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High-carbohydrate diets have been associated with
b-cell strain, dyslipidemia, and endothelial dysfunction.
We examined how b-cell and endothelial function
adapt to carbohydrate overloading and the influence
of insulin resistance. On sequential days in random-
ized order, nondiabetic subjects (classified as insulin-
sensitive [IS] [n = 64] or insulin-resistant [IR] [n = 79]
by euglycemic clamp) received four mixed meals over
14 h with either standard (300 kcal) or double carbohy-
drate content. b-Cell function was reconstructed by
mathematical modeling; brachial artery flow-mediated
dilation (FMD) was measured before and after each
meal. Compared with IS, IR subjects showed higher
glycemia and insulin hypersecretion due to greater
b-cell glucose and rate sensitivity; potentiation of in-
sulin secretion, however, was impaired. Circulating free
fatty acids (FFAs) were less suppressed in IR than IS
subjects. Baseline FMD was reduced in IR, and postpran-
dial FMD attenuation occurred after each meal, particu-
larly with high carbohydrate, similarly in IR and IS.
Throughout the two study days, higher FFA levels were
significantly associated with lower (incretin-induced) po-
tentiation and impaired FMD. In nondiabetic individuals,
enhanced glucose sensitivity and potentiation upregulate
the insulin secretory response to carbohydrate overload-
ing. With insulin resistance, this adaptation is impaired.
Defective suppression of endogenous FFA is one com-
mon link between impaired potentiation and vascular
endothelial dysfunction.

The physiologic response to a high carbohydrate load
involves changes in glucose fluxes (1) and blood flow
distribution (2) and an increase in insulin secretion
(3). However, how the b-cell achieves such adaptation
has not been investigated. Thus, the contribution of
enhanced glucose sensing (4–6) and incretin-induced
potentiation (7,8) to insulin hypersecretion are not estab-
lished in vivo. Furthermore, it is not known whether the
metabolic responses to an augmented carbohydrate chal-
lenge are different in individuals with obesity/insulin re-
sistance (9), who have already undergone long-term
changes in pancreatic islet mass (10,11), structure (12),
and function (3,12). The first aim of the current work
therefore was to characterize the b-cell response to lower
versus higher carbohydrate loading in nondiabetic subjects
classified as insulin sensitive (IS) or insulin resistant (IR)
(based on an insulin clamp) under controlled conditions
simulating free living.

Another important potential consequence of high
carbohydrate loading is vascular endothelial dysfunction,
an early step toward atherosclerosis (13–16). Insulin acti-
vation of the phosphatidylinositol 3-kinase–Akt pathway
also activates endothelial nitric oxide (NO) synthase, result-
ing in vasodilation (17). Insulin resistance of the glucose
pathway is associated with resistance of the NO-mediated
vasodilation in healthy subjects (18,19), in subjects with
type 2 diabetes (20), and in subjects with essential hyper-
tension (21). In insulin-resistant states, plasma glucose and
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free fatty acids (FFAs) are among the potential mediators of
endothelial dysfunction (19). In fact, in man, acutely raising
plasma glucose (by an intravenous glucose infusion [22–
24]) or plasma FFA (by an intravenous infusion of a lipid
emulsion [25,26]) induces endothelial dysfunction. Con-
versely, reduction of postchallenge hyperglycemia prevents
acute endothelial dysfunction in subjects with impaired glu-
cose tolerance (27). However, whether and how these neg-
ative influences operate under free-living conditions of
repeat meal ingestion and carbohydrate loading and
whether their impact differs by level of insulin sensitivity
are not known.

Thus, the second aim of the present work was to
measure endothelial function in response to meals with
low or high carbohydrate content in IS and IR subjects.

RESEARCH DESIGN AND METHODS

Participants
Participants were recruited via flyer advertisement. Study
eligibility criteria included the following: age 18–55 years,
no nicotine use in the past year, no history of or current
dependency on substance or alcohol, no prescribed med-
ication, and negative pregnancy testing. The protocol was
approved by the institutional review board of the Univer-
sity of Miami, and written informed consent was obtained
from participants prior to inclusion.

Procedures
The protocol involved three visits: a screening session to
confirm study eligibility, a euglycemic-hyperinsulinemic
clamp, and a 3-day/night inpatient laboratory stay with
two meal challenge days (standard vs. double carbohy-
drate load).

