
ABSTRACT
Background: The rate of absorption of glucose from carbohydrates
is important in several aspects of health. We recently validated a non-
invasive technique in pigs, euglycemic hyperinsulinemic clamp plus
oral carbohydrate loading (OC-Clamp), to quantify the rate of net
posthepatic appearance of glucose after ingestion of carbohydrates.
Objective: The OC-Clamp procedure was performed in 8
healthy men to compare the net posthepatic appearance of glu-
cose after ingestion of 1 of 3 carbohydrates.
Design: Human volunteers underwent the OC-Clamp procedure
at an insulin infusion rate of 1.5 mU ·kg21 · min21 (n = 5). The
oral carbohydrate load (1 g/kg) consisted of glucose, cornstarch,
or mung bean starch. During the OC-Clamp procedure, the glu-
cose infusion rate decreased during absorption to maintain
plasma glucose steady state and the decrease reflected the net
posthepatic appearance of glucose. In addition, carbohydrates
were loaded without insulin infusion (n = 6) and glycemic
indexes were calculated (with glucose as the reference).
Results: The mean (±SEM) glycemic index of cornstarch was
higher (95 ± 18) than that of mung bean starch (51 ± 13). In the
OC-Clamp experiments, the posthepatic appearance of glucose
and cornstarch did not differ significantly and represented
79.4 ± 5.0% and 72.6 ± 4.0%, respectively, of the load after com-
plete absorption (within 3 h). In contrast, the net posthepatic
appearance of glucose from mung bean starch was significantly
lower (35.6 ± 4.6% of the load, P < 0.001) than that from glu-
cose and cornstarch, even 4.5 h postprandially.
Conclusions: The OC-Clamp technique allows a continuous
assessment of net posthepatic appearance of glucose after inges-
tion of carbohydrates and significant discrimination between corn
and mung bean starches. Am J Clin Nutr 1999;69:1183–8.
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INTRODUCTION

The rate of digestion of dietary carbohydrates and the rates of
portal and posthepatic appearance of glucose partly control post-
prandial blood glucose concentrations. Moreover, the glycemic
responses to foods may have implications in various aspects of
health, including the control of food intake (1–4) and glucose and

lipid metabolism in healthy and diabetic subjects and animals
(5–12). Foods or diets with a low glycemic index are associated
with higher satiety scores (2–4). In diabetes, diets with a low
glycemic index reduce glycated hemoglobin by 9%, fructosamine
by 8%, urinary C-peptide by 20%, and day-long integrated blood
glucose concentrations by 16% (5). Diets with a low glycemic
index may also be beneficial in lipid management (5–7).

The glycemic index of carbohydrate sources (ingested alone or
in a mixed meal) has been evaluated extensively and tables of
such have been compiled as a nutritional aid (13). Moreover, the
development of low-glycemic-index foodstuffs (through progress
in technologic processing, incorporation of new carbohydrate
sources, or both) is still a challenge for the industry. Bearing this
in mind, we previously characterized mung bean starch as a
source of slowly digested carbohydrate in healthy and diabetic
rats (6, 7) and in healthy humans (8). Mung bean starch was
shown to produce small increases in the glycemic response in
healthy subjects (8) and to modify glucose and lipid metabolism
in rats (6, 7). However, the rate of absorption of mung bean starch
has not been quantitatively measured in healthy humans.

Because the quantitative determination of the rate of glucose
absorption from carbohydrate in the portal circulation is not ethi-
cally possible in humans, several qualitative methods have been
developed. Indeed, the direct measurement of systemic glucose and
insulin concentrations (2, 3, 8–12) as well as several indirect meth-
ods [intubation techniques (14), breath tests (15), and isotopic
methods (16, 17)] provide only qualitative data on the kinetics of
glucose absorption, as stated in the accompanying paper (18).
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We recently validated a noninvasive technique in pigs (com-
bining the euglycemic hyperinsulinemic clamp and oral carbo-
hydrate loading; OC-Clamp) to quantify the net posthepatic
appearance of glucose after carbohydrate loading (18). In the
present study, we applied this technique to 8 healthy male sub-
jects to compare the glucose availability from 3 different sources
of carbohydrates: glucose, cornstarch, and mung bean starch.

