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Abstract

Aims/hypothesis Acute hyperglycaemia rapidly suppresses
endogenous glucose production (EGP) in non-diabetic indi-
viduals, mainly by inhibiting glycogenolysis. Loss of this
‘glucose effectiveness’ contributes to fasting hyperglycae-
mia in type 2 diabetes. Elevated NEFA levels characteristic
of type 2 diabetes impair glucose effectiveness, although the
mechanism is not fully understood. Therefore we examined
the impact of increasing NEFA levels on the ability of
hyperglycaemia to regulate pathways of EGP.

Methods We performed 4 h ‘pancreatic clamp’ studies
(somatostatin; basal glucagon/growth hormone/insulin) in
seven non-diabetic individuals. Glucose fluxes (D-[6,6-"H,]
glucose) and hepatic glycogen concentrations ('*C magnetic
resonance spectroscopy) were quantified under three condi-
tions: euglycaemia, hyperglycaemia and hyperglycaemia with
elevated NEFA (HY-NEFA).

Results EGP was suppressed by hyperglycaemia, but not by
HY-NEFA. Hepatic glycogen concentration decreased

M. Hawkins and P. Kishore contributed equally to this study.

S. Kehlenbrink - S. Koppaka + M. Martin - R. Relwani *

M.-H. Cui - J.-H. Hwang - Y. Li - M. Hawkins * P. Kishore (<))
Division of Endocrinology, Department of Medicine,

Albert Einstein College of Medicine,

1300 Morris Park Avenue,

Bronx, NY 10461, USA

e-mail: preeti.kishore@einstein.yu.edu

J.-H. Hwang - M. Hawkins - P. Kishore
Diabetes Research and Training Center,
Albert Einstein College of Medicine,
Bronx, NY, USA

R. Basu

Division of Endocrinology, Metabolism, and Nutrition,
Mayo Clinic,

Rochester, MN, USA

~14% with prolonged fasting during euglycaemia and in-
creased by ~12% with hyperglycaemia. In contrast, raising
NEFA levels in HY-NEFA caused a substantial ~23% re-
duction in hepatic glycogen concentration. Moreover, rates
of gluconeogenesis were decreased with hyperglycaemia,
but increased with HY-NEFA.

Conclusions/interpretation Increased NEFA appear to pro-
foundly blunt the ability of hyperglycaemia to inhibit net
glycogenolysis under basal hormonal conditions.

Keywords Diabetes mellitus - Glucose production -
Glycogen - Hyperglycaemia - NEFA, non-esterified fatty
acids

Abbreviations

EGP  Endogenous glucose production

GNG  Gluconeogenesis

MRSI  Magnetic resonance spectroscopy imaging

RF Radiofrequency

Introduction

Increased endogenous glucose production (EGP) appears to
be the main source of fasting hyperglycaemia in type 2
diabetes mellitus [1, 2] and seems to be proportional to the
degree of metabolic dysregulation [3, 4]. In non-diabetic
individuals, rising glucose levels per se result in rapid and
potent suppression of EGP, a phenomenon termed ‘glucose
effectiveness’. This regulation is completely lost in individ-
uals with moderate-to-poorly controlled type 2 diabetes [4,
5], while those with optimally controlled type 2 diabetes
retain normal glucose effectiveness [4, 6]. Elevated NEFA
levels characteristic of type 2 diabetes have been shown to
impair glucose effectiveness, but the mechanism is still not
fully understood.
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The two major sources of EGP are breakdown of glyco-
gen stores (glycogenolysis) and de novo synthesis of glu-
cose via gluconeogenesis (GNG). Previous studies have
shown that increased plasma NEFAs potently stimulate he-
patic GNG [7, 8]. We previously demonstrated rapid blunt-
ing of hepatic glucose effectiveness and stimulation of GNG
by raising plasma NEFAs in non-diabetic individuals [9],
while lowering plasma NEFAs in individuals with type 2
diabetes completely restored glucose effectiveness [10]. It is
not known, however, whether elevated NEFAs also impair
the ability of hyperglycaemia to regulate net glycogenolysis,
thereby contributing to the loss of glucose effectiveness.
New therapeutic targets in the treatment of type 2 diabetes
are clearly needed, and there is currently no means of
consistently lowering plasma NEFAs. Therefore it is
important to understand the mechanisms whereby ele-
vated NEFAs impair glucose effectiveness and to what
extent they contribute to the loss of this regulation. Thus
this study examined the effect of elevated NEFA levels
on the ability of hyperglycaemia per se to regulate net
glycogenolysis.

