
HAL Id: hal-01921752
https://univ-rennes.hal.science/hal-01921752

Submitted on 14 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Plasma HDL-cholesterol and triglycerides, but not
LDL-cholesterol, are associated with insulin secretion in

non-diabetic subjects
Andrea Natali, Simona Baldi, Fabrice Bonnet, John Petrie, Silvia Trifiro,

Domenico Trico, Andrea Mari

To cite this version:
Andrea Natali, Simona Baldi, Fabrice Bonnet, John Petrie, Silvia Trifiro, et al.. Plasma HDL-
cholesterol and triglycerides, but not LDL-cholesterol, are associated with insulin secretion in non-
diabetic subjects. Metabolism, 2017, 69, pp.33-42. �10.1016/j.metabol.2017.01.001�. �hal-01921752�

https://univ-rennes.hal.science/hal-01921752
https://hal.archives-ouvertes.fr


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT 

 

 

Plasma HDL-cholesterol and triglycerides, but not LDL-

cholesterol, are associated with insulin secretion in non diabetic 

subjects 

 

Andrea Natali
1
, Simona Baldi

1
, Fabrice Bonnet

2
, John Petrie

3
, Silvia Trifirò

1
, Domenico Tricò

1
, 

Andrea Mari
4
, on behalf of the RISC Investigators. 

 

1
Department of Clinical and Experimental Medicine, University of Pisa, Italy 

2
Service Endocrinologie-Diabétologie, Centre Hospitalo-Universitaire (CHU), University 

Rennes 1, Rennes, France  
3
Institute of Cardiovascular and Medical Sciences BHF Glasgow Cardiovascular Research 

Centre, University of Glasgow, Glasgow, UK 
4
CNR Institute of Neuroscience, Padova, Italy 

 

 

Corresponding author:   

Andrea Natali  

Department of Clinical and Experimental Medicine 

Via Roma, 67 

56100 Pisa, Italy 

Phone: +39 050 992814 

Fax: +39 050 553235 

E-mail: andrea.natali@med.unipi.it 

 

Short title: Plasma lipids and insulin secretion 

 

Key words: insulin secretion in vivo, lipoproteins, triglycerides, HDL-cholesterol, ß-cell 

function 

 

List of abbreviations ßcGS: beta cell glucose sensitivity; BMI: body mass index; FFM: fat 

free mass; ISR@5: insulin secretion rate at 5.0 mmol/l of plasma glucose; ISR fast: fasting 

insulin secretion rate; IC fast: insulin clearance fasting; IC ogtt: insulin clearance during 

OGTT; ISR ogtt: total OGTT insulin secretion; NEFA: non esterified fatty acids; OGTT: 

oral glucose tolerance test; PFR: potentiation factor ratio, RS: rate sensitivity 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT 

 

Abstract 

Objective - Experimental data support the notion that lipoproteins might directly affect beta 

cell function, however clinical data are sparse and inconsistent. We aimed at verifying 

whether, independently of major confounders, serum lipids are associated with alterations in 

insulin secretion or clearance non diabetic subjects. 

Methods - Cross sectional and observational prospective (3.5 yrs), multicentre study in 

which 1,016 non diabetic volunteers aged 30-60 yrs and with a wide range of BMI (20.0-

39.9 kg/m
2
) were recruited in a setting of University hospital ambulatory care (RISC study). 

Main outcome measures: baseline fasting lipids, fasting and OGTT-induced insulin secretion 

and clearance (measured by glucose and C-peptide modelling), peripheral insulin sensitivity 

(by the euglycemic clamp). Lipids and OGTT were repeated in 980 subjects after 3.5 years.  

Results - LDL-cholesterol did not show independent associations with fasting or stimulated 

insulin secretion or clearance. After accounting for potential confounders, HDL-cholesterol 

displayed negative and triglycerides positive independent associations with fasting and 

OGTT insulin secretion; neither with insulin clearance. Low HDL-cholesterol and high 

triglycerides were associated with an increase in glucose-dependent and a decrease in non 

glucose-dependent insulin secretion. Over 3.5 years both an HDL- cholesterol decline and a 

triglycerides rise were associated with an increase in fasting insulin secretion independent of 

changes in body weight or plasma glucose.  