SUBJECTS AND METHODS

Subjects

Eight healthy nondiabetic men were included in the present
study. Their mean (±SEM) weight, height, body mass index (in
kg/m2), waist-to-hip ratio, age, and fasting plasma glucose con-
centration were 71.6 ± 2.0 kg, 178 ± 2 cm, 22.7 ± 0.7, 0.81 ± 0.02,
27.2 ± 2.0 y, and 5.05 ± 0.01 mmol/L, respectively. All partici-
pants were instructed to eat carbohydrate-rich foods for 3 d
before each experimental day at the laboratory. As established by
food diary assessment, mean daily intakes were 3.15 ± 0.16 MJ,
356 ± 20 g carbohydrate, 137 ± 10 g fat, and 120 ± 7 g protein.
No subject had a family history of diabetes or gastrointestinal or
hepatic diseases, and none were taking any medication known to
affect carbohydrate or glucose digestion, absorption, or metabo-
lism. The purpose, nature, and potential risks of the study were
explained in detail to all subjects, who gave their written,
informed consent to the protocol, which was approved by the
Medical Ethics Committee (Hôtel-Dieu Hospital, Paris).

Design

The subjects underwent an oral carbohydrate tolerance test (OC),
OC-Clamp procedure, or both. Each type of experiment (OC and
OC-Clamp) had a within-subjects design. The study compared the
net posthepatic appearance of glucose after complex carbohydrate
(cornstarch or mung bean starch) loading, as measured by the
recently validated OC-Clamp technique (18), or by carbohydrate
loading without a glucose clamp (OC). As a control, an isoenergetic
amount of glucose was also used in both the OC and OC-Clamp
experiments. The order of the 3 carbohydrate loads was randomized
in both the OC and OC-Clamp experiments. For each volunteer, an
interval of ≥6 d between 2 consecutive experiments was enforced.
All studies were performed at 0900 after a 12-h overnight fast.

Carbohydrate load

Three types of carbohydrates (1 g/kg) were loaded: glucose as
a 33% water solution, cornstarch [C*Top12410, ratio of amylose
to amylopectin of 5:95, 0% resistant starch; Cerestar, Vilvoorde,
Belgium (7)] powder prepared as a warmed (45 8C) 11% solution,
and mung bean starch [Phasoleus aureus starch in the form of
Chinese noodles, ratio of amylose to amylopectin of 35:65,
10.7 ± 0.7% resistant starch, Pagoda Brand; Republic of China
(7)] purchased in local Asian supermarkets in Paris and prepared
as a cooked (7 min at 90 8C) 11% solution cooled to 45 8C. The 3
loads were pure carbohydrates. The taste of both starchy meals
was improved with salt and pepper.

Procedure

OC-Clamp experiment

The glucose clamp technique was performed under eugly-
cemic conditions to maintain plasma glucose and insulin con-

centrations at required concentrations (19). Infusates were
administered through a cannulated vein. Arterialized (by warm-
ing at 55 8C) venous blood was sampled through a cannulated
antecubital vein from the other arm. A loading dose of insulin
(30 mU/kg) was administered continuously over 2 min and was
immediately followed by a constant infusion (1.5 mU · kg21 · min21)
for the next 450 min. The plasma glucose concentration was
maintained at the basal concentration throughout the study by
monitoring the glucose concentration at 5-min intervals and
adjusting the infusion rate of a 20% glucose solution. Thus,
plasma glucose and insulin were kept constant while the glucose
infusion rate varied. Blood was collected before the clamp
started and then at 20–30-min intervals to check the stability of
plasma glucose, insulin, and C-peptide concentrations. Plasma K+

concentrations were also checked regularly.
After 2–3 h of the insulin infusion in healthy subjects, the glu-

cose infusion rate was at steady state (see Results). Under these
conditions, hepatic glucose production is totally suppressed as
proven in a previous experiment carried out in our laboratory
(20). This suppression of hepatic glucose production was also
obtained in glucose clamp experiments performed in healthy
men with comparable body mass indexes by using an insulin
infusion rate of 1.5 mU · kg21 · min21 (21, 22). The moment that
the steady state glucose infusion rate was achieved (time 0), 1 of
the 3 carbohydrate loads was ingested by the subjects and the
glucose infusion rate was adjusted to maintain plasma glucose at
steady state. Glucose concentrations were then monitored for
270 min postprandially. The variation in the glucose infusion
rate compensated for the net posthepatic appearance of glucose
after the oral carbohydrate load. This assumption was derived
from previous validation of the OC-Clamp technique in an ani-
mal model (18). Indeed, the posthepatic appearance of glucose
after a carbohydrate load can be assessed with a euglycemic
hyperinsulinemic clamp, taking into account that hepatic glucose
production is totally suppressed and overall glucose utilization is
kept constant (18). Because hepatic glucose uptake remains pro-
portional to the rate of glucose absorbed and the rate of intesti-
nal glucose uptake only represents a small part of splanchnic
glucose uptake, the OC-Clamp technique validated previously in
pigs could be extended to human studies. Moreover, a close rela-
tion between the posthepatic appearance of glucose and the rate
of portal appearance of glucose from various starches was shown
in pigs (18). Complete absorption of the load was indicated when
the glucose infusion rate reached the steady state infusion level
again. As reported below in the Results section, the glucose infu-
sion rate after mung bean starch ingestion only reached the
steady state infusion level for transient periods of time; there-
fore, complete absorption could not be determined.

