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Abstract

Objective—Low-glycemic load diets lower post-prandial glucose and insulin responses;
however, the effect of glycemic load on circulating incretin concentrations is unclear. We aimed
assess effects of dietary glycemic load on fasting and post-prandial glucose, insulin and incretin
(i.e., glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1))
concentrations and to examine for effect modification by adiposity.

Materials and Methods—We conducted a single-center, randomized controlled crossover
feeding trial in which a subset of participants had post-prandial testing. Participants were recruited
from the local Seattle area. We enrolled 89 overweight-obese (BMI 28.0-39.9 kg/m?2) and lean
(BMI 18.5-25.0 kg/m?) healthy adults. Participants consumed two 28-day, weight-maintaining
high- and low-glycemic load controlled diets in random order. Primary outcome measures were
post-prandial circulating concentrations of glucose, insulin, GIP and GLP-1, following a test
breakfast.

Results—Of the 80 participants completing both diet interventions, 16 had incretin testing and
comprise the group for analyses. Following each 28-day high- and low-glycemic load diet, mean
fasting concentrations of insulin, glucose, GIP and GLP-1 were not significantly different. Mean
integrated post-prandial concentrations of glucose, insulin and GIP were higher (1504+476 mg/
dL/min, p<0.01; 2012+644 pU/mL/min, p<0.01 and 15517+4062 pg/ml/min, p<0.01, respectively)
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and GLP-1 was lower (-81.6+38.5 pmol/L/min, p<0.03) following the high-glycemic load
breakfast as compared to the low-glycemic load breakfast. Body fat did not significantly modify
the effect of glycemic load on metabolic outcomes.

Conclusions—High-glycemic load diets in weight-maintained healthy individuals leads to
higher post-prandial GIP and lower post-prandial GLP-1 concentrations. Future studies evaluating
dietary glycemic load manipulation of incretin effects would be helpful for establishing diabetes
nutrition guidelines.

Keywords

glucose-dependent insulinotropic polypeptide (GIP); glucagon-like peptide-1 (GLP-1); glucose;
insulin; glycemic index

INTRODUCTION

Reduction in risk for obesity and type 2 diabetes is a major public health goal that calls for
appropriate nutritional guidelines. Dietary glycemic index (GI) and glycemic load (GL)
characterize post-prandial blood glucose responses expected from a quantified carbohydrate
load or meal, respectively. Low-GL diets are associated with lower risk of type 2 diabetes
[1-4], have been shown to promote lower insulinemia and glycemia in healthy individuals
[5-8], and may promote weight loss [9]. Recently, pharmacological use of glucagon-like
peptide-1 (GLP-1) agonists to treat diabetes has afforded patients with moderate weight loss
and improved post-prandial glycemic control [10]. Dietary manipulation of the incretin
effect is potentially therapeutic, and the effect of GL on incretin function is unclear.

The incretin gut hormones, GLP-1 and glucose-dependent insulinotropic polypeptide (GIP)
are gut-derived insulinotropic hormones synthesized and released from intestinal L and K
cells in response to nutrient ingestion. Several investigators have proposed that
improvements in glycemia and insulinemia, attributable to low GL diets, are perhaps
mediated by changes in the incretin axis [11, 12]. To our knowledge, no human study has
evaluated immediate post-prandial incretin responses in the context of controlled, weight-
maintaining diets varying by glycemic load. The objectives of this study were to assess the
effect of high- and low-GL diets on both fasting and post-prandial concentrations of glucose,
insulin and incretins and to examine for effect modification by adiposity.

METHODS

Study Population

The study presented here was part of a larger parent study called the Carbohydrates and
Related Biomarkers (CARB) study, a single-center, crossover randomized controlled
feeding trial comparing the effects of high- versus low- GL diets on biomarkers of cancer
risk [13]. We recruited healthy adults from the local Seattle area and made exclusions for
personal dietary restrictions, physician-diagnosed conditions or medications that influence
metabolism, pregnancy or lactation (or consideration of), use of tobacco or excessive
alcohol (equal or greater than 2 bottles of beer, 2 glasses of wine or 3 ounces of hard liquor/
day) or fasting glucose greater than 100 mg/dL. Participants meeting these criteria were
included if they had a BMI between 18.5 and 25.0 kg/m? or between 28.0 and 39.9 kg/m? in
order to clearly dichotomize adiposity groups. We asked participants to discontinue use of
nutritional supplements prior to the study and to continue usual physical activity. The
Institutional Review Board and Clinic Trials Office of the Fred Hutchinson Cancer Research
Center (FHCRC) approved the study protocol. All participants gave written, informed
consent.
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Research Design

We enrolled 89 participants in the parent study between June 2006 and July 2009 and block
randomized participants by BMI and sex to order of experimental diets. Allocation
sequences were computer-generated. Using a cross-over design, we assigned participants to
consume both high- and low-GL diets, each for 28 consecutive days. Between dietary
intervention periods, there was a 28-day wash-out period (habitual diet). A subset of
participants (a convenience sample of 20 volunteers) consented to be in the ancillary post-
prandial study. Post-prandial testing was conducted on the last day of each experimental
dietary period. The study provided all food for both dietary periods. Study dietitians and
staff prepared meals and beverages in the Human Nutrition Laboratory (HNL) of the
FHCRC, where the study was undertaken. We instructed participants to consume only food
and beverages provided by the HNL during dietary intervention periods with the exception
of ad libitum tea and coffee (whitener and sweetener additives provided by study) permitted
