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CHAPTER 4
Impaired insulin action in the liver, but not in adipose 
tissue or muscle, is a distinct metabolic feature of 
impaired fasting glucose in obese humans

Kasper W. ter Horst, Pim W. Gilijamse, Mariette T. Ackermans, 
Maarten R. Soeters, Max Nieuwdorp, Johannes A. Romijn, Mireille J. Serlie
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ABSTRACT

Aim
Elevated basal endogenous glucose production (EGP), impaired suppression of EGP by 
insulin and reduced insulin-stimulated glucose disposal are cornerstones of the patho-
genesis of hyperglycemia in patients with type 2 diabetes. We aimed to determine 
the contribution of these processes to impaired fasting glucose (IFG) levels in obese 
non-diabetic adults.

Methods
We included 131 obese non-diabetic adults with normal fasting glucose levels (NFG; 
fasting glucose <5.6 mmol/l; 62 men, 25 women; mean ± standard error of the mean 
(SEM) age 49±1 years; median [interquartile range (IQR)] body mass index (BMI) 36 
(34–41) kg/m2) or IFG (fasting glucose 5.6–6.9 mmol/l; 35 men, 9 women; age 53±1 
years; BMI 36 (34–42) kg/m2) and studied basal EGP and hepatic, adipose tissue and 
peripheral insulin sensitivity by 2-step hyperinsulinemic-euglycemic clamp studies with 
[6,6-2H2]glucose infusion.

Results
Compared to equally obese adults with NFG, individuals with IFG did not differ in ba-
sal EGP (9.1±0.2 vs 9.8±0.3 μmol·kg−1·min−1, p=0.082), insulin-mediated suppression of 
circulating free fatty acid (FFA) levels (75±1 vs 72±3%, p=0.240) and insulin-stimulated 
glucose disposal (26.6±1.0 vs 25.2±1.5 μmol·kg−1·min−1, p=0.441). Insulin-mediated 
suppression of EGP (68±2 vs 55±3%, p<0.001) was markedly reduced in obese sub-
jects with IFG.

Conclusions
Hepatic insulin resistance is a distinct metabolic feature of IFG in obesity. Insulin sen-
sitivity of FFA suppression and skeletal muscle does not differ between obese people 
with NFG and IFG. Hepatic insulin resistance may contribute to the onset of prediabetes 
in obese adults.
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INTRODUCTION

Individuals with IFG, defined as fasting glucose levels ≥5.6 and <7.0 mmol/l [185], have 
increased risk of future diabetes development and incident cardiovascular disease 
[198,199]. Early detection and management of prediabetes or metabolic syndrome is 
an appealing strategy for prevention of clinically overt diabetes and its complications 
[185]. A better understanding of the pathogenesis of IFG may pave the way for more 
targeted and individualized preventive strategies.

Disturbed glucose metabolism in patients with type 2 diabetes is characterized by ele-
vated basal EGP, impaired suppression of EGP by insulin and reduced insulin-stimulated 
glucose uptake, and all contribute to the pathogenesis of hyperglycemia [200]. Current-
ly, however, the contribution of these and other processes to the pathogenesis of IFG 
remains only partially elucidated. Most [201-203], but not all [204], studies suggest that 
inappropriately elevated EGP or hepatic insulin resistance is an important contributor 
to IFG. Similarly, insulin-stimulated glucose disposal or peripheral insulin sensitivity in 
people with IFG was reduced in some studies [201,205,206], but was similar to controls 
with NFG in others studies [202-204,207]. The reasons for these inconclusive results are 
unclear, but may relate to limited sample size of metabolic/tracer studies, inappropri-
ately matched control groups and/or the use of different methods (for instance, insulin 
suppression test vs hyperinsulinemic-euglycemic clamp studies).