OC experiment

Six subjects were given 3 oral carbohydrate loads with the
meals provided in the OC-Clamp experiments. Peripheral venous
blood was drawn before the subjects ingested the meal and sam-
pling was then repeated at 20–30-min intervals for 250 min.
Plasma glucose and insulin concentrations were determined in
the samples.

Biochemical analyses

Plasma glucose was analyzed by using the glucose-oxidase
method (Beckman, Galway, Ireland) with an Autoanalyzer II
(Beckman, Fullerton, CA). Plasma insulin and C-peptide concen-
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trations were measured by radioimmunoassay (ERIA Diagnostics
Pasteur, Marnes-la-Coquette, France).

Calculations and statistical analyses

In the OC experiments, areas under the curve were calculated for
each plasma index according to the trapezoidal method and reported
for 250 min postprandially. The glycemic index was calculated as
the mean of the individual ratio of the area under the plasma glucose
curve to a given carbohydrate and the area under the plasma glucose
curve to the control glucose load. The insulinemic index was calcu-
lated in the same way but with plasma insulin data.

In the OC-Clamp experiments, the posthepatic appearance of
glucose was calculated by integrating the difference between
steady state glucose infusion rate and glucose infusion rate (see ref-
erence 18 for more details). Repeated-measures analysis of vari-
ance with time and type of load as the within-subjects factors was
used to analyze plasma glucose, insulin, and C-peptide concentra-
tions. Post hoc analyses were based on the Scheffe’s test. Analyses
were performed by using SUPERANOVA (version 1.11; Abacus

Concepts, Berkeley, CA) and STATVIEW (version 1.03; Abacus
Concepts) software. All data were expressed as means ± SEMs.
Significance was assumed at P < 0.05.

RESULTS

Plasma glucose, insulin, and C-peptide concentrations

In the OC experiments, as expected, both plasma glucose and
insulin concentrations increased after the carbohydrate load (Figure 1),
peaked 30–60 min after the carbohydrate load, and returned to basal
concentrations 60–90 min after the mung bean starch meal and
90–120 min after the glucose and cornstarch meals. Peak glucose
and insulin values were significantly higher after the glucose and
cornstarch meals than after the mung bean starch meal. Moreover,
significant postprandial reactive hypoglycemia was only observed
after the glucose and cornstarch loads (P < 0.001; Figure 1).

In the OC-Clamp experiment, the plasma glucose concentration
was 5.95 ± 0.13 mmol/L before insulin infusion. Steady state

GLUCOSE ABSORPTION FROM STARCHES IN HUMANS 1185

FIGURE 1. Mean (± SEM) plasma glucose and insulin concentrations after an oral carbohydrate load (OC; n = 6) (right panels) and after both an
OC load and a euglycemic hyperinsulinemic clamp (OC-Clamp; n = 5) (left panels). The OC loads were glucose (s), cornstarch (n), and mung bean
starch (j). In the OC-Clamp experiments, glucose and insulin responses to the 3 carbohydrates were not significantly different. In the OC experiments,
main effects of time and time 3 carbohydrate interactions were observed for glucose and insulin responses (P = 0.0001–0.008); main effects of type
of carbohydrate were observed for insulin (P = 0.001). *,***Significant differences between responses to mung bean starch and glucose and cornstarch
(post hoc Scheffe’s test): *P < 0.05, ***P < 0.005.
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plasma glucose was achieved at 5.64 ± 0.07 mmol/L (Figure 1).
The plasma glucose concentration did not change significantly dur-
ing carbohydrate absorption (5.71 ± 0.04 mmol/L). Basal plasma
insulin and C-peptide concentrations were 34.7 ±4.9 and 643±48 pmol/L,
respectively. Insulin infusion significantly increased plasma insulin
concentrations to reach steady state 1 h before carbohydrate admin-
istration (449 ± 31 pmol/L; P < 0.01; Figure 1) and significantly
decreased plasma C-peptide concentrations (486 ± 46 pmol/L; 
P < 0.01). The plasma insulin concentration remained significantly
constant during absorption (472 ± 20 pmol/L), regardless of the car-
bohydrate ingested (Figure 1). Plasma C-peptide concentrations
rose transiently over the postprandial period (556 ± 23 pmol/L), but
this small increase did not significantly affect plasma insulin con-
centrations (Figure 1).