Methods
Subject characteristics, recruitment and exclusion criteria

Seven healthy male volunteers were recruited from the
Clinical Research Center database and by local advertising.
Informed, written consent was obtained in accordance with
the policies of the Einstein Institutional Review Board. The
volunteers were taking no medications, had no family history
oftype 2 diabetes, and were not involved in any other research
study. The mean+SEM age and BMI were 32.1+3.1 years
and 25.6+1.0 kg/m?, respectively. A 2 h OGTT was per-
formed to ensure normal glucose tolerance.

Experimental design

These studies examined the effect of an acute elevation in
plasma glucose levels (from 5 to 10 mmol/l) and the effect
of elevated plasma NEFAs on specific pathways of glucose
production. Rates of EGP (D-[6,6-2H2]glucose), GNG (deu-
terated water) and net glycogenolysis ('>C magnetic reso-
nance spectroscopy imaging [MRSI]) were compared under
matched hormonal conditions in each participant on three
separate occasions: at euglycaemia vs hyperglycaemia vs
hyperglycaemia with elevated NEFAs.

1. EU (n=7): 4 h euglycaemic (~5 mmol/l) ‘pancreatic
clamp’ studies

2. HY (n=7): 4 h hyperglycaemic (~10 mmol/l) pancreatic
clamp studies

@ Springer

3. HY-NEFA (n=7): 4 h hyperglycaemic (~10 mmol/l)
pancreatic clamp studies with infusion of Liposyn
20% (Abbott Laboratories, North Chicago, IL, USA)
throughout the studies (0.42 ml/min) to reproduce the
moderately elevated NEFA levels observed in poorly
controlled type 2 diabetes [11, 12]. Of note, since Lip-
osyn raises plasma glycerol levels, we previously ex-
amined the effect of glycerol alone on EGP in healthy
individuals at levels similar to those seen with Liposyn
infusion [11]. There was no difference in EGP during
euglycaemia and no effect on glucose effectiveness with
hyperglycaemia during glycerol infusion compared with
matched controls.

All studies were completed after an overnight fast and
were at least 1 month apart.

Euglycaemic and hyperglycaemic pancreatic clamp
studies All experiments consisted of 240 min insulin/so-
matostatin (250 pg/h) infusions with replacement of gluco-
regulatory hormones (glucagon 1 ng kg~' min~'; growth
hormone 3 ng kg~' min~'). Throughout the euglycaemic
clamp study, the plasma glucose concentration was main-
tained at basal levels (~5 mmol/l). This was attained by
infusion of insulin at adequate rates to maintain euglycaemia
without requiring glucose infusion. Once optimal insulin
infusion rates were attained in each individual by variable
insulin infusion during the first ~90 min, these rates were
maintained for the duration of the study. During the second
(hyperglycaemic) study, plasma glucose concentrations
were acutely increased to 10 mmol/l and then clamped at
this hyperglycaemic level by means of variable glucose
infusion. Insulin was infused at the basal rate that was indi-
vidually obtained for each individual during the euglycaemic
experiment.