In the present study, we aimed to determine the contribution of basal EGP, hepatic in-
sulin resistance, insulin sensitivity of FFA suppression and peripheral insulin resistance 
to the pathogenesis of IFG in a large number of consecutive obese non-diabetic adults 
using gold-standard metabolic measurement techniques.

MATERIAL AND METHODS

Subjects
Subjects participated in metabolic studies in the Academic Medical Center (Amsterdam, 
The Netherlands), results of which have been partially described [129,130,134,135]. The 
present study was limited to treatment-naive obese (BMI >30 kg/m2) adults with stable 
weight (<5% weight change) for at least 3 months prior to the study date, who had un-
dergone a 2-step hyperinsulinemic-euglycemic clamp according to standard operating 
procedures. NFG was defined as fasting glucose levels <5.6 mmol/l; IFG was defined as 
fasting glucose levels ≥5.6 and <7.0 mmol/l [185]. Subjects with overt diabetes (defined 
by 1 of the following: self-reported history, use of oral hypoglycemic agents and/or ex-
ogenous insulin, and/or fasting glucose ≥7.0 mmol/l) were excluded. Other exclusion 
criteria were substance abuse (alcohol >2 units/day, recreational drugs), use of antipsy-
chotic or antidepressant medication, or any somatic disorder except for obesity-related 
conditions (for instance, secondary dyslipidemia, secondary hypertension, obstructive 
sleep apnea). All subjects completed a medical evaluation including history, physical 
examination and blood tests prior to the study date. All procedures were approved by 
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the Academic Medical Center medical ethics committee, and all subjects provided writ-
ten informed consent in accordance with the Declaration of Helsinki.

Experimental protocol
Basal EGP, insulin-mediated suppression of EGP (hepatic insulin sensitivity) and the rate 
of disappearance (Rd) of glucose (peripheral/muscle insulin sensitivity) were assessed 
during a 2-step hyperinsulinemic-euglycemic clamp [184]. We also determined insulin 
sensitivity of FFA suppression, which in part reflects insulin sensitivity of inhibition of 
adipose tissue lipolysis as plasma FFA concentration and tracer-determined FFA release 
are strongly correlated in obese subjects [208].

Subjects were studied after an overnight fast. A primed continuous infusion of the stable 
isotopically labeled glucose tracer [6,6-2H2]glucose (prime 11 μmol/kg; continuous 0.11 
μmol·kg−1·min−1; >99% enriched; Cambridge Isotopes, Andover, MA, USA) was started 
at 0800 h, and continued until the end of the experiment. After 2 h of tracer equilibra-
tion (1000 h), infusion of human recombinant insulin (Novo Nordisk Farma, Alphen aan 
de Rijn, The Netherlands) was started at a rate of 20 mU·m−2·min−1 (step 1). During hy-
perinsulinemia, plasma glucose was measured every 10 min and 20% glucose, enriched 
with 1% [6,6-2H2]glucose to approximate plasma enrichment, was infused at a variable 
rate to maintain plasma glucose at 5.0 mmol/l. After 2 h of low-dose insulin infusion 
(1210 h), the rate was increased to mU·m−2·min−1 for an additional 2 h (step 2). Three 
(after tracer equilibration) or 5 (at the end of each step of insulin infusion) arterialized 
venous blood samples with 5-min intervals were drawn for determination of tracer en-
richment and hormones.