Conclusions - LDL-cholesterol does not seem to influence any major determinant of insulin 

bioavailability while low HDL- cholesterol and high triglycerides might contribute to sustain 

the abnormalities in insulin secretion that characterise the pre diabetic state. 
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1  Introduction 
 

Plasma insulin levels, both in the fasting and stimulated conditions, display al large 

inter individual variability, which is only in part explained by insulin sensitivity, plasma 

glucose and the degree of obesity [1, 2]. Recently, evidence has accrued to suggests that 

serum lipids might directly modulate ß-cell function [3] and insulin clearance [4]. Incubation 

of mouse ß-cells and rat islets with human HDL particles, or their major apolipoproteins A-I 

and A-II, directly enhances glucose-stimulated insulin secretion [5] and also prevents the 

adverse effects of oxidised LDL particles on ß-cells [6]. In subjects with type 2 diabetes 

however, rising ApoA-I by 240% through an i.v. infusion of reconstituted HDL, elicited only 

a minor (10%) improvement in insulin secretion [7] and in the ILLUMINATE trial [8] the 

sustained HDL-cholesterol increase (HDL-C: +0.76 mmol/l) produced by torcetrapib was 

associated with only a minor improvement of the metabolic control, which was evident only 

because in those on atorvastatin treatment it slightly worsened during the trial. Furthermore, 

no clear association has been found between serum lipids-related genetic variants (SNPs) 

and indices of insulin secretion, rather a negative association with high HDL-C related SNPs 

was observed when the genetic variants were selected for being exclusively effective on 

HDL-C and not on the other lipids [9]. 

The only one study exploring the effect of triglycerides on ß-cell in vitro has 

demonstrated a down regulation of glucose-induced insulin secretion and accelerated 

apoptosis [10]. In contrast, the infusion of a lipid emulsion in anesthetised rats produced a 3-

fold increase in insulin secretion through a ß3-adreno receptor mediated increase in islet 

blood flow[11]. Data on triglycerides in humans are limited because most studies have 

focused on non-esterified fatty acids (NEFA) or failed to control for insulin sensitivity. 

Several in vitro and in vivo experimental studies evaluating the effect of acute exposure to 

NEFA - not triglycerides - have consistently reported a negative impact on insulin secretion 
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[12-15]. In healthy humans, however we could not find any relationship between 

endogenous circulating NEFA and glucose-induced insulin secretion, independent from 

potential confounding factors [16]. Moreover, a prolonged (48h) lipid infusion, doubling 

NEFA levels and only marginally affecting serum triglycerides, reduced both glucose-

induced insulin secretion and insulin clearance, but only in subjects at risk of diabetes (obese 

and 1
st
 degree offspring) while it stimulated insulin secretion in control subjects [17, 18]. In 

healthy humans [19] the ingestion of fat load acutely produced a doubling of i.v. glucose-

stimulated insulin secretion and a 50% reduction in insulin clearance, which was associated 

to a marked reduction in insulin sensitivity making it difficult to ascertain the direct effect of 

triglycerides per se.  Similarly, large epidemiologic study have observed that high 

triglycerides and low HDL-C [20] - and also fatty liver [21] - are associated with a reduction 

in insulin clearance, but again to what extent this is related to the presence of insulin 

resistance remains unclear.  

Recently LDL-Cholesterol (LDL-C) has also been shown to modulate directly insulin 

secretion. In experimental animal models, elevated serum total and LDL-C levels produced 

an increase of the ß-cell cholesterol pool, which, by interfering with the translocation of 

glucokinase, down regulated glucose-induced insulin secretion [22]. On the other hand, in 

clinical trials chronic cholesterol lowering with statins has been associated with an increased 

incidence of diabetes [23] and a recent analysis of the METSIM cohort suggests that statin 

use might produce an impairment in insulin secretion [24].  

In summary, the evidence in favour of a role of each major serum lipid substrate in 

directly modulating insulin secretion or clearance, though still weak and fragmented, is 

emerging. Possible explanations for the inconsistencies are the lack of accurate insulin 

secretion and insulin sensitivity measurement, the interference of pharmacologic treatments 

and, with regard to triglycerides, the lack of a clear distinction between the effects of NEFA 
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and lipoproteins. We designed this study to explore, in the physiologic domain, the impact of 

circulating lipid levels on insulin secretion in a large cohort of healthy individuals in whom 

insulin sensitivity was accurately measured by means of the euglycemic hyperinsulinemic 

clamp technique and insulin secretion extensively assessed by OGTT C-peptide/glucose 

modelling. Follow-up data were used to test the hypothesis eventually generated by the cross 

sectional analysis.  

2  Subjects and Methods 

2.1 Study participants  

RISC (Relationship between Insulin Sensitivity and Cardiovascular risk) is a 

multicentre, prospective, observational European cohort study whose rationale and 

methodology have previously been described in detail [25].  In brief, participants were 

enrolled at 19 clinical centres in 14 European countries, according to the following inclusion 

criteria: either sex, age 30-60 years (balanced 10-year strata), and clinically healthy allowing 

for obesity up to class II (i.e. BMI<40 kg/m
2
) as defined by the WHO 

(http://apps.who.int/bmi/index.jsp). Exclusion criteria were: treatment for any chronic 

disease, pregnancy, any cardiovascular disease or previous event, cancer (in the last 5 years), 

renal or liver failure, arterial blood pressure ≥140/90 mmHg, fasting plasma glucose ≥7.0 

mmol/l, 2-hour plasma glucose (on OGTT) ≥11.0 mmol/l, total serum cholesterol ≥7.8 

mmol/l, serum triglycerides ≥4.0 mmol/l, or ECG abnormalities.  Of the initial cohort of 