Visit 1
Urine was spot tested with a standard toxicology screen,
waist circumference was measured at the level of the
umbilicus, and participants were scheduled for visit 2
within 2–4 weeks.

Visit 2
In the overnight-fasted state, participants received fasting
blood draws and the clamp procedure. Subjects were then
scheduled for visit 3 within 1–3 weeks.

Visit 3
On day 1, subjects received a standard 75-g, 3-h oral
glucose tolerance test (OGTT). At mid-afternoon, subjects
underwent a computed tomography (CT) scan, had dinner
at 6:00 P.M. and a light snack at 9:00 P.M., and then fasted
overnight. On this day and throughout the inpatient days,
subjects remained in their private room, free to move
about, read, watch television, or take naps; water was
provided ad libitum. Subjects were not permitted to leave
the laboratory and had no access to external food sources.
On days 2 and 3, subjects were given a meal every 3.5 h
over 14 h, totaling four meals per day (at 8:00 A.M., 11:30
A.M., 3:00 P.M., and 6:30 P.M.). At 7:00 A.M. on each day, an
indwelling intravenous catheter was inserted for serial

blood sampling (at 215, 0, 15, 30, 60, 90, 120, 150,
and 180 min after subjects completed the meal within
15 min). Ultrasound assessment of flow-mediated dilation
(FMD) was performed at 215 min premeal and 60 min
after each meal.

The D-glucose content of each meal was the same as
the OGTT (i.e., 75 g, 300 kcal) on one day and double (600
kcal) on the other day in randomized order. Fat and pro-
tein calories were kept identical across meals but adjusted
on the basis of body weight and sex, approximating the
U.S. national criteria (38–41 kcal $ kg21 $ day21 for adult
men and 35–38 kcal $ kg-1 $ day21 for adult women, 35%
fat, 15% protein). Thus, on one day a 75-kg man would
receive 1,200 kcal as glucose, 300 kcal as rice, and the
remaining 1,500 kcal as fat and protein; on the double
carbohydrate-loading day, this person would receive 2,700
carbohydrate kcal and the same 1,500 kcal from fats and
proteins. Fats and proteins were provided by hamburger
and sausage. Food consumption was verified by staff ob-
servation, and any uneaten food was weighed and logged.

Euglycemic Clamp
As described previously (15), steady-state hyperinsuline-
mia was achieved by a primed constant infusion of Humulin-
R (Lilly, Indianapolis, IN) at a rate of 40 mU $ min21 $ m22

for 150 min. Plasma glucose was clamped at within 5% of
the fasting value by feedback-controlled infusion of 20%
dextrose. Whole-body glucose disposal rate (M) (in milli-
grams per minute per kilogram) was calculated as the
mean of consecutive 20-min periods and applying a space
correction factor. An insulin sensitivity level ofM = 4.5 mg $
min21 $ kg21 was chosen to index insulin resistance (3).

Abdominal Fat Measurement
Abdominal fat was quantitated by multislice CT (five slices
every 5 cm above and two slices at 5 and 10 cm below the
L4–5 interspace using 10-mm-thick slices) using a Siemens
Somaton-Sensation-16 scanner (Siemens, Malvern, PA).
Quantitation used a seeding program with a Siemens
WorkStream Wizard workstation. Subcutaneous (subcuta-
neous adipose tissue) and visceral (visceral adipose tissue)
fat, in kilograms, was derived using a triangulation for-
mula multiplied by 0.9391 mg/mL.

Blood Assays
Serum cholesterol and triglycerides were measured enzy-
matically using an autoanalyzer (Cobas Mira Plus; Roche
Diagnostics, Branchburg, NJ). HDL cholesterol was mea-
sured after precipitation with dextran sulfate, and LDL
cholesterol was calculated by the Friedewald formula.
C-reactive protein was measured by particle-enhanced
immunoturbidimetry (cobas 6000 analyzer; Roche Diag-
nostics). Plasma glucose was obtained using a YSI 2300
STAT Plus analyzer (Yellow Springs Instruments, Yellow
Springs, OH). Serum insulin was determined by a radioim-
munoassay insulin-specific kit (Linco Research, St. Charles,
MO), with sensitivity of 2 mU/mL, intra-assay coefficient of
variation (CV) 4–8%, and interassay CV 6–11%. C-peptide
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was assayed by chemiluminescence (cobas e 411;
Roche Diagnostics).

