE et al. Abnormal meal carbohydrate disposition in insulin-dependent
diabetes. Relative contributions of endogenous glucose production and initial splanchnic uptake and
effect of intensive insulin therapy. Journal of Clinical Investigation 1984; 74: 985—-991.

Kelley D, Mokan M & Veneman T. Impaired postprandial glucose utilization in non-insulin-dependent
diabetes mellitus. Metabolism 1994; 43: 1549—1557.

Singhal P, Caumo A, Carey PE et al. Regulation of endogenous glucose production after a mixed meal in
type 2 diabetes. American Journal of Physiology, Endocrinology and Metabolism 2002; 283: E275—E283.
Radziuk ], McDonald TJ, Rubenstein D & Dupre . Initial splanchnic extraction of ingested glucose in
normal man. Metabolism 1978; 27: 657—669.

NNB Exh. 2061, p. 017



382

85.
86.
87.
88.

89.
. Magnusson |, Rothman DL, Jucker B et al. Liver glycogen turnover in fed and fasted humans. American

9l.

92.

93.

94.

95.
96.
97.
98.

99.

100.

101.

102.
103.
104.
105.
106.
107.

108.

*109.

110.

M. Roden and E. Bernroider

Katz LD, Glickman MG, Rapoport S et al. Splanchnic and peripheral disposal of oral glucose in man.
Diabetes 1983; 32: 675-679.

Bischof MG, Bernroider E, Krssak M et al. Hepatic glycogen metabolism in type | diabetes after long-
term near normoglycemia. Diabetes 2002; 51: 49-54.

Bischof MG, Krssak M, Krebs M et al. Effects of short-term improvement of insulin treatment and
glycemia on hepatic glycogen metabolism in type | diabetes. Diabetes 2001; 50: 392—398.

Stingl H, Schnedl WJ, Krssak M et al. Reduction of hepatic glycogen synthesis and breakdown in patients
with agenesis of the dorsal pancreas. Journal of Clinical Endocrinology and Metabolism 2002; 87: 4678—4685.
Shulman Gl & Landau BR. Pathways of glycogen repletion. Physiology Reviews 1992; 72: 1019—-1035.

Journal of Physiology 1994; 266: E796—E803.

Cherrington AD, Edgerton D & Sindelar DK. The direct and indirect effects of insulin on hepatic glucose
production in vivo. Diabetologia 1998; 41: 987—-996.

Hwang JH, Perseghin G, Rothman DL et al. Impaired net hepatic glycogen synthesis in insulin-dependent
diabetic subjects during mixed meal ingestion. A '*C nuclear magnetic resonance spectroscopy study.
Journal of Clinical Investigation 1995; 95: 783-787.

Yki-Javinen H & Koivisto VA. Natural course of insulin resistance in type | diabetes. New England Journal
of Medicine 1986; 315: 224-230.

DeFronzo RA, Simonson D & Ferrannini E. Hepatic and peripheral insulin resistance: a common feature
of type 2 (non-insulin-dependent) and type | (insulin-dependent) diabetes mellitus. Diabetologia 1982;
23: 313-319.

Beringer A & Thaler H. Uber quantitative Untersuchungen des Glykogengehaltes der Leber des
gesunden und kranken Menschen. Wiener Klinische Wochenschrift 1963; 26: 506—513.

Vaishnava H, Raju TR, Malik GB & Gulati PD. Hepatic glycogen studies in Indian diabetics. Metabolism
1971; 20: 657—665.

Manderson WG, McKiddie MT, Manners D] & Stark JR. Liver glycogen accumulation in unstable diabetes.
Diabetes 1968; 17: 13—16.

Perley M) & Kipnis DM. Plasma insulin responses to oral and intravenous glucose: studies in normal and
diabetic sujbjects. Journal of Clinical Investigation 1967; 46: 1954—1962.

Cline GW, Rothman DL, Magnusson | et al. '3C-nuclear magnetic resonance spectroscopy studies of
hepatic glucose metabolism in normal subjects and subjects with insulin-dependent diabetes mellitus.
Journal of Clinical Investigation 1994; 94: 2369-2376.