1,320 subjects who underwent OGTT and the euglycemic insulin clamp for measurement of 

insulin secretion and sensitivity at baseline, serum lipids and major apolipoproteins at 

baseline were measured in a sub-group of 1,077 selected to have also the 3.5 years follow-up 

data.  Sixty one subjects were excluded for problems in the baseline lipids and/or 

apoliporoteins determinations (missing values, outliers, poor assay quality control, internal 

inconsistencies) therefore the present analysis is based on the baseline data of 1,016 subjects 
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who had a complete and validated baseline data set and on 980 subjects in whom lipids, 

apolipoproteins and insulin secretion data were available also at the 3.5 years follow-up. 

Local Ethics Committee approval was obtained by each recruiting centre.   

2.2 Euglycemic insulin clamp  

Exogenous insulin was administered intravenously as a primed-continuous infusion at a 

rate of 240 pmol min
-1

 m
-2

 simultaneously plasma glucose level were maintained within 4.5–

5.5 mM by means of a variable 20% dextrose/water infusion on the bases of bed side plasma 

glucose determination. Blood samples were obtained every 20 min for plasma insulin and c-

peptide determination. Insulin sensitivity (M/I, in units of µmol
 
min

-1 
kgFFM

-1 
pM

-1
) was 

expressed as the ratio of the glucose infusion rate (M value), averaged over the final 40 min 

of the 2-hour clamp and normalized by the fat-free mass (FFM), measured by bioimpedance 

(TB300, TANITA, Tokyo, Japan), to the mean achieved plasma insulin concentration. 

2.3 Analytical methods  

Blood was separated into plasma and serum aliquots and stored at -80 ºC for centralized 

analytes determination. Serum total cholesterol, HDL-C, LDL-C and triglycerides were 

measured by enzymatic colorimetric test (Roche Modular systems), NEFA by an 

immunoenzymatic assay (Randox), plasma insulin and C-peptide by a two-sited, time-

resolved fluoroimmunoassay (AutoDELFIA Insulin kit, Wallac Oy, Turku, Finland). The 

glucagon assay (developed in J. Holst’s laboratory in Copenhagen, Denmark) is highly 

specific for the free C terminus of the molecule, and therefore specific for pancreatic 

glucagon. Serum apolipoproteins AI, AII, B100, CIII, and E were assayed with Milliplex® 

APO-62K  kits on a Bio-Plex 200 System instrument (Bio-rad Laboratories).  

2.4 Beta cell function modeling   

All the parameters of ß-cell function were generated by using the OGTT C-peptide and 

glucose data. The model used to reconstruct insulin secretion and its control by glucose has 
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previously been described [26].  In brief, the analysis consists in three blocks: a) a model for 

smoothing and interpolating plasma glucose profile based on glucose concentration 

determinations; b) a model for describing the dependence of insulin (or C-peptide) secretion 

on glucose concentration; and c) a model of C-peptide kinetics individually adjusted to the 

subject's anthropometric data according to Van Cauter et al. [27]. With regard to the 

relationship between insulin release and plasma glucose concentrations (block b), it is 

modeled as the sum of two components.  The first component represents the dependence of 

insulin secretion on absolute glucose concentration at any time point, and is characterized by 

a quasi linear dose-response function whose slope in the observed glucose range, is defined 

ß-cell glucose sensitivity (ßcGS). This parameter can be modulated by several factors (i.e., 

non-glucose substrates, gastrointestinal hormones and neurotransmitters), which are 

collectively modelled as a potentiation factor whose value is set to be a positive function of 

time, and to average one during the experiment. The ratio of the values at 100-120 min vs 0-

20 min (potentiation factor ratio, PFR) is used to express with a single parameter this time 

dependent function. The second insulin secretion component represents a dynamic 

dependence of insulin secretion on the rate of change of glucose concentration. This 

component is known as the derivative component, and is determined by a single parameter, 

denoted as rate sensitivity (RS). Insulin secretion rate at 5 mM glucose (ISR@5) is 

-cell dose-response, corrected for the potentiation factor at time 0 

(basal), and represents insulin secretion in basal conditions if basal glucose were 5 mM in 

each subject. Fasting insulin secretion (ISR fast, pmol min
-1

m
-2

) is the value of insulin 

secretion measured at time 0 while total OGTT insulin secretion (ISR ogtt, nmol m
-2

) is the 

integral of insulin secretion during the entire 2h OGTT. Insulin clearance was calculated as 

the ratio of mean ISR to the mean insulin concentration both in the fasting state (IC fast) and 

during the OGTT (IC ogtt).  
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2.5 Statistical analysis  

Data are reported as mean±SD or as least square mean±SEM. Differences between 

means and prevalence rates have been evaluated with ANOVA and chi-squared, 

respectively. The associations between lipids and insulin related variables were described 

using quartiles in order to appreciate the shape of the relationship (linear vs non linear). 