b-Cell Function
b-Cell function was assessed from the OGTT and the
multiple meal tests using a model that describes the re-
lationship between insulin secretion and glucose concen-
tration, which has been illustrated in detail previously (28).
Briefly, the model expresses insulin secretion (in picomoles
per minute per square meter) as the sum of two compo-
nents. The first component represents the dependence of
insulin secretion on absolute glucose concentration at any
time point during the test through a dose-response func-
tion relating the two variables. A characteristic parameter
of the dose response is the mean slope over the observed
glucose range, denoted as b-cell glucose sensitivity. The
dose-response is modulated by a potentiation factor, which
accounts for differences in glucose-induced insulin secre-
tion between early and late phases of the test. The poten-
tiation factor thus encompasses several potentiating
mechanisms (prolonged hyperglycemia, nonglucose sub-
strates, gastrointestinal hormones, neural modulation).
For quantification of the potentiation factor, the ratio be-
tween the average value between 1 and 14 h and the av-
erage value from 0 to 20 min was calculated. This ratio is
denoted as the potentiation ratio. The second insulin se-
cretion component represents the dependence of insulin
secretion on the rate of change of glucose concentration.
This component is termed derivative component, and is
determined by a single parameter, denoted as rate sensi-
tivity. Rate sensitivity is related to early insulin release.
The model parameters were estimated from glucose and
C-peptide concentrations by regularized least squares, as
previously described (28). Insulin secretion rates were calcu-
lated from the model every 5 min with the use of C-peptide
deconvolution analysis as previously described (29).

FMD
A B-mode scan of the right brachial artery was obtained in
the longitudinal plane about 5 cm above the elbow by use
of an 11-MHz linear array ultrasound transducer (Sonos
5500; Philips) held in place by stereotactic clamp. Fine
image adjustments were made as needed by means of
micromanipulators attached to the mount permitting
horizontal and vertical axis and rotation movement. A
referencing system was used to position the probe to
ensure within and intersession consistency. Arterial flow
was manipulated by a pneumatic cuff affixed to the
forearm distal to the arterial segment being imaged. Cuff
inflation (60 mm Hg suprasystolic) and deflation were
performed by an electronic controller, and recordings were
made for 1.5 min of baseline, 5 min of inflation, and 5 min
after deflation. The image analysis employed in-house
software (LabVIEW v8.2.1; National Instruments) that
obtained ;150 paired measurements along a 30-mm arte-
rial wall length at 30-ms intervals. This measurement fre-
quency provided change in diameter through the cardiac
cycle and, hence, reliable artifact rejection. The percent

change in arterial diameter during diastole at peak re-
sponse was derived. Arterial diameter measurement repro-
ducibility was previously assessed within session (2 h
apart) and between sessions (1 day apart); reliabilities
were very high for within session (diastolic r = 0.997, CV
1.6%) and between sessions (diastolic r = 0.991, CV 2.6%).

Statistical Analysis
Values are given as means 6 SE or median (interquartile
range) for variables with a normal or nonnormal distri-
bution, respectively. Group comparison (IS vs. IR) was
carried out by Mann-Whitney test. ANCOVA for repeated
measures (low vs. high carbohydrate loading) was used to
compare variables across groups (IS vs. IR); this model
was further adjusted for meal-loading sequence. ANCOVA
for doubly repeated measures (over time and meal load-
ing) was used for time course of continuous variables.
Multiple regression was performed using standard meth-
ods. Cross-correlation was used to compare the time
course of plasma FFA with those of FMD and potentiation
as a function of a time shift (SPSS-20). Because both FMD
and potentiation were strongly related to plasma glucose
levels in a reciprocal fashion (r = 20.44 and r = 20.19,
respectively; P , 0.01 for both), all cross-correlation anal-
yses were also run between the respective residuals
against glucose values. Statistical significance was set at
a , 0.05.

RESULTS

The final cohort consisted of 143 subjects who completed
the full protocol (Supplementary Fig. 1). Of these, 79
persons (55%) were classified as IS (M value 7.23 [3.87]
mg $ min21 $ kg21) and 64 as IR (M value 2.99 [1.47]
mg $ min-1 $ kg21). Although well-matched for sex, age,
ethnicity, socioeconomic status and smoking habits, the
IR group differed from the IS group in all other clinical/
metabolic characteristics (Table 1).