Glucose fluxes were measured with D-[6,6-H,]glucose
(prime infusion of 5.32 mg kg~ min~" for 5 min, continued
at 0.038 mg kg ' min~" for the duration of the study). The
enrichment of infused dextrose was kept equivalent to plas-
ma glucose enrichment by addition of p-[6,6-*H,]glucose to
the infusate [13]. From /=0 to /=240 min, blood samples
were obtained for determination of plasma glucose, insulin,
glucagon, C-peptide, growth hormone, NEFA, glycerol and
lactate concentrations, as well as D-[6,6-"H,]glucose enrich-
ment. Natural abundance '*C MRSI was performed during
all studies to determine hepatic glycogen concentrations, as
described below. Blood was sampled for deuterated glucose
during the final 15 min of each study. For fatty acid and
glycerol determinations, blood samples were collected in
chilled tubes containing EDTA as an anticoagulant and the
lipase inhibitors, tetrahydrolipstatin and paraoxon, to pre-
vent ongoing in vitro lipolysis [14]. The tubes were imme-
diately placed on ice. Plasma was obtained by refrigerated
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centrifugation within 20 min of blood drawing and stored
at —70°C until subsequent analyses were performed. All
infusions were stopped at #=240 min. Participants were given
a standard meal, and blood glucose levels were monitored for
~1 h after the study.

Deuterated water Participants drank deuterated water (total
of 5 g D,O/kg total body water, divided into three doses) at
20:00, 23:00 and 03:00 hours. Water subsequently ingested
ad libitum was enriched to 0.5% with D,O to maintain
isotopic steady state. Blood was drawn to determine the
C-5/C-2 ratio during the clamp study at /=225 and 240 min.

13C MRSI

In vivo '*C MRSI was performed on a 4 T Varian/Magnex
human MRSI system using a '>C 11 cm circular surface coil
with a 13.5 cm coplanar butterfly 'H coil. The radiofre-
quency (RF) coil was placed over the lateral aspect in the
supine participant. Initial coil placement was determined by
percussing the borders of the liver, and the final position was
confirmed by imaging. T1-weighted gradient echo images
(repetition time/echo time=250/8 ms) were acquired
through the "H coil for localisation. One-dimensional spec-
troscopic imaging was used to acquire 13C MRSI data with
the following variables: 0.3 s repetition time; 330 pus non-
selective excitation pulse; 270° tip angle; 15,000 Hz sweep
width; and 2,048 complex points. RF power was calibrated
using a microsphere filled with 99% enriched ['*C]formic
acid (Cambridge Isotope Laboratories, Andover, MA, USA)
at the centre of the coil. The field of view of 60.0 cm with 32
phase-encoding steps resulted in one-dimensional nominal
voxel resolution of 1.875 cm. A Gaussian-weighted phase-
encoding scheme was used to improve the signal-to-noise
ratios without sacrificing the efficiency of localisation [15].
One data point for hepatic glycogen was acquired every
15 min.

Quantification of hepatic glycogen concentrations

Data processing was performed using routines written in
MATLAB (MathWorks, Natick, MA, USA). C-1 glycogen
doublets resonated at 100.1 ppm were analysed using spec-
tral domain fitting. Quantification of hepatic glycogen con-
centrations was conducted using an external concentration
standard, i.e. a matching glycogen phantom composed of
300 mmol/l glucosyl units of oyster glycogen (Sigma, St
Louis, MO, USA) and 60 mmol/l KCI. A ["*C]formic acid
sphere placed at the centre of the '*C coil served to calibrate
the pulse angle and coil loading. The integrated area of the
C-1 glycogen resonance (100.1 ppm) was then referenced to
an equivalently acquired phantom sample, corrected for
receiver gain and reception sensitivity. Finally, individual

variations in liver volume and shape were also corrected by
image corrections. The liver outline of each participant
determined from in vivo MRI was superimposed on the
pulse sequence image, and the relative ratio of these inte-
grals was used as the correction factor to obtain the final
concentration of hepatic glycogen. Glycogen measurements
were acquired every 15 min before the start of the clamp and
180-240 min during the clamp. '*C MRSI measures net
changes in liver glycogen concentration. Thus the percent-
age changes in glycogen concentration from the start to the
end of the clamp study were assessed by this method.
Glycogen flux rates were calculated by subtracting rates of
GNG (mg kg ' min™"), as determined by C-5/C-2 ratios,
from total EGP (mg kg ™' min™").