Analytical techniques
Plasma glucose concentration was determined with the glucose oxidase method using 
a Biosen C-line plus glucose analyzer (EKF Diagnostics, Barleben/Magdeburg, Germa-
ny) or a Beckman autoanalyzer (Beckman, Fullerton, CA, USA). Abnormal fasting plas-
ma glucose levels were confirmed by immediate repeat testing in a new blood sample 
[185]. Insulin and cortisol were determined by immunoassay on an Immulite 2000 sys-
tem (Diagnostic Products, Los Angeles, CA, USA), with intra-assay variation of 4–5% and 
3–6%, respectively, and inter-assay variation of 5% and 5–7%, respectively. Glucagon 
was determined by radioimmunoassay (Linco Research, St Charles, MO, USA), with in-
tra-assay variation of 4–8% and inter-assay variation of 6–11%. Plasma FFAs were deter-
mined by an enzymatic colorimetric method (NEFA C test kit, Wako Chemicals, Neuss, 
Germany), with intra-assay variation of 1% and inter-assay variation of 4–15%. Enrich-
ment of [6,6-2H2]glucose (tracer-to-tracee ratio) in plasma and exogenous glucose in-
fusate was determined by gas chromatography–mass spectrometry as described [136]. 
Body composition was determined by bioelectrical impedance analysis (Maltron BF-
906, Rayleigh, UK). Indirect calorimetry was performed using a ventilated hood system 
(Vmax Encore 29n, CareFusion, San Diego, CA, USA).
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Calculations
Glucose fluxes (EGP and Rd) were calculated using modified versions of the Steele 
equations for the steady state (basal) or non-steady state (during insulin infusion) as 
previously described [40,41], and expressed as μmol·(kg body weight)−1·min−1. Insu-
lin-mediated suppression of EGP and FFA were assessed during step 1 of the clamp 
(low-dose insulin infusion), while insulin-stimulated glucose disposal was assessed 
during step 2 (high-dose insulin infusion).

Statistical analyses
Data are presented as mean ± SEM or median (IQR) unless stated otherwise. Depend-
ing on type and distribution of variable, we used 2-sided independent samples t, Mann–
Whitney U or χ2 tests to compare results between NFG and IFG groups. There was a 
small difference in age between groups (Table 4.1) and we repeated all between-group 
comparisons of continuous variables using analysis of covariance (ANCOVA) to adjust 
for age. Correlations between 2 normally distributed variables were evaluated by Pear-
son’s correlation coefficient (r). We performed multiple logistic regression analysis to 
assess independent associations between metabolic parameters and IFG. Non-normal-
ly distributed data entered into the adjustment model were log-transformed. Findings 
were considered statistically significant if p<0.05. Analyses were performed using IBM 
SPSS Statistics v22 (Armonk, NY, USA).

RESULTS

Participants
We included 131 obese subjects. Eighty-seven subjects had fasting glucose levels <5.6 
mmol/l and were assigned to the NFG group; 44 subjects had fasting glucose levels ≥5.6 
and <7.0 mmol/l and were assigned to the IFG group. Subjects with IFG were slightly, 
but significantly older than subjects with NFG (Table 4.1). Other baseline clinical and 
biochemical characteristics were comparable between groups (Table 4.1). Adjusting for 
age did not alter the results (p>0.05 for all baseline variables, except fasting glucose).

Basal glucose metabolism and insulin sensitivity
Plasma enrichments of the glucose tracer during each stage of the clamp are presented 
in Supplemental Table S1. Fasting plasma insulin levels (Table 4.2) and the basal rate of 
EGP (Figure 4.1A) trended to be higher in obese subjects with IFG, but these differences 
were not statistically significant (p=0.084 and p=0.082, respectively). When basal EGP was 
expressed relative to lean body mass, there was no difference between obese subjects 
with NFG or IFG (14.6±0.4 vs 15.1±0.8 μmol·[kg fat-free mass (FFM)]−1·min−1, p=0.543).

Insulin infusion during the clamp resulted in 2 steps of comparable hyperinsulinemia 
among NFG and IFG subjects (Table 4.2), indicating similar rates of insulin clearance 
between groups. During the first step of low-dose insulin infusion, suppression of EGP 
ranged from 24.9-100%, with complete suppression (100%) in only 1 obese subject 
(Supplemental Figure S1), demonstrating that the insulin dose was adequate to detect 
differences in hepatic insulin sensitivity in the present cohort of obese subjects.
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Table 4.1. Baseline characteristics of included subjects.