OGTT
Plasma glucose and insulin responses were higher in IR
than IS subjects, and plasma FFAs were less suppressed
(Table 2). Insulin secretion was;40% higher in IR than IS
both under basal conditions (i.e., insulin secretion at 5
mmol/L glucose) and after glucose ingestion. Thus, over
the 3 h of the OGTT, IR subjects released a median 10.2
units/m2 of insulin vs. 6.9 units/m2 for IS subjects. Po-
tentiation was significantly worse in IR than IS subjects.

Meals
Plasma glucose and insulin responses were higher on the
600-g than 300-g carbohydrate/day regimen and higher in
IR than IS subjects (Table 2; Fig. 1). Of note, the glucose
responses to the high-carbohydrate meals showed peaks
almost simultaneous with those for the low-carbohydrate
meals in both groups but slower declines after the peaks,
with a shoulder-like pattern. In addition, the glucose re-
sponse to the first morning meal was higher than the
responses to subsequent meals. The daily profiles of in-
sulin secretion closely paralleled the plasma glucose time
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courses (Fig. 2), with significantly higher insulin secre-
tion rates with high- than low-carbohydrate meals and
higher secretion in IR than IS participants (Table 3). In
particular, insulin secretion at 5 mmol/L glucose—a con-
centration that approximates fasting insulin secretion
rate—was similar across OGTT and low-carbohydrate

and high-carbohydrate meals in either group and consis-
tently higher in IR than IS. In both groups, the insulin
output elicited by each of the low-carbohydrate meals
over 3-h periods was roughly similar to that of the 3-h
OGTT (Supplementary Fig. 2), indicating a limited contri-
bution of the noncarbohydrate content of the meals to

Table 1—Clinical characteristics of the IS and IR groups

IS (n = 64) IR (n = 79) P†

M value (mg $ min21 $ kg21) 7.78 6 0.24 2.71 6 0.08 ***

Age (years) 37 6 1 40 6 1 ns

Sex (% men) 64 66 ns

Ethnicity (%) ns
Black 14.4 17.7
Hispanic white 70.3 77.2
Non-Hispanic white 10.9 2.5

Former smoker (%) 10.9 19.0 ns

Annual income ($)‡ 13.5 6 1.8 14.6 6 2.1 ns

Prediabetes (%) 20 47 ***

Education (years) 13.1 6 0.3 13.4 6 0.3 ns

BMI (kg $ m22) 26.3 6 0.4 31.2 6 0.5 ***

Waist girth (cm) 88 6 1 104 6 1 ***

VAT (kg) 2.6 6 0.2 4.4 6 0.2 ***

SAT (kg) 5.6 6 0.3 9.3 6 0.4 ***

Systolic/diastolic blood pressure (mmHg) 114 6 2/78 6 2 120 6 2/84 6 1 **

Triglycerides (mmol/L) 1.2 6 0.1 1.9 6 0.1 ***

LDL-C (mmol/L) 3.0 6 0.1 3.2 6 0.1 ns

HDL-C (mmol/L) 1.3 6 0.04 1.1 6 0.03 ***

hs-CRP (mg/L) 1.4 6 0.2 3.7 6 0.5 *

Fasting FFA (mmol/L) 443 6 17 533 6 21 **

HbA1c (%) (mmol/mol) 5.3 6 0.04
(34 6 1)

5.5 6 0.05
(37 6 1)

*

Data are means 6 SE unless otherwise indicated. HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; ns, not significant by Mann-
Whitney test; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. †x2 or t test for group differences. ‡In thousands. *P ,
0.05; **P , 0.01; ***P , 0.001.