Analytical procedures

Plasma glucose, insulin, C-peptide, glucagon, NEFA, glyc-
erol and lactate concentrations were measured as previously
described [7, 16]. For the p-[6,6-H,]glucose determina-
tions, GC/electron-impact MS analysis was performed in
the CTSA Analytic Core Laboratory [17]. Plasma samples
for GC-MS were derivatised after protein precipitation to
the aldehyde penta-acetate with hydroxylamine hydrochlo-
ride acetic anhydride. Measurements of GNG were per-
formed at the Mayo Clinic, using Landau’s established
method which measures deuterium enrichment at C-2 and
C-5 on plasma glucose [18]. Rates of EGP and glucose
uptake (Rd) were calculated as previously described [10,
19]. Data for glucose turnover, plasma hormones and sub-
strate concentrations represent the mean values during the
final 60 min of each clamp study.

Statistical analysis

Data were analysed using SPSS Version 19.0. Repeated-
measures ANOVA was used to compare responses among
different study conditions. Mean data at baseline (=0 min)
and during the last hour of the clamp studies (r=180-
240 min) were compared. Significant differences identified
by ANOVA were further analysed by post hoc tests, such as
Tukey and Scheffé. All data are presented as mean=SEM
unless otherwise specified. A p value of <0.05 was considered
significant.

Results
Baseline (fasting) patient characteristics
The mean age and BMI were 32.1+£3.1 years and 25.6+

1.0 kg/m?, respectively. After an overnight fast (#=0), plas-
ma insulin, C-peptide, NEFA, glycerol and glucose
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concentrations were comparable on all three study days
(Table 1). Fasting lactate levels were higher in the HY-
NEFA than the EU condition. The fasting hepatic glycogen
concentration was 340.4+£19.0 mmol/l and did not differ
between all three study visits (p=0.54).

General clamp study conditions

Steady-state conditions were achieved, as glucose specific
activity was constant after tracer equilibration during both
euglycaemia and hyperglycaemia in each individual partici-
pant and study. Plasma glucagon and growth hormone
levels remained comparable during all study visits.
C-peptide levels were suppressed by somatostatin in the
EU and HY conditions, compared with fasting levels
(»<0.005 in both groups), and trended downward in the
HY-NEFA condition (p=0.07). Although C-peptide levels
were slightly higher with the onset of hyperglycaemia
during HY and HY-NEFA, compared with EU, they were
comparable and would therefore not be expected to contri-
bute to differences between these groups (Table 1). The
portal insulin levels attained with this protocol are likely to
reproduce physiological fasting conditions, given an antici-
pated portal/systemic insulin ratio of ~2.4:1, as previously
described [20, 21]. With fasting systemic insulin levels of
~80 pmol/l in our participants, corresponding fasting portal
levels would approximate 192 pmol/l, which is consistent
with the systemic levels observed during the final hour of
these clamp studies. Lactate levels remained stable during
the steady-state period in all groups.

Mean plasma glucose levels during the euglycaemic
clamp studies were 5.3+£0.2 mmol/l. Mean insulin infusion
rates required to maintain euglycaemia were 0.16+
0.02 pU kg ' min"' for all study days. Mean plasma glucose

levels during the final hour of the HY and HY-NEFA studies
were not different (10.3+£0.2 and 10.440.1 mmol/l, respec-
tively). Plasma NEFA levels were 113.6+24.1 and 90.2+
17.8 umol/l during the EU and HY studies, respectively, and
were not different (p=0.5) (Table 1). The infusion of Liposyn
raised plasma NEFAs to levels comparable to those previously
seen in type 2 diabetes [11]. Significant elevations in NEFA
levels were attained after ~1 h of Liposyn infusion in the HY-
NEFA studies, compared with the EU and HY studies, and
averaged 499.8+£91.0 umol/l during the last hour of the study.
Glycerol levels were elevated during Liposyn infusion in the
HY-NEFA studies (77.3+8.4 vs 16.44+2.8 [EU] and 12.6+1.8
[HY] pmol/l, p<0.01) (Table 1).