Mason TM, Gupta N, Goh T et al. Chronic intraperitoneal insulin delivery, as compared with
subcutaneous delivery, improves hepatic glucose metabolism in streptozotocin diabetic rats. Metabolism
2000; 49: 1411-1416.

Kramer KL, Giffin BF, Fox JW & Drake RL. Insulin replacement therapy in diabetic rats using an osmotic
pump normalizes expression of enzymes key to hepatic carbohydrate metabolism. Archives of
Biochemistry and Biophysics 1999; 368: 291-297.

Brichard SM, Henquin JC & Girard J. Phlorizin treatment of diabetic rats partially reverses the abnormal
expression of genes involved in hepatic glucose metabolism. Diabetologia 1993; 36: 292—-298.
Yki-Jarvinen H & Koivisto VA. Continuous subcutaneous insulin infusion therapy decreases insulin
resistance in type | diabetes. Journal of Clinical Endocrinology and Metabolism 1984; 58: 659—666.

Adda G, Hannoun L & Loygue J. Development of the human pancreas: variations and pathology. A
tentative classification. Clinical Anatomy 1984; 5: 275-283.

Wildling R, Schnedl W], Reisinger EC et al. Agenesis of the dorsal pancreas in a woman with diabetes
mellitus and in both of her sons. Gastroenterology 1993; 104: 1182—1186.

Schnedl W], Reisinger EC, Schreiber F et al. Complete and partial agenesis of the dorsal pancreas within
one family. Gastrointestinal Endoscopy 1995; 42: 485—-487.

Stoffel M, Patel P, Lo YM et al. Missense glucokinase mutation in maturity-onset diabetes of the young
and mutation screening in late-onset diabetes. Nature Genetics 1992; 2: 153—156.

Perriello G, De Feo P, Torlone E et al. Nocturnal spikes of growth hormone secretion cause the dawn
phenomenon in type | (insulin-dependent) diabetes mellitus by decreasing hepatic (and extrahepatic)
sensitivity to insulin in the absence of insulin waning. Diabetologia 1990; 33: 52—-59.

Anderwald C, Bernroider E, Krssak M et al. Effects of insulin treatment in type 2 diabetic patients on
intracellular lipid content in liver and skeletal muscle. Diabetes 2002; 51: 3025-3032.

Hother-Nielsen O & Beck-Nielsen H. Insulin resistance, but normal basal rates of glucose
production in patients with newly diagnosed mild diabetes mellitus. Acta Endocrinologica (Copenh)
1991; 124: 637-645.

Wise SD, Nielsen MF, Cryer PE & Rizza RA. Overnight normalization of glucose concentrations
improves hepatic but not extrahepatic insulin action in subjects with type 2 diabetes mellitus. Journal of
Clinical Endocrinology and Metabolism 1998; 83: 2461 -2469.

NNB Exh. 2061, p. 018



112.

113,

114.

I'15.

I16.

117.

118.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Hepatic glucose metabolism 383

Magnusson |, Rothman DL, Katz LD et al. Increased rate of gluconeogenesis in type Il diabetes mellitus. A
'3C nuclear magnetic resonance study. Journal of Clinical Investigation 1992; 90: 1323—1327.

Waldhausl W, Bratusch-Marrain P, Gasic S et al. Insulin production rate, hepatic insulin retention and
splanchnic carbohydrate metabolism after oral glucose ingestion in hyperinsulinaemic type 2 (non-
insulin-dependent) diabetes mellitus. Diabetologia 1982; 23: 6—15.

Ferrannini E, Taddei S, Santoro D et al. Independent stimulation of glucose metabolism and Na™—K™
exchange by insulin in the human forearm. American Journal of Physiology 1988; 255: E953—E958.
Butler PC & Rizza RA. Contribution to postprandial hyperglycemia and effect on initial splanchnic
glucose clearance of hepatic glucose cycling in glucose-intolerant or NIDDM patients. Diabetes 1991; 40:
73-8l.

Brehm A, Krssak M, Anderwald C et al. Hepatic glucose metabolism in type 2 diabetes after mixed meal
ingestion. Diabetologia 2002; 45 (supplement 2): A|88.