Table 2—Metabolic parameters during the OGTT in the IS and IR groups

IS (n = 64) IR (n = 79) P†

FPG (mmol/L) 4.83 6 0.05 5.07 6 0.07 **

FPI (pmol/L) 52 (30) 86 (54) ***

AUCG (mol $ L21 $ h) 1.02 6 0.02 1.26 6 0.03 ***

AUCI (mol $ L21 $ h) 40.9 6 2.6 86.3 6 5.9 ***

AUCFFA (mol $ L21 $ h) 44.2 6 1.7 54.2 6 2.5 **

ISR5mM (pmol $ min21 $ m22) 85 (44) 117 (52) **

Total IS (nmol $ m22) 46 (22) 68 (25) ***

b-GS (pmol $ min21 $ m22 $ [mmol/L]21 ) 108 (63) 102 (56) ns

Rate sensitivity (nmol $ m22 $ [mmol/L]21) 1.16 (0.84) 1.26 (0.87) ns

Potentiation (ratio) 1.52 (0.70) 1.33 (0.42) **

Data are means 6 SE or median (interquartile range). Potentiation (ratio) = (1–14 h)/(0–20 min). AUCG, glucose AUC; AUCI, insulin AUC;
b-GS, b-cell glucose sensitivity; FPG, fasting plasma glucose; FPI, fasting plasma insulin; ISR5mM, insulin secretion at 5 mmol/L
glucose; ns, not significant; total IS, total insulin secretion. †x2 or Mann-Whitney test for group differences; **P , 0.01; ***P , 0.001.
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insulin production. Therefore, the daily insulin output on
the low-carbohydrate day averaged approximately four
times the OGTT-stimulated insulin output. With the high
carbohydrate load, however, 14-h insulin output was sub-
stantially less than eight times the OGTT-stimulated out-
put; these data suggest that total insulin output would
plateau at 250–300 nmol $ m2 in the IS group and at
roughly twice that level in the IR group (Table 3 and Fig.
3). During both the low- and high-carbohydrate day, total
insulin output was reciprocally related to insulin sensitivity
in the pooled groups, with the high-carbohydrate values
lying above the low-carbohydrate values at each level of
insulin sensitivity (Supplementary Fig. 3).

b-Cell Function
Both b-cell glucose sensitivity and rate sensitivity were
better in IR than IS groups on both carbohydrate load
days; notably, glucose sensitivity, but not rate sensitivity,
improved with high-carbohydrate loading (Table 3; Fig. 4).
Potentiation, however, was impaired in the IR compared
with IS group despite the fact that the high carbohydrate
load greatly increased potentiation compared with the low
carbohydrate load in both groups (Fig. 3). By multivariate
analysis, mean plasma glucose concentrations over the
two 14-h periods were simultaneously dependent on car-
bohydrate load (positively, resulting in a plasma glucose
difference of 0.45 mmol/L on average) and negatively
on insulin sensitivity (20.55 mmol/L), glucose sensitivity
(20.60 mmol/L), and potentiation (20.40 mmol/L) (Sup-
plementary Fig. 4). Furthermore, a significant (P = 0.001)

interaction term between carbohydrate load and potenti-
ation indicated that the defect in potentiation was ampli-
fied by the high carbohydrate load. On balance, b-cell
compensation for insulin resistance did not control glu-
cose tolerance in the IR as effectively as in the IS group;
thus, in IR subjects the percentage of plasma glucose val-
ues $11.1 mmol/L rose from 2.3 to 6% on doubling the
carbohydrate load, whereas it declined from 0.6 to 0.2%
in the IS group (Supplementary Fig. 5).

FFA
Plasma FFAs were suppressed in-phase with the plasma
insulin surges after each meal on the low-carbohydrate
day but remained higher in IR (FFA area under the curve
[AUCFFA] = 41.7 6 1.4 mmol $ L21 $ h) than IS (36.1 6
1.6 mmol $ L21 $ h, P , 0.02) subjects. On the high-
carbohydrate day, AUCFFA (31.6 6 1.1 mmol $ L21 $ h)
were more markedly suppressed than with the low carbo-
hydrate load (46.3 6 1.1 mmol $ L21 $ h, P , 0.02).

By cross-correlation, plasma FFAs were significantly
related to potentiation in a reciprocal fashion (r= 20.32,
P , 0.0001) with an optimal time shift of 67 min (Fig. 5).
The cross-correlation maintained statistical significance
(r = 20.30, P , 0.0001) after adjusting for concomitant
plasma glucose values. Similar results were obtained when
cross-correlating data from the high-carbohydrate day
(not shown).