Glycemic and insulinemic indexes

As calculated from the responses of plasma indexes in the OC
experiments, glycemic and insulinemic indexes were 95 ± 18 and
83 ± 6 for cornstarch and 51 ± 13 and 20 ± 5 for mung bean
starch, respectively. For both indexes, responses to the mung
bean starch load were significantly different from responses to
the cornstarch load (P < 0.05).

Glucose infusion rates

During the OC-Clamp, the glucose infusion rate increased to
reach steady state (48.6 ± 0.4 mmol·kg21 ·min21) within 120–180 min.
After the oral carbohydrate load, the glucose infusion rate decreased
significantly (P < 0.01, Figure 2), but returned to the prior
steady state value <180 min after the glucose or cornstarch load.
In 3 of the 5 men, the glucose infusion rate after the mung bean
starch load did not reach the steady state glucose infusion rate
even after 270 min of absorption.

Rates of net posthepatic appearance of glucose

The net posthepatic appearance of glucose in the OC-Clamp
study was not significantly different between the glucose and
cornstarch loads (Figure 3). Similarly, the cumulative posthepatic

appearance of glucose 270 min postprandially, expressed as a
percentage of the glucose load, was not significantly different
between the loads: 79.4 ± 5.0 with the glucose load and
72.6 ± 4.0 with the cornstarch load. Completion of the posthepatic
appearance of glucose was achieved at similar times with both
loads: 185.2 ± 12.6 and 184.6 ± 13.8 min with the glucose and
cornstarch loads, respectively. The posthepatic appearance of
glucose was lowest after the mung bean starch load, despite a
time-course pattern that was similar to that after the glucose and
cornstarch loads; it was significantly lower (35.6 ± 4.6% of
load) than that after the other 2 loads 270 min postprandially.
The completion time for the posthepatic appearance of glucose
could not be calculated because glucose was still appearing at
the posthepatic level at 270 min.

DISCUSSION

A previous study validated the OC-Clamp technique in pigs
as a method of performing a quantitative assessment of the net
posthepatic appearance of glucose after glucose loading (18).
Furthermore, the rate of net posthepatic appearance of glucose
(deduced from the decrease in glucose infusion rate) reflected
the rate of net portal glucose appearance directly and propor-
tionally, as shown in pigs fed various carbohydrate sources
(18). Thus, the OC-Clamp technique is a noninvasive method
that directly provides information on the kinetics of absorption
of carbohydrates in humans.

In the present study, peripheral plasma insulin and glucose con-
centrations were maintained at a steady state concentration over the
absorption period so that the OC-Clamp calculations could be per-
formed. We showed that the OC-Clamp technique allows significant
discrimination between various carbohydrate sources with different
glycemic indexes. Mung bean starch was absorbed significantly
more slowly than was cornstarch or glucose (Figure 3). This result
is consistent with that of several studies that showed low digestibil-
ity in vitro (7) and a low glycemic index in vivo (6–8) for mung
bean starch. In vitro hydrolysis, measured 30 min postinfusion in a
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FIGURE 2. Mean (± SEM) decreases in glucose infusion rates (GINFs) from GINFs at steady state over 270 min after glucose (s), cornstarch (n),
and mung bean starch (j) loads. n = 5.
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buffer solution with a-amylase (37 8C), was significantly lower for
mung bean starch than for cornstarch: 46 ± 3% and 60 ± 4% of the
load, respectively (7). In normal rats, glycemic and insulinemic
responses to mung bean starch were 63% and 62%, respectively, of
the corresponding responses to cornstarch. In the present study, the
glycemic and insulinemic responses to mung bean starch were 54%
and 24%, respectively, of the responses to cornstarch. Bornet et al
(8) assessed glucose and insulin responses to various raw, gelled,
and industrially processed starches (eg, mung bean, extruded wheat,
and tapioca) in healthy subjects. There was a smaller hyperglycemic
response to mung bean starch than to wheat starch: 28 ± 10 and
109 ± 31 mmol/kg, respectively, 180 min postprandially.