Since most lipid variables were different in women and men for all analyses we used sex 

specific quartiles. Two-way ANOVA was used for quartiles mean comparisons and 

ANCOVA when testing differences in means adjusted for covariates. General linear models 

(standard least square) were used to test the simultaneous dependence of continuous 

variables on single or multiple parameters. Since most lipid variables displayed a non normal 

distribution we used Spearman’s ρ in univariate analyses and the log-transformed variable in 

multivariate analysis.  To allow a direct comparison between variables independently of their 

units and their biologic range, the estimated multivariate regression coefficients were 

expressed as standardized coefficients (STDß). Variance inflation factor (VIF) was 

calculated for each independent variable, which was eventually dropped from the model if 

the VIF value was ≥3. A two-tailed p value of ≤0.05 was considered statistically significant. 

For the follow-up data the subjects were divided in quartiles on the bases of the 3.5 yrs 

change in plasma HDL-c and triglycerides. For each quartile we then calculated the mean 

values of change in fasting insulin as a simple mean and adjusted for the changes in BMI and 

in fasting glucose using and ANCOVA model. All analyses were run on JMP® 9.0.1. 

3  Results 

The metabolic and anthropometric characteristics of the study population are shown in 

Table 1. Women, on average, showed overall a healthier metabolic profile with respect to 

men, which was coupled to a lower prevalence of overweight (30 vs 50%, p<0.01). The 

single components of the lipid profile and the insulin values displayed a wide variability 
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covering almost their entire physiologic domain. The mean values and the distributions of 

LDL-C and HDL-C and that of triglycerides were different in women and men; therefore 

gender specific quartiles were used to maintain a balanced gender representation within each 

quartile. 

3.1 Cross-sectional data: plasma insulin, insulin secretion and clearance - In the whole 

population, both fasting and OGTT plasma insulin values displayed a direct quasi-linear 

relationship with both serum LDL-C and triglycerides quartiles and an inverse relationship 

with HDL-C (Figure 1). After adjusting the mean insulin values for gender, age, BMI and 

insulin sensitivity (M/I), the association, though partially attenuated, was still evident for 

both HDL-C and triglycerides but was completely lost for LDL-C (Figure 1). In univariate 

analysis on continuous variables, including all the available lipid and apolipoprotein 

parameters, serum HDL-C and triglycerides showed the strongest associations with the two 

major determinants of plasma insulin concentration i.e. insulin secretion and insulin 

clearance (Table 2). Also ApoB, ApoE, ApoCIII and LDL-C showed a tendency to 

cosegregate mainly with insulin secretion, however all the associations were weaker and no 

longer significant after adjusting for serum triglycerides. The correlations between HDL-C 

and triglycerides with insulin clearance, both fasting and during the OGTT, lost statistical 

significance when adjusted for gender, age, BMI and insulin sensitivity; in contrast, all the 

associations with insulin secretion, both fasting and OGTT, though partially attenuated, were 

still present and unaltered by further adjusting for the cognate components of the lipid 

profile with a quasi-linear and additive effect of both HDL-C and triglycerides (Figure 2). In 

multivariate analysis, HDL-C and triglycerides were both correlated with fasting and OGTT 

insulin secretion also after taking into account all other relevant covariates including age, 

gender, waist, BMI, insulin sensitivity and, interestingly, also the prevailing plasma glucose 

values (Table 3). Neither gender nor BMI displayed significant interactions with lipids and 
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the analysis repeated separately on males and females yielded similar standardized ß 

coefficients (supplemental material table). In quantitative terms the correlations of 

triglycerides appeared stronger than HDL-C displaying two-fold higher standardized ß 

coefficients values that, for fasting insulin secretion, were similar to those of BMI, insulin 

sensitivity and plasma glucose. None of the apolipoproteins entered into the model nor 

significantly modified the lipids standardized ß coefficients.  

3.2 Cross sectional data: ß-cell function parameters - The mechanisms by which HDL-

C and triglycerides, with opposite effects, modulate insulin secretion were evaluated by 

analysing the correlations between the two serum lipids and the four major components that 

characterise ß-cell function as estimated from the modelling of plasma C-peptide and 

glucose. Neither lipid variable correlated with ßcGS or with RS. HDL-C was strongly 

associated with both ISR@5.0 and PFR (rho=-0.175 and 0.139 respectively, p<0.0001 for 

both), whilst triglycerides showed opposite associations with these two components 

(rho=0.110 and rho=-0.080, p<0.0005 and p<0.01, respectively); in Figure 3 the shape of 

the relationship between the variables can be appreciated and the association with HDL-C 

appears quasi-linear and steeper. In addition, in the whole data set HDL-C, but not 

triglycerides, was inversely correlated with fasting plasma glucagon (rho=-0.20).  