FMD
FMD measurements (n = 1,722 in total) were obtained in
82 subjects (39 from the IS and 43 from the IR group) at

Figure 1—Plasma glucose and insulin concentrations during low and high carbohydrate (carb.) loading in IS and IR subjects. Plasma
glucose (top) and insulin concentrations (bottom) in 64 IS and 79 IR subjects in response to four low-carbohydrate (300 g total) and high-
carbohydrate (600 g total) meals over 14 h. Plots represent means 6 SEM.
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multiple times during the OGTT and the meal days. The
clinical characteristics of these subjects were not different
from those of the entire cohort (data not shown). Fasting
FMD values (before oral glucose and meals) were lower in
IR (4.8 6 0.7%) than IS (6.7 6 0.5%, P , 0.05) subjects.
Meals induced an attenuation of FMD (1-h postmeal rel-
ative to the premeal values), which was significantly
stronger with high-carbohydrate than low-carbohydrate

meals similarly in IS and IR groups (28.7 6 2.3% vs.
210.3 6 2.5% for low vs. high carbohydrate, respectively;
P , 0.02 for the interaction term). Comparable postmeal
FMD attenuation was observed in IS and IR groups (Sup-
plementary Fig. 6).

By cross-correlation analysis, plasma FFA levels and
FMD values from the low-carbohydrate day were re-
ciprocally related to one another (r = 20.49, P , 0.001),
with a mean time shift of 111 min (Fig. 5). The cross-
correlation maintained statistical significance (r = 20.38,
P , 0.0001) after adjustment for concomitant plasma
glucose values. Similar results were obtained when
cross-correlating data from the high-carbohydrate day
(not shown).

DISCUSSION

The main findings of this study are that, in nondiabetic
subjects under conditions simulating free living, the
secretory adaptation to high-carbohydrate loading 1) is
less than proportional to the carbohydrate load, i.e., it
tends to level off; 2) involves an enhancement of both
b-cell glucose sensitivity and potentiation; 3) is critically
dependent on insulin sensitivity; and 4) is associated with
changes in endothelial-dependent vasodilatory function.

With regard to 1, we found that doubling daily carbo-
hydrate intake (from half to two-thirds of total calorie
intake partitioned over four meals) increased absolute in-
sulin output by substantially less than 100%, suggesting
that secretion may level off at 70–85 units/14 h in IS
individuals. In IR subjects, this dose response was similar
in shape but shifted upwards, suggesting a plateau of
140–170 units/14 h (Fig. 3). Between subjects, total in-
sulin output was strongly related to insulin sensitivity in
a reciprocal fashion, with the values from high carbohy-
drate loading lying consistently above those of low carbo-
hydrate loading (Supplementary Fig. 3). This result
confirms previous findings (3,30,31) of an inverse associ-
ation of absolute insulin secretion and insulin sensitivity

Table 3—Glucose, insulin, and FFA response to the meal challenges (300 vs. 600 carbohydrate kcal/meal) and b-cell function
parameters for the IS and IR groups

IS (n = 64) IR (n = 79)

P§300 kcal 600 kcal 300 kcal 600 kcal

AUCG (mol $ L21 $ h) 0.66 6 0.07 0.69 6 0.12 1.02 6 0.06 1.59 6 010 *

AUCI (mol $ L21 $ h) 155 6 24 255 6 51 371 6 20 659 6 46 *

AUCFFA (mol $ L21 $ h) 269.2 6 11.9 2140.2 6 12.8 2100.6 6 10.7 2173.2 6 11.5 †

ISR5mM (pmol $ min21 $ m22) 97 (49) 90 (33) 118 (54) 116 (52) *

Total IS (nmol $ m22) 206 (75) 283 (90) 312 (113) 448 (165) †

b-GS (pmol $ min21 $ m22 $ [mmol/L]21) 90 (44) 113 (55) 108 (50) 122 (67) ‡

Rate sensitivity (nmol $ m22 $ [mmol/L]21) 1.11 (0.67) 1.11 (0.90) 1.41 (0.83) 1.33 (1.15) *

Potentiation (ratio) 1.47 (0.71) 2.22 (1.05) 1.42 (0.54) 1.79 (1.08) ‡

Data are means 6 SE or median (interquartile range). Potentiation (ratio) = (1–14 h)/(0–20 min). AUCG, glucose AUC; AUCI, insulin AUC;
b-GS, b-cell glucose sensitivity; ISR5mM, insulin secretion at 5 mmol/L glucose; total IS, total insulin secretion. §ANCOVA adjusted for
sequence of carbohydrate loading days (i.e., 300 day → 600 day vs. 600 day → 300 day). *Group = IR . IS (P , 0.0001). †Group 3
load = P , 0.0001. ‡Group = IR , or . IS (P , 0.01); load = 600 . 300 (P , 0.0001).