Matteoni CA, Younossi ZM, Gramlich Tet al. Nonalcoholic fatty liver disease: a spectrum of clinical and
pathological severity. Gastroenterology 1999; 116: 1413—-1419.

Marchesini G, Brizi M, Bianchi G et al. Nonalcoholic fatty liver disease: a feature of the metabolic
syndrome. Diabetes 2001; 50: 1844—1850.

Ryysy L, Hakkinen AM, Goto Tet al. Hepatic fat content and insulin action on free fatty acids and glucose
metabolism rather than insulin absorption are associated with insulin requirements during insulin
therapy in type 2 diabetic patients. Diabetes 2000; 49: 749—758.

Chitturi S, Abeygunasekera S, Farrell GC et al. NASH and insulin resistance: insulin hypersecretion and
specific association with the insulin resistance syndrome. Hepatology 2002; 35: 373—-379.

Anderwald C, Muller G, Koca G et al. Short-term leptin-dependent inhibition of hepatic gluconeogenesis
is mediated by insulin receptor substrate-2. Molecular Endocrinology 2002; 16: 1612—1628.

Roden M, Auder wald C, Furnsinn C et al. Short-term leptin exposure stimulates triglyceride deposition
in rat liver. Hepatology 2000; 32: 1045—1049.

Petersen KF, Oral EA, Dufour S et al. Leptin reverses insulin resistance and hepatic steatosis in patients
with severe lipodystrophy. Journal of Clinical Investigation 2002; 109: 1345—1350.

Owen OE, Reichle FA, Mozzoli MA et al. Hepatic, gut, and renal substrate flux rates in patients with
hepatic cirrhosis. Journal of Clinical Investigation 1981; 68: 240—252.

Merli M, Eriksson LS, Hagenfeldt L & Wahren J. Splanchnic and leg exchange of free fatty acids in patients
with liver cirrhosis. Journal of Hepatology 1986; 3: 348—355.

Shmueli E, Walker M, Alberti G & Record CO. Normal splanchnic but impaired peripheral insulin-
stimulated glucose uptake in cirrhosis. Hepatology 1993; 18: 86—95.

Petrides AS, Groop LC, Riely CA & DeFronzo RA. Effect of physiologic hyperinsulinemia on glucose and
lipid metabolism in cirrhosis. Journal of Clinical Investigation 1991; 88: 561-570.

Kalderon B, Korman SH, Gutman A & Lapidot A. Glucose recycling and production in glycogenosis type |
and llI: stable isotope technique study. American Journal of Physiology 1989; 257: E346—E353.

Roser W, Beckmann N, Wiesmann U & Seeli%J. Absolute quantification of the hepatic glycogen content
in a patient with glycogen storage disease by '°C magnetic resonance spectroscopy. Magnetic Resonance
Imaging 1996; 14: 1217-1220.

Beckmann N, Seelig | & Wick H. Analysis of glycogen storage disease by in vivo '*C NMR: comparison of
normal volunteers with a patient. Magnetic Resonance in Medicine 1990; 16: 150—160.

Labrune P, Jehenson P, Syrota A & Odievre M. In vivo '3C-NMR evaluation of glycogen content in a
patient with glycogen storage disease. Journal of Inherited Metabolism Diseases 1992; 15: 723-726.
Horwitz DL, Rubenstein AH, Reynolds C et al. Prolonged suppression of insulin release by insulin-
induced hypoglycemia: demonstration by C-peptide assay. Hormone and Metabolic Research 1975; 7:
449-452.

Krebs M, Kissak M, Bernroides E et al. Mechanism of Amino acid-induced skeletal muscle insulin
resistance in humans. Diabetes 2002; 51: 599-605.

NNB Exh. 2061, p. 019



	Hepatic glucose metabolism in humans-its role in health and disease
	Physiological conditions
	Principal mechanisms of regulation
	The post-absorptive state
	The postprandial state

	Pathological conditions
	Type 1 diabetes mellitus (T1DM)
	Partial agenesis of the pancreas (PAP)
	Maturity-onset diabetes of the young (MODY)
	Type 2 diabetes mellitus (T2DM)
	Non-alcoholic fatty liver disease (NAFLD) and liver cirrhosis
	Glycogen storage diseases (GSDs)

	Acknowledgements
	References