Elevated NEFA levels impair the suppression of EGP
during hyperglycaemia

The mean rate of glucose infusion required to maintain
target hyperglycaemia during the last 60 min of the HY
studies was 3.8+0.3 mg kg ' min~'. The glucose infusion
rate required to maintain hyperglycaemia was significantly
lower with HY-NEFA than with HY (HY-NEFA=1.8+
0.2 mg kg ' min”', p=0.02 vs HY), suggesting a decrease
in glucose effectiveness with increased NEFA levels. Hyper-
glycaemia suppressed EGP by 65.0+9.7% compared with EU
(»<0.005; Fig. 1a). Elevated NEFA levels resulted in a sig-
nificant blunting of the suppression of EGP with hyperglycae-
mia (29.1+18.8% EGP suppression vs EU; p=0.003; Fig. 1a).

Elevated NEFAs increase rates of GNG and impair
the suppression of net glycogenolysis during hyperglycaemia

Hyperglycaemia suppressed GNG by ~77% (p=0.004 vs
EU; Fig. 1b). Co-infusion of NEFAs during hyperglycaemia

Table 1 Hormone and metabo-

lite summary for all studies Hormone or metabolite Time EU HY HY-NEFA p value
C-peptide (nmol/l) Basal 0.4+0.06 0.5+0.1 0.3+0.1 0.19
Last hour 0.1£0.01 0.3+0.1 0.2+0.1 0.01
NEFA (umol/l) Basal 428.0+£37.7 379.0+46.9 291.4+51.4 0.12
Last hour 113.6+24.1 90.2+17.8 499.8+90.9 <0.01
Glycerol (umol/l) Basal 34.1+6.1 27.0+5.7 30.3+4.0 0.54
Last hour 16.4+2.8 12.6+1.8 77.3+8.4 <0.01
Glucose (mmol/l) Basal 5.3+0.1 5.0+0.1 5.1+0.1 0.33
Last hour 5.3+0.2 10.3+0.2 10.4+0.1 <0.01
Growth hormone (ng/ml) Basal 2.7+0.3 2.6+0.2 43+1.5 0.30
Data are presented as
mean+SEM Last hour <25 <25 <25 1.00
Basal. time 0 min: Last hour. Glucagon (ng/l) Basal 455435 44.6+5.7 48.8+£10.0 0.87
time i80—240 mir; , Last hour 62.0+5.0 60.1+7.6 56.3+9.6 0.48
p values were obtained by Insulin (pmol/I) Basal 63.1+4.3 90.4+15.1 86.8+20.1 0.29
ANOVA comparing all Last hour ~ 208.125.1 221.7+30.8 186.5+37.3 0.75

three groups
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Fig. 1 Rates of (a) EGP and
(b) GNG for the three study
types EU, HY and HY-NEFA.
Blood samples were taken at
=225 and 240 min. *p<0.01
for EU vs HY and HY vs
HY-NEFA
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(HY-NEFA) impaired the ability of hyperglycaemia to sup-
press GNG. Indeed, rates of GNG remained elevated with
HY-NEFA compared with HY (p=0.0003), and did not
differ from EU (p=0.4; Fig. 1b).

Under basal hormonal conditions, net hepatic glycogen
concentration decreased by ~14% over the course of the
euglycaemic studies and increased by ~12% with hyper-
glycaemia alone, despite prolonged fasting (p=0.002;
Fig. 2a, b). However, raising NEFA levels during hyper-
glycaemia caused a substantial ~23% reduction in net he-
patic glycogen concentration (p=0.00001; Fig. 2a, b).
Similarly, the contribution of net glycogenolysis to EGP
(glycogen flux) was significantly increased in the HY-
NEFA condition compared with the HY condition
(»=0.002), but did not differ from EU (p=0.6; Fig. 2c).
Figure 3 shows the time course of hepatic glycogen concen-
trations for all participants, and Fig. 4 shows the MRSI
spectra of glycogen for one representative participant during
all three study types. Hence, the ability of hyperglycaemia to
inhibit net glycogenolysis was completely blunted in the
presence of elevated NEFAs. This finding is particularly
striking in light of the elevated rates of GNG in the HY-
NEFA condition relative to the HY condition, which would
have otherwise tended to suppress net glycogenolysis [22].