Figure 2—Insulin secretion rates during low and high carbohydrate
loading in IS and IR subjects. Insulin secretion rate in 64 IS and 79
IR subjects in response to four low-carbohydrate (top) and high-
carbohydrate (bottom) meals over 14 h. Plots represent mean 6
SEM.
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in nondiabetic subjects and extends them to free-living
conditions over a 20-fold range of insulin sensitivity.
Thus, in nondiabetic subjects the degree of insulin sensi-
tivity determines the individual set point of absolute
b-cell secretory activity, which the amount of carbohy-
drate modulates acutely. The current quantitative esti-
mates of insulin release highlight the secretory burden
that a high carbohydrate intake poses to the b-cell in
the IR individual. With long-standing obesity/insulin re-
sistance, islets are known to hypertrophy (10,11), and
their structure may develop diabetogenic changes (12).
In fact, relative to the IS group a high carbohydrate intake
in the IR group was associated with the emergence of an
excess of plasma glucose values $11.1 mmol/L (Supple-
mentary Fig. 5), a signal of incipient “diagnostic” glucose
intolerance (see plasma glucose levels on the OGTT [Table
2]). In other words, in the presence of insulin resistance,
adaptation of insulin release to high carbohydrate intake
is actually maladaptative.

With regard to the underlying mechanisms, the
augmented insulin secretory response to the high carbo-
hydrate load was mediated by an increase in b-cell glucose
sensitivity and, to an even greater extent, potentiation.
Notably, that glucose sensing (i.e., augmentation of insu-
lin release for any glycemic increment) can be acutely (1
day) upregulated (by ;30%) upon doubling the carbohy-
drate content of a mixed meal is a novel finding. At the
physiological level, this upregulation can be explained by
the concomitant increase in potentiation, which includes
both glucose-induced (i.e., persistence of raised glycemia
or glucose memory) and non–glucose-induced (i.e., incre-
tin effects) mechanisms (32). Further insight into the in-
terplay of glucose sensitivity and potentiation is provided
by the differences observed between IS and IR individ-
uals. In the latter group, b-cell glucose sensitivity was
not only preserved but actually better than in the IS group
on both carbohydrate loads, possibly as a result of chronic
carbohydrate excess (33,34); in contrast, potentiation was

Figure 3—Parameters of b-cell function as a function of carbohydrate (carb) load. Total insulin output and potentiation in response to
a 75-g OGTT, a 300-g carbohydrate meal sequence, and a 600-g carbohydrate meal sequence in 64 IS and 79 IR subjects. Plots represent
means 6 SEM.

Figure 4—Insulin secretion dose-response function. Insulin secretion rate as a function of concomitant plasma glucose concentrations
throughout 14 h of low or high carbohydrate (carb.) loading in IS and IR nondiabetic subjects. The mean slope of these functions represents
glucose sensitivity. Plots (mean 6 SEM) encompass the actual glucose concentration range observed in each subgroup of subjects.
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significantly impaired across all tests (Fig. 3). This result
is compatible with the notion that in nondiabetic IR sub-
jects, slightly raised glucose levels (Table 2) potentiate
insulin release, but overall potentiation is impaired owing
to deficient incretin effects. In fact, in previous studies
using isoglycemic glucose infusion protocols, incretin
effects were shown to be decreased not only as a function
of hyperglycemia (i.e., in IGT and type 2 diabetic individ-
uals) but also as an independent function of insulin re-
sistance (35). In subsequent analyses of potentiation
mechanisms (36), it was confirmed that in hyperglycemic
subjects glucose-induced potentiation is enhanced,
whereas incretin-induced potentiation is markedly de-
pressed. Although incretin hormones (GLP-1 and glucose-
dependent insulinotropic peptide) were not measured in
the current studies, a recent literature survey (37) has
documented a poor correlation between the size of incretin
effects and the plasma excursions of incretin hormones.