Normal fasting glucose Impaired fasting glucose p

n 87 44

Sex (men/women) 62/25 35/9 0.307

Age (years) 49±1 53±1 0.022

BMI (kg/m2) 36.4 (33.7–40.9) 36.2 (33.5–41.7) 0.554

Body fat (%) 46.9±1.1 45.4±2.0 0.477

Glucose (mmol/l) 5.1 (4.8–5.4) 6.0 (5.8–6.4) <0.0011

Triglycerides (mmol/l) 1.3 (0.9–1.8) 1.1 (0.9–1.9) 0.525

Total cholesterol (mmol/l) 4.8±0.1 4.4±0.2 0.193

LDL (mmol/l) 3.2±0.1 3.1±0.1 0.351

HDL (mmol/l) 1.1±0.0 1.0±0.0 0.821

ALT (U/l) 35±2 32±4 0.441

AST (U/l) 26 (20–36) 26 (4–30) 0.336

γ-Glutamyl transpeptidase (U/l) 32 (28–41) 24 (18–37) 0.133

CRP (mg/l) 8.1±1.4 4.0±1.0 0.143

REE (kcal/day) 1957±47 2029±46 0.310

Data are mean ± SEM or median (IQR) and compared by 2-sided independent samples t or Mann-
Whitney U test, respectively. Impaired fasting glucose was defined as fasting plasma glucose 
concentration ≥5.6 mmol/l and <7.0 mmol/l. 1 By study design.

Table 4.2. Data during 2-step hyperinsulinemic-euglycemic clamp studies in included subjects.

Normal fasting glucose Impaired fasting glucose p

Basal1

 Insulin (pmol/l) 99±5 114±8 0.084

 Glucagon (ng/l) 77±3 70±3 0.102

 Cortisol (nmol/l) 240±14 261±17 0.351

 FFA (mmol/l) 0.65±0.03 0.61±0.03 0.533

First step of insulin infusion2

 Insulin (pmol/l) 276±9 261±12 0.313

 Glucagon (ng/l) 65±3 66±3 0.773

 Cortisol (nmol/l) 246±12 251±16 0.818

 FFA (mmol/l) 0.16±0.01 0.18±0.02 0.386

Second step of insulin infusion3

 Insulin (pmol/l) 715±18 736±26 0.509

 Glucagon (ng/l) 53±2 52±3 0.892

 Cortisol (nmol/l) 244±13 228±14 0.448

 FFA (mmol/l) 0.04±0.00 0.05±0.01 0.357

Data are mean ± SEM and compared by 2-sided independent samples t test. 1 After an overnight 
fast. 2 After 2 h of low-dose insulin infusion. 3 After 2 h of high-dose insulin infusion.
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Figure 4.1. (A) Basal EGP, (B) hepatic insulin sensitivity (expressed as the insulin-mediated sup-
pression of basal EGP), (C) insulin sensitivity of FFA suppression, and (D) peripheral insulin sensitiv-
ity (expressed as the Rd of glucose) in obese adults with NFG or IFG. ** p<0.001.

Insulin-mediated suppression of EGP was reduced by 20% in subjects with IFG (54.6±3 
vs 68.1±2%, p<0.001; Figure 4.1B), indicating that hepatic insulin sensitivity is reduced 
in IFG. Suppression of circulating FFA during insulin infusion, which in part reflects in-
sulin-mediated suppression of adipose tissue lipolysis, did not differ between subjects 
with NFG and with IFG (Figure 4.1C), indicating similar insulin sensitivity of FFA sup-
pression.

Peripheral insulin sensitivity, assessed as the insulin-stimulated Rd of glucose during 
the second step of insulin infusion, was low in all obese subjects compared to a healthy 
non-obese reference population [184], but did not differ between groups when ex-
pressed as absolute value (Figure 4.1D), or relative to FFM or basal glucose uptake 
(Supplemental Table S2).