Discussion

This is the first evidence that increased NEFAs pro-
foundly blunt the ability of hyperglycaemia to inhibit net
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Fig. 2 Net glycogen concentration (a) (% change from baseline;
*p<0.005 comparing EU vs HY and HY vs HY-NEFA), hepatic gly-

cogen concentrations (b) (mmol/l; *p<0.05, **p<0.001 comparing
t=0 h (black bars) vs =4 h (white bars)), and glycogen flux (c)

HY-NEFA ’ EU HY HY-NEFA

glycogenolysis under basal hormonal conditions. Moreover,
these studies are the first to show that hyperglycaemia has
suppressive effects on GNG in humans. Since being able to
sense and appropriately respond to hyperglycaemia are im-
perative to achieving glucose homeostasis, understanding the
mechanisms whereby this regulation is lost in type 2 diabetes
is of great clinical importance. We and others have previously
demonstrated important effects of increased NEFAs on glu-
cose effectiveness and the upregulation of GNG in humans
[7-9, 11]. Given the striking effect of hyperglycaemia in
inhibiting net glycogenolysis [23], it is of considerable impor-
tance to determine the impact of elevated NEFAs on this
regulation in type 2 diabetes.

Several groups have investigated the mechanism(s)
whereby glucose per se inhibits EGP. Rossetti et al demon-
strated that acute hyperglycaemia suppresses EGP by ~50%
in the presence of basal insulin and glucagon levels in
rodents, with marked inhibition of glycogenolysis [24].
Moreover, Sindelar and colleagues showed that a doubling
of arterial glucose levels decreased net hepatic glucose
output and reduced hepatic glycogenolysis by 78% in
overnight-fasted conscious dogs in the presence of basal
intraportal insulin and glycogen levels [25]. The inhibitory
effects of hyperglycaemia on net hepatic glycogenolysis are
also operative in overnight-fasted non-diabetic humans, and
are attributable to inhibition of glycogen phosphorylase flux
[23]. Indeed, glucose 6-phosphate appears to regulate he-
patic glycogenolysis through inactivation of the glycogen
phosphorylase enzyme [26]. This is in contrast with hyper-
insulinaemia, which inhibits net hepatic glycogenolysis by

(o
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(*p<0.05 comparing EU vs HY and HY vs HY-NEFA) for the three
study types EU, HY and HY-NEFA. Glycogen measurements were
acquired every 15 min during the final 3 h of the clamp studies
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Fig. 3 Time courses of hepatic glycogen concentrations for all seven
participants during (a) EU, (b) HY and (c¢) HY-NEFA

stimulating glycogen synthase flux and increasing ‘glycogen
cycling’, i.e. cycling of glucose 6-phosphate into and out of
glycogen [23]. However, very little is known about how
glucose per se affects net glycogenolysis in the presence of
elevated NEFAs.

Increased NEFA availability has been shown to contrib-
ute significantly to the metabolic dysregulation and loss of
glucose effectiveness in type 2 diabetes [4, 10, 27]. We
previously reported that raising NEFAs in non-diabetic indi-
viduals for >3 h reduced the normal suppressive effect of
glucose by 50% [9]. NEFAs are known to stimulate hepatic
gluconeogenesis both in vivo and in perfused rat livers [8,
9]. Importantly, increased circulating NEFAs also affect the
gene expression and activity of glucose 6-phosphatase and
glucokinase, the hepatic enzymes responsible for regulating
EGP. Specifically, NEFAs promote the hepatic production
of, and exert stimulatory allosteric effects on, glucose
6-phosphatase [28]. Conversely, NEFAs decrease both the
mRNA levels and activity of glucokinase [29, 30]. Of note,
although we were unable to complete glycerol control stud-
ies during this protocol for technical reasons, our previous
studies did not demonstrate any effect of glycerol infusion
alone on EGP or glucose effectiveness in healthy individuals
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Fig. 4 Representative MRSI spectra of glycogen with characteristic C-1
doublets at 100.1 ppm for one participant during EU, HY and HY-NEFA

[11]. Given our previous results and those of Roden et al
[31] showing similar elevations in GNG with lipid emulsion
to those with glycerol alone, we do not believe that glycerol
made any meaningful contribution to the observed effects
on glucose flux during hyperglycaemia in the present
studies.