With regard to the overall impact of IR, the non-
diabetic IR subjects in this study displayed virtually all the
anthropometric and metabolic features that cluster with
IR (overweight/obesity, visceral fat accumulation, dyslipi-
demia, and markers of subclinical inflammation, Table 1).
The interaction of IR with b-cell function manifested
itself as absolute insulin hypersecretion, enhanced glucose
and rate sensitivity, and reduced potentiation, resulting

in sporadic mild hyperglycemia. By quantitative analysis
(Supplementary Fig. 4), a difference of 1 SD of insulin-
mediated whole-body glucose uptake (23.18 mg $ min21 $
kg21) translated into a rise of 0.55 mmol/L in mean 14-h
glucose concentration independently of glucose sensi-
tivity and potentiation; this effect was magnified by
the high carbohydrate load. Thus, even in the presence of
normal glucose tolerance by conventional diagnostic cri-
teria, insulin resistance is associated with a relative in-
tolerance to carbohydrate excess. The impairment in
insulin secretory potentiation is compatible with the find-
ing that the incretin defect of patients with overt type 2
diabetes is not reversed by chronic antihyperglycemic
treatment with sitagliptin (a DPP-IV inhibitor) or metfor-
min (38). Persistence of incretin defects has therefore
been ascribed to non–glucose-mediated factors (35,38),
which the current analysis imputes, at least in part, to
endogenous FFA. In fact, the reciprocal association of
plasma FFA with potentiation (both in absolute terms
and in time course) (Fig. 5) confirms the previously men-
tioned reciprocal relation of the incretin effect to IR (35)
as well as providing an explanation for recent studies
showing that pharmacological lowering of plasma FFA
restores the incretin effect through GLP-1 signaling in
mice (39).

The third conclusion concerns the relationship be-
tween IR status and vascular endothelial dysfunction. The
current study used stringent exclusion criteria (e.g.,
current smoking, hypertension, etc.) to limit confounding
of the study outcomes. As in previous studies (22,23), the
meal challenges induced a significant postprandial FMD
attenuation, which, however, did not differ between IS
and IR subjects. This suggests that the meal-related effect
on endothelial function is not directly mediated by mech-
anisms linked with insulin resistance per se. Of note, the
postprandial FMD attenuation was only modestly, though
significantly, worsened by doubling the carbohydrate load.
This finding likely reflects the opposing influences on
FMD of elevations in glycemia and insulinemia. In fact,
in normal subjects insulin at physiological doses is a weak
vasodilator (40) and potentiates acetylcholine-induced
(endothelial-dependent) vasodilation (41).

A novel finding was the difference in the baseline value
of FMD between IR and IS subjects and the inverse
association of plasma FFA with FMD. In fact, postprandial
FFA levels were higher in IR than IS on both carbohydrate
loads and were reciprocally related to FMD. Furthermore,
by cross-correlation analysis the time course of FFA was
tightly related to that of FMD with an anticipation of;2 h
and independently of plasma glucose levels (Fig. 5). This
pattern of association strongly suggests that higher FFA
levels are causally related to endothelial-dependent vascu-
lar function, thereby extending to endogenous FFA the
results seen with exogenous FFA infusions (25,26). The
proposed mechanisms for the role of postprandial lipids
in vascular endothelial dysfunction include the produc-
tion of highly reactive oxygen species and other oxidants

Figure 5—Cross-correlation of plasma FFA with potentiation and
FMD. The time courses of potentiation and plasma FFA (top panel)
and FMD and plasma FFA (bottom panel) are juxtaposed to high-
light their respective phase shifts. Plots are mean data for the whole
group of participants during the low-carbohydrate–loading day.
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(hydrogen peroxide and peroxynitrite species) and the
reduction of NO availability (42).

In summary, insulin resistance can be mechanistically
linked with insulin hypersecretion, defective incretin
potentiation, and endothelial dysfunction via the raised
FFA concentrations (generated by adipose tissue) and the
raised glucose concentrations (resulting from impaired
insulin-mediated glucose uptake). Of note, this construct
emerged as a coherent interpretation of data in nondiabetic
subjects once the impact of insulin resistance was amplified
by carbohydrate overloading and by studying a large group
of individuals covering a wide range of insulin sensitivity.
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