3.3 Follow-up data - The hypothesis that serum lipids modulate insulin secretion was 

tested on prospective data. At the 3.5 year follow-up, changes in serum HDL-C and in 

triglycerides were associated with the expected changes in fasting insulin secretion although 

with a non symmetric pattern such that the deterioration of each serum lipid (a decrease in 

HDL-C and an increase in triglycerides) was effective while the opposite change was not; 

this pattern remained evident also after taking into account the concomitant 3.5 years 

changes in BMI and in fasting plasma glucose (Figure 4). 
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4  Discussion 

The major findings of this study are: a) neither total nor serum LDL-C is associated with 

insulin secretion or insulin clearance; b) low HDL-C and high triglycerides are associated 

with increased insulin secretion in an additive manner, independently of plasma glucose, 

peripheral insulin resistance or obesity; c) HDL-C produces a downward shift of the ß-cell 

glucose-insulin dose-response curve (acting on IS@5.0 and leaving unaltered ßcGS) and 

stimulates potentiation while triglycerides exert opposite effects; d) a mild increase in serum 

triglycerides or a small decrease in HDL-C over time up regulates fasting insulin secretion 

independently of the concomitant changes in weight or in fasting glucose. These effects do 

not appear to be mediated by any single major apolipoprotein. 

Although circulating levels of LDL-C, within the physiologic domain, do not seem play 

a role in modulating insulin secretion, we cannot exclude that more extreme level or acute 

manipulations might be effective. In isolated cells, islets, and experimental animals the 

enrichment of ß-cell intracellular cholesterol through genetic knock-out of the apo E [22] or 

ABCA1 [28] genes causes an inhibition of glucose-induced insulin secretion that is removed 

when ß-cell are pharmacologically [22] or genetically [29] depleted of cholesterol. In 

subjects with familial hypercholesterolemia - and a defective LDL receptor - the prevalence 

of diabetes is on average approximately half than in the non-affected relatives and is 

inversely proportional to the severity of the disease [30] suggesting a negative effect of 

cholesterol in the ß-cell. On the other hand, the results of clinical studies show that chronic 

treatment with statins has either a mild negative [24] or no effect on glucose-induced insulin 

secretion [31, 32] and a recent analysis adopting a Mendelian randomization approach, 

reported a lack of association between high serum LDL-C related SNPs and insulin secretion 

[9]. Presumably in vivo in normal subjects neither the circulating LDL-C levels nor the 

treatment with statin affects the intracellular LDL pool of the ß-cell to an extent similar to 
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that achieved in experimental studies and in familial hypercholesterolemia. We cannot 

exclude that statins, which might also impact directly on insulin secretion through other 

intracellular pathways [33], in certain conditions could exert a relevant influence on ß-cell 

function.   

Our data show that the association of HDL-C and triglycerides with fasting and glucose 

stimulated insulin secretion is physiologically relevant; each lipid substrate showing a 

strength similar to other variables recognised as important in the modulation of ß-cell 

function such as glucose, obesity and peripheral insulin sensitivity. In addition, if we take 

into account that the two lipids in the population tend to be inversely associated their 

combined influence will be even more relevant and could justify, to some extent, the 

increase in insulin secretion and the reduction of potentiation (i.e. non glucose-mediated 

insulin secretion) that characterize the pre diabetic state independently of peripheral insulin 

resistance [34].  

With regard to HDL-C our findings are in contrast with experimental studies where the 

exposure of ß-cells to either ApoAI or discoidal HDL resulted in an enhanced basal and 

glucose-stimulated insulin secretion [5, 6, 29]. Moreover, the few available clinical studies 

are also not consistent with our data, however in one study the effect on insulin secretion 

was small (approx. 10%) - with respect to the 240% increase in ApoAI - and was based on a 

method (HOMAß), which was not designed for non steady-state experimental conditions [7]. 

In another study in 10 non-diabetic subjects treated for 14 days with a CETP inhibitor, post-

prandial insulin was increased; however, the latter was measured only at a single time point 

(15 min after a standardized meal), the difference was not coupled to an increase in the 

plasma c-peptide and fasting insulin did not change [35]. The extreme manipulations 

characteristic of the in vitro studies, probably affecting the intracellular lipid concentrations, 

and the heterogeneity - and low accuracy - of the methodological approaches used for the 
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evaluation of ß-cell function of the clinical studies might explain the discrepancies with our 

results. Noteworthy, in a post hoc analysis of the ILLUMINATE trial [8] it was reported that 

the +0.8 mmol/l HDL-C rise produced by torcetrapib was associated with a significant 

reduction of plasma fasting insulin in the absence of relevant changes in fasting plasma 

glucose concentration both in the diabetic (n=6,661) and in the non diabetic (n=8,406) 

cohort. This is in full agreement with our data, which would predict a 17 pmol/l downward 

shift of the glucose-insulin dose-response curve that is close to the effect observed in non 

diabetic cohort (-25 pmol/l). Finally, very recently insulin secretion was found to be 

dramatically increased a small group of subjects with loss-of-function mutations of ABCA1 

resulting in extremely low circulating levels of HDL-C [36] and genetic variants specific for 

low serum HDL-C are associated with increased insulin secretion as assessed through the 

OGTT derived disposition index [9]. 