In healthy individuals, increased plasma NEFAs have
been shown to not only stimulate GNG, but cause compen-
satory inhibition of glycogenolysis during euglycaemia
[32]. Indeed, we and others have previously demonstrated
that isolated changes in NEFA levels do not change the rates
of EGP during euglycaemia [9, 33]. This appears to be due
to an intact autoregulatory mechanism, which maintains
overall constant rates of EGP in response to fluctuations in
blood glucose, primarily via changes in glycogenolysis [33].
However, Shah et al [34] demonstrated that elevated NEFAs
increased splanchnic glucose production in non-diabetic
women in the presence of hyperinsulinaemia and hyper-
glycaemia. Although specific pathways were not examined,
this suggests that autoregulation is not intact under these
conditions. The present studies likewise showed increased
rates of EGP with elevated NEFAs and hyperglycaemia
under basal insulin conditions. Of note, the metabolic con-
ditions of the present studies were designed to replicate the
chronic metabolic milieu observed in longstanding type 2
diabetes, where portal insulin levels would be expected to be
lower. Although relative insulin deficiency occurs early in
the course of type 2 diabetes and even impaired glucose
tolerance, extensive portal insulin deficiency (basal portal
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insulin concentrations in the presence of hyperglycaemia, as
in the present study) is expected to occur rather late in the
progressive course of the disease due to advanced beta cell
failure [35]. Importantly, both GNG and net glycogenolysis
were increased in the present studies, contributing to the
overall increased rates of EGP.

In the present studies, hepatic glycogen stores were reduced
and hepatic glycogen flux, estimated using deuterated water,
was significantly increased in healthy individuals in the pres-
ence of both hyperglycaemia and elevated NEFAs compared
with hyperglycaemia alone. This is an important finding in
light of the known reduction in glycogen stores with type 2
diabetes, suggesting that the metabolic defects of type 2 dia-
betes may be responsible and that it may be reversible. Indeed,
insulin-resistant states, including poorly controlled diabetes,
have been associated with impaired insulin-stimulated glyco-
gen synthesis [36—40]. Defects in glycogen synthesis may be
the result of dysregulation of the enzymes glycogen phosphor-
ylase and/or glycogen synthase. Moreover, although no direct
evidence is available from our studies, it is possible that NEFA-
induced decreases in glucokinase flux, as would be expected in
the present studies, result in a decreased glucose 6-phosphate
pool, thereby removing an important inhibitory signal from
hepatic glycogenolysis. Glucokinase plays a key role in he-
patic glycogen metabolism [41, 42], and its activity has been
shown to be decreased in association with the metabolic
changes seen in type 2 diabetes [43, 44]. Since glucokinase
activates hepatic glycogen synthase—the rate-controlling en-
zyme for glycogen synthesis [42, 45]—the observed increased
rates of net glycogenolysis may be the result of decreased
glycogen synthase activation by glucokinase.

To conclude, these are the first studies to show that
elevated NEFAs impair the ability of hyperglycaemia to
suppress net hepatic glycogenolysis. Thus the normal regu-
lation of both GNG and glycogenolysis by hyperglycaemia
is lost with increased plasma NEFAs, which is of substantial
clinical relevance to type 2 diabetes. Increases in net glyco-
genolysis may be due to a decreased glucose 6-phosphate
pool and/or decreases in glucokinase activity, leading to loss
of inhibition of glycogen phosphorylase and/or activation of
glycogen synthase activity. Whether the reductions in he-
patic glycogen concentration seen with hyperglycaemia and
elevated NEFAs are due to impaired glycogen synthesis or
increased glycogen breakdown remains to be determined.
Considering that hyperglycaemia and hyperlipidaemia are
both hallmarks of type 2 diabetes, understanding the mech-
anisms whereby these factors regulate EGP is of central
importance and may provide future targets for intervention.
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