In the present study, complete absorption of glucose and corn-
starch was achieved <180 min postprandially. The net splanchnic
glucose uptake was 20.6 ± 3.3% and 27.4 ± 2.7% of the load,
respectively, after glucose and cornstarch. These values correspond
to those generally reported in healthy subjects (23, 24). In contrast,
net splanchnic glucose uptake could not be calculated for mung
bean starch because the complete posthepatic appearance of glu-
cose was not achieved. An important question raised by our data
deals with the fate of glucose originating from digestion and
absorption of mung bean starch because only a small fraction of the
carbohydrate load is quantified at the posthepatic level. First, a
larger splanchnic glucose uptake could occur. However, in pigs, the
net hepatic glucose extraction ratio (net hepatic glucose uptake:net
hepatic glucose load) is the same for mung bean and cornstarch
(18). As mentioned previously (18), intestinal uptake (and utiliza-
tion) of ingested glucose is negligible. Both observations strongly
suggest that an increased splanchnic glucose uptake cannot explain
a lower posthepatic appearance of glucose. Second, <11% of
mung bean starch is resistant starch, which escapes small-intestinal
digestion and absorption. However, this undigestible fraction can-
not fully account for the large difference obtained at 270 min.
Third, kinetics of digestion and absorption (intestinal availability)

are significantly lower for mung bean starch. This is supported by
in vitro data (see above) and by in vivo observations underlying the
fact that absorption of some carbohydrates may, at least in animal
models such as pigs, continue over an 8-h postprandial period (25).
In the present experiment, as suggested by the determination of net
posthepatic appearance, glucose originating from mung bean
starch was still entering the body after 270 min (Figure 3).

In the accompanying paper, the net posthepatic appearance of
glucose was shown to be closely related to the net portal entry of
absorbed glucose (18). In addition, the present study showed that
the OC-Clamp technique allowed detection of the net posthep-
atic appearance of glucose, whereas at the same time the excur-
sion of glycemia was blunted in the OC experiment, as observed
for mung bean starch 120 min postprandially (Figure 1). The
existence of a clear relation between glucose concentration at a
given time and its rate of absorption is debatable (16, 17). In the
present study, even if such a link could be established for the
early responses (30 min), no relation was found for the later
responses. Indeed, the glucose concentration at 120 min was
close to basal values, although glucose was still entering the
body. Nevertheless, more exhaustive evaluation of various car-
bohydrate sources after various loads should provide valuable
information on the existence of such a relation.

Furthermore, the glycemic index is now a well-established
method of classifying carbohydrate sources according to their
rate of digestion and absorption. However, for carbohydrates
presenting delayed digestion or absorption and a high glycemic
index, their discrimination against rapidly digested products
with a high glycemic index may be missed if only the glycemic
index method is used. Consequently, the use of methods allow-
ing a continuous quantitative assessment of glucose entry are
likely to be required.

In conclusion, the present study illustrates the effectiveness of
the noninvasive OC-Clamp technique for routinely assessing the

GLUCOSE ABSORPTION FROM STARCHES IN HUMANS 1187

FIGURE 3. Mean (± SEM) cumulative, net posthepatic appearance of glucose over 270 min after glucose (s), cornstarch (n), and mung bean starch
(j) loads. Main effects of time (P = 0.0001), type of carbohydrate (P = 0.013), and time 3 type of carbohydrate interaction (P = 0.0001) were
observed. *,***Significant differences between responses to mung bean starch and responses to glucose and cornstarch (post hoc Scheffe analysis): *P <
0.05, ***P < 0.005.There were no significant differences between responses to glucose and cornstarch loads at any time. n = 5.
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net posthepatic appearance of glucose after carbohydrate loading.
Moreover, this method can continuously discriminate between 2
carbohydrates during the absorption period. The OC-Clamp tech-
nique can also effectively quantify the amount of glucose avail-
able from new carbohydrate sources, alone or in a mixed meal.
Thus, this method can be useful for indicating what carbohy-
drates may help prevent the metabolic complications of various
diseases.
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