With regard to triglycerides it seems unlikely that FFA explain the observed 

associations since in our database circulating NEFA had no correlation with circulating 

triglycerides (Rho: 0.03) and were not correlated with insulin secretion in multivariate 

models accounting for BMI and insulin sensibility. We cannot exclude that elevated 

triglycerides are associated with a plasma NEFA composition enriched in long chain NEFA, 

which have been shown to stimulate insulin secretion [37].  

While we acknowledge that our data are mainly cross sectional, they are consistent with 

the notion that dyslipidaemia might represent an extra stimulus on the ß-cell in addition to 

that caused by glucose, whole body insulin resistance and obesity. Noteworthy, the 15-20% 

upward shift in ISR@5 (and the whole glucose-insulin dose-response curve), provided 

independently by either low HDL-C or high triglycerides (1
st
 vs 4

th
 quartile) translates into a 

15-20% increase in total daily insulin requirement for each trait and a 30-40% increase for 

the combination of the two, (as it occurs in subjects with metabolic syndrome). Conversely, 
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the treatment of the dyslipidemia by unloading the ß-cell and restoring potentiation might 

help in preventing the progression to diabetes. Our follow up data confirm this possibility 

although they reveal an asymmetric relationship between the changes in lipids and insulin 

secretion (Figure 4). The asymmetric shape of the dose-response curve could be a type 2 

error caused by error of the primary measurements (changes) and their size (small). 

However, indirect support for our hypothesis is provided by the finding that low HDL and 

high triglycerides independently predict the development to diabetes in normal subjects [38] 

and that treatment with bezafibrate was associated with a lower incidence of diabetes in a 

small study in IFG subjects [39] and with a slower decline of HOMAß over the 2 years of 

follow up in the diabetic cohort of the BIP trial [40]. Finally we acknowledge that a 

mechanism through which the dyslipidemia might increase insulin secretion without 

modifying the slope of the glucose-insulin dose-response curve is by promoting endogenous 

glucose production either directly, by providing an excess of substrates (triglycerides), or 

indirectly, by stimulating glucagon secretion (HDL-C) as suggested by the observed 

correlation. With regard to the effect on potentiation we can only speculate that it could 

involve incretins secretion on the bases of recent evidence that in db/db mice the treatment 

with bezafibrate improves GLP-1 sensitivity while reducing triglycerides by 50% and rising 

HDL by 20% [41]. Only a clinical trial designed to evaluate the effect of fibrates on hepatic 

insulin sensitivity, glucagon and potentiation is necessary to confirm our hypotheses on the 

mechanisms. 

Strengths/weakness  

Strengths of this study are: the large sample size, the peculiarity of the population 

(without relevant comorbidities or drug treatments), the standardized procedures, the 

centralized laboratory assessments and the accurate and simultaneous assessment of both 

insulin sensitivity and insulin secretion. The weakness are inherent to the fact that neither 
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regression nor correlation analysis allow the definition of causality. This objection clearly is 

not relevant for LDL-C, for which we did not find associations with insulin secretion; neither 

it is relevant for the effects of HDL-C and triglycerides on the partial loss of potentiation, 

whose impact on lipid metabolism appears unlikely on physiopathology grounds. Certainly 

we neither can exclude that it is hyperinsulinemia that modulates the plasma levels of HDL-

C and triglycerides nor that some unmeasured factor is responsible for the associations. 

However, the link between hyperinsulinemia and dyslipidaemia is essentially driven by 

insulin resistance, NEFA and obesity [42]; a set of variables we have accurately measured 

and whose contribution, confirmed by multivariate analysis (Figure 1 and 2), was 

demonstrated to be only partial. In the prospective analysis we did not have a measure of 

insulin sensitivity at follow-up, but we could rely on BMI and fasting and OGTT plasma 

glucose, which rather efficiently tracks the changes in insulin resistance in large population 

samples.   