Levels of glucoregulatory hormones did not differ in the basal state or during both steps 
of insulin infusion between groups (Table 4.2). Adjusting for age did not alter the re-
sults (p<0.001 for suppression of EGP; p>0.05 for all other outcomes).

Factors associated with impaired fasting glucose
In all obese subjects, the fasting glucose concentration correlated positively with the 
basal rate of EGP (Figure 4.2A). In addition, there was a strong inverse linear correla-
tion between fasting glucose concentration and insulin-mediated suppression of EGP 
(Figure 4.2B), indicating that higher fasting glucose levels are associated with hepat-
ic insulin resistance. Multiple logistic regression analysis further showed that both the 
basal rate of EGP (odds ratio [95% confidence interval (CI)], 1.48 [1.12–1.95], p=0.006) 
and the insulin-mediated suppression of EGP [0.94 (0.91–0.97), p=0.001] were inde-
pendently associated with the presence of IFG in obese subjects, after correction for 
sex, age and BMI (log-transformed). There was no association between fasting glucose 
levels and peripheral insulin sensitivity in univariate (Figure 4.2C) or multivariate anal-
ysis (not shown).
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Figure 4.2. Relationships between fasting plasma glucose levels and (A) basal EGP, (B) hepatic 
insulin sensitivity or (C) peripheral insulin sensitivity in obese adults.

DISCUSSION

Data from the present study demonstrate that IFG in the context of human obesity is 
characterized by distinct metabolic disturbances. Using gold standard metabolic trac-
er techniques, we evaluated the contribution of basal and insulin-mediated metabolic 
fluxes to the pathogenesis of IFG in obese humans. Compared to similarly obese adults 
with NFG, subjects with IFG had significantly reduced insulin-mediated suppression of 
EGP, whereas there was no difference in basal EGP, insulin-mediated suppression of 
circulating FFA and insulin-stimulated glucose disposal. This indicates that reduced in-
sulin action in the liver is a distinct metabolic feature of IFG in obese subjects. Although 
the cross-sectional design of the present study does not allow us to conclude a causal 
relationship, our findings provide strong experimental evidence suggesting that the liv-
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er plays an important role in the progression from compensated insulin resistance to 
prediabetes.

In fasted healthy humans, the rate of glucose uptake from the blood is matched by the 
basal rate of EGP in order to maintain the fasting plasma glucose concentration be-
tween 3.9 and 5.0 mmol/l [43,209]. Under fasting conditions, the rate of EGP is primarily 
regulated by counterregulatory hormones and the autonomic nervous system [210]. 
Insulin, secreted in response to rising or elevated plasma glucose levels, is an effective 
suppressor of EGP [27], ensuring that EGP is appropriately low under hyperglycemic 
conditions. In our study, fasting levels of glucagon, cortisol and insulin were not differ-
ent in obese individuals with IFG and with NFG. In accordance, the basal rate of EGP was 
not different between groups. This suggests that regulation of EGP by glucoregulatory 
hormones under fasting conditions is similar in obese humans with IFG and NFG. Alter-
natively, the basal rate of EGP may have been elevated in obese subjects with IFG, but 
did not reach statistical significance due to insufficient power. This is supported by our 
finding that the basal rate of EGP and fasting glucose levels were weakly, but nonethe-
less significantly correlated in all subjects. However, the small difference in basal EGP 
was likely not sufficient to explain the entire difference in fasting glucose levels between 
subjects with NFG and IFG, indicating that other mechanisms may still be explored. 
Since the basal rate of EGP was not optimally adapted to the prevailing fasting glucose 
concentration in IFG, the ability of glucose to directly suppress its own production may 
be impaired, suggesting reduced glucose effectiveness in IFG [211], or the plasma set 
point for glucose homeostasis may be disturbed.