Translational potential 

Hyperinsulinemia and the partial loss of potentiation characterize the earliest 

derangements of glucose homeostasis in the progression to diabetes and insulin resistance 

has been considered a key factor in this transition. However, the signal communicating the 

presence of insulin resistance to the ß-cell remains essentially unknown (glucose, NEFA, 

inflammation, etc) and insulin resistance itself appears to explain only marginally the major 

changes in insulin secretion. Our data, indicating that plasma HDL-C and triglycerides might 

contribute to these changes, provide the rationale for designing novel strategies in diabetes 

prevention, which could be verified in ad hoc designed clinical trials.      
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Figure legends 

 

Figure 1 - Mean values of fasting (upper panels) and OGTT (lower panels) plasma insulin 

concentrations are displayed according to gender-specific quartiles of serum LDL-C, HDL-C 

and triglycerides in 1,017 non-diabetic subjects. Filled symbols/continuous lines are mean 

(SD) for each pair of variables. Empty symbols/dotted lines are quartiles least square means 

and SEM resulting from ANCOVA with gender, BMI, age, M/I and either fasting or OGTT 

plasma glucose concentration as independent variables. p values refer to either ANOVA or 

ANCOVA F-test.  

Figure 2 - Bar graph of simple means (±95% CI, white bars) and least square means (±SEM, 

gray and black bars) of fasting (a and b) and OGTT (d and e) insulin secretion rates. Light 

gray bars represent least square means that are adjsted for age, gender, BMI and M/I; black 

bars are further adjusted for the other two cognate components of the lipid profile. Bar graph 

of the mean values of fasting (c) and OGTT (f) insulin secretion rates according to 

triglycerides and HDL quartiles. 

Figure 3 - Mean values (±95 CI) of the insulin secretion rate at a plasma glucose 

concentration of 5.0 mM (ISR@5) and of the potentiation factor ratio (PFR) across quartiles 

of either HDL-C (black circles) and triglycerides (white circles) plotted against the 

corresponding mean values (±SD) of plasma HDL-C and triglycerides of each quartile. p 

value refers to two-way ANOVA F-test statistics. 

Figure 4 - Plot of the mean changes (±SEM) in fasting insulin secretion rates according to 

the mean changes (±SEM) in both HDL-C and triglycerides grouped according to quartiles 

of either lipid changes observed over 3.5 years. Full lines connect the crude mean values, the 

dotted lines connect the mean values adjusted for change in BMI, and in fasting plasma 

glucose. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT 

 

 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Table 1 - Anthropometric and metabolic characteristics of study subjects 
 

 

 Women (n= 556) Men (n=461)  

 mean±SD   [Range] mean±SD [Range] p value 

Age (years) 45±8     [30-61] 44±9 [30-60]   0.0460 

Waist (cm) 81±11    [49-121] 93±10 [69-123] <0.0001 

BMI (Kg/m
2
) 24.7±4.1  [16.9-40.0] 26.1±3.4 [17.0-40.0] <0.0001 

Systolic blood pressure (mmHg) 114±13 [79-140] 122±11 [92-140] <0.0001 

Diastolic blood pressure (mmHg) 73±7 [50-90] 76±6 [53-90] <0.0001 

Fasting plasma glucose (mmol/l) 4.98±0.54  [2.9-7.0] 5.2±0.51 [3.1-7.0] <0.0001 

Fasting plasma insulin (pmol/l) 34±19  [7-117] 36±19 [6-137]   0.0784 

Fasting plasma glucagon (pmol/l) 8.1±3.4 [2-26] 10.0±4.5 [2-28] <0.0001 

2h Plasma glucose (mmol/l) 5.85±1.56 [2.2-11.0] 5.64±1.47 [2.2-11.0]   0.0425 

M/I  (μmol min
−1

 kgFFM
−1

 pM
−1

) 156±66 [22-476] 126±65 [12-454] <0.0001 

Total Cholesterol (mmol/l) 4.83±0.87  [2.80-7.90] 4.92±0.96 [2.70-8.20]   0.0651 

LDL Cholesterol (mmol/l) 2.82±0.81 [0.81-6.12] 3.10±0.77 [1.52-5.56] <0.0001 

HDL Cholesterol (mmol/l) 1.56±0.38 [0.52-2.88] 1.25±0.30 [0.52-2.26] <0.0001 

Triglycerides (mmol/l) 0.94±0.44 [0.33-3.02] 1.24±0.67 [0.32-3.85] <0.0001 

ApoA1 (mg/dl) 139±28 [73-240] 126±23 [73-210] <0.0001 

ApoA2 (mg/dl) 33±11 [15-79] 34±10 [15-71]   0.3265 

ApoB (mg/dl) 123±50 [31-340] 138±57 [35-352] <0.0001 

ApoC3 (mg/dl) 17±7 [2-46] 19±9 [2-67]   0.0067 

ApoE (mg/dl) 5±9 [1-14] 5±2 [1-18] 0.2124 
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Table 2 - Univariate associations between serum lipids/apoliporoteins and parameters affecting 

plasma insulin concentration° 

 

 

° Speraman correleation coeficient for fasting and OGTT insulin secretion rates (ISR fast and ISR 

ogtt, respectively) and for fasting and OGTT insulin clearance (IC fast and IC ogtt, respectively). 

Units are ISR fast: pmol min
-1

 m
-2

; ISR ogtt: nmol/m
2
; IC fast and IC ogtt: l min

-1
 m

-2
. 