Individuals with IFG did not have higher fasting insulin levels compared to obese sub-
jects with NFG, despite their elevated fasting glucose concentration. Although the pres-
ent study may have been unable to pick up a small increase in fasting insulin levels, 
this suggests that pancreatic glucose sensing and/or insulin secretion may be impaired. 
In line, previous studies have demonstrated reduced insulin secretion in IFG [43,52]. 
Importantly, in obese subjects with IFG, hepatic insulin resistance became apparent 
during low-dose insulin infusion. The data support the view that hepatic (rather than 
peripheral) insulin resistance is a major metabolic disturbance in IFG [52], extending 
previous experimental findings to a large number of well-matched obese adults. Nota-
bly, insulin infusion during the first step of the hyperinsulinemic clamp resulted in circu-
lating insulin levels similar to typical postprandial levels of insulin [201], suggesting that 
hepatic insulin resistance may be evident under postprandial conditions and contribute 
to postprandial hyperglycemia.

Since elevated circulating FFA may impair insulin action on suppression of EGP and 
glucose disposal [56], we evaluated plasma FFA concentrations during the hyperin-
sulinemic glucose clamp studies. The data show that plasma FFA concentrations dur-
ing step 1 of the clamp, and insulin-mediated effects (suppression) on the plasma FFA 
concentration, did not differ between obese subjects with NFG or IFG, suggesting that 
elevated FFA did not contribute to the impaired insulin action on EGP suppression in 
subjects with IFG.
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We previously reported that normal hepatic insulin sensitivity, defined from the refer-
ence range (central 0.95 fraction) of 2-step hyperinsulinemic clamp data in healthy non-
obese men, is insulin-mediated suppression of EGP in the range of 46.5%–100% during 
the first step of insulin infusion [184]. Notably, when we plot the probability of having 
IFG against the insulin-mediated suppression of EGP (Supplemental Figure S2), the 
previously found cutoff for hepatic insulin resistance (that is, EGP suppression <46.5%) 
matches the steep part of the probability plot: when EGP suppression is lower than 
46.5%, obese adults have a much higher probability of having IFG. These findings pro-
vide a biological rationale for the reported reference range and suggest that below-nor-
mal hepatic insulin sensitivity is indeed associated with clinically relevant progression of 
metabolic disease in the context of human obesity.

Current clinical guidelines recommend testing for (pre)diabetes and metabolic syn-
drome in asymptomatic people who are overweight and have 1 or more risk factors 
for diabetes [185]. Severe obesity is especially associated with prediabetes [212]. The 
high prevalence of IFG in our obese cohort (44 out of 131 subjects, or 34%), in line with 
previously reported numbers [212,213], further warrants special caution in clinical care 
for severely obese patients. Notably, intensive lifestyle modification programs and/or 
pharmacological interventions can decrease the rate of type 2 diabetes onset in high-
risk (prediabetes) patients [127,185,214]. Current preventive strategies, however, do 
not distinguish between patients with different categories of increased risk for diabetes: 
IFG, impaired glucose tolerance (IGT) or combined IFG/IGT [185]. Given the different 
pathophysiologic mechanisms that contribute to these metabolic states [52], patients in 
different categories will likely benefit from different interventions. For instance, a sub-
group analysis in the Diabetes Prevention Program trial suggested greater effect of met-
formin, which primarily targets hepatic glucose production/hepatic insulin resistance 
[215], in subjects with higher fasting glucose levels [127].

CONCLUSIONS

Obese adults with IFG have distinctly impaired insulin action in the liver, but not on sup-
pression of FFA or in skeletal muscle, compared to similarly obese individuals with NFG. 
Both hepatic insulin resistance and impaired insulin secretion may contribute to the 
progression from compensated insulin resistance to prediabetes and hyperglycemia 
in obese adults. Obese adults with IFG may benefit from interventions that specifically 
target hepatic insulin resistance.

Supplemental information to this chapter is available online (http://www.metabolismjournal.com).