For All: ro>0.061, p<0.05; ro>0.083, p<0.01; ro>0.105, p<0.001; for women and men  ro>0.089, 

p<0.05, ro>0.110, p<0.01; ro>0.140, p<0.001  

  

 ISR fast ISR ogtt IC fast IC ogtt 

 
All 

Wom

en 

Me

n 
All 

Wom

en 

Me

n 
All 

Wom

en 

Me

n 
All 

Wom

en 

Me

n 

Total 

Cholester

ol 

(mmol/l) 

0.13

9 
0.060 

0.22

2 

0.10

3 
0.023 

0.19

6 

-

0.05

3 

-

0.051 

-

0.05

1 

-

0.10

5 

-

0.066 

-

0.14

7 

HDL 

Cholester

ol 

(mmol/l) 

-

0.39

5 

-

0.377 

-

0.41

0 

-

0.25

2 

-

0.254 

-

0.31

4 

0.13

0 
0.165 

0.10

4 
0.20

3 
0.198 

0.26

2 

LDL 

Cholester

ol 

(mmol/l) 

0.19

4 
0.154 

0.21

4 

0.13

4 
0.084 

0.20

4 

-

0.08

6 

-

0.079 

-

0.08

2 

-

0.15

1 

-

0.125 

-

0.17

8 

Triglyceri

des 

(mmol/l) 

0.41

7 
0.334 

0.49

1 

0.29

9 
0.242 

0.39

2 

-

0.11

7 

-

0.141 

-

0.09

1 

-

0.20

2 

-

0.172 

-

0.28

5 

Apo B 
(mg/dl) 

0.27

8 
0.191 

0.35

3 

0.18

2 
0.113 

0.26

3 

-

0.05

9 

-

0.041 

-

0.07

5 

-

0.11

1 

-

0.074 

-

0.15

6 

Apo A1 

(mg/dl) 

-

0.07

4 

-

0.045 

-

0.05

9 

-

0.04

0 

-

0.047 

-

0.03

0 

0.03

0 
0.014 

0.05

2 

0.03

0 
0.019 

0.09

2 

Apo E  

(mg/dl) 
0.22

8 
0.153 

0.30

5 

0.17

8 
0.080 

0.28

5 

-

0.08

3 

-

0.084 

-

0.07

7 

-

0.11

0 

-

0.038 

-

0.19

3 

Apo CIII 

(mg/dl) 
0.20

6 
0.121 

0.28

7 

0.12

9 
0.071 

0.19

2 

0.01

8 
0.023 

0.01

5 

0.02

7 
0.055 

-

0.00

3 

Apo A2 

(mg/dl) 

0.04

0 

-

0.037 

0.11

4 

0.05

2 
0.009 

0.10

1 

-

0.04

0 

-

0.042 

-

0.04

1 

-

0.05

7 

-

0.054 

-

0.05

8 

ApoA1/H

DL 

0.34

9 
0.310 

0.37

3 

0.23

7 
0.204 

0.30

5 

-

0.09

1 

-

0.113 

-

0.06

9 

-

0.16

2 

-

0.157 

-

0.19

3 

ApoB/LD

L 

0.16

3 
0.076 

0.26

5 

0.11

6 
0.009 

0.17

2 

0.00

2 
0.034 

-

0.03

7 

-

0.00

9 

0.036 

-

0.06

3 
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Table 3 - Mutivariate regression (n=978) ° 

 

 

 

 
ISR fast ISR ogtt 

 St.ß p value VIF St.ß p value VIF 

Gender (Female)  0.14 <0.0001 1.32  0.19 <0.0001 1.27 

Age (yrs) -0.06   0.0217 1.21  0.01   0.6959 1.23 

BMI (kg/m
2
)  0.27 <0.0001 1.44  0.01   0.6574 1.40 

Plasma Glucose* (mmol/l)  0.25 <0.0001 1.41 -0.33 <0.0001 1.39 

M/I (μmol min
−1

 kgFFM
−1

 pM
−1

) -0.21 <0.0001 1.48 -0.26 <0.0001 1.53 

LDL cholesterol (mmol/l) -0.02   0.5356 1.28  0.01   0.6937 1.27 

HDL cholesterol (mmol/l) -0.10 <0.0031 1.70 -0.10   0.0034 1.69 

Triglycerides (mmol/l)  0.22 <0.0001 1.48  0.16 <0.0001 1.49 

 

 0.44        <0.0001  0.40        <0.0001 Whole model R
2
 

 

° Each model includes centres as dummy variables, waist was excluded from the model on the bases of a 

VIF values ≥3 in both models. ISR fast and ogtt = Fasting and OGTT insulin secretion rate (Units: pmol 

min
-1

 m
-2

 and nmol/m
2
, respectively) 

* Glucose is fasting glucose and mean OGTT glucose for fasting and OGTT insulin secretion, 

respectively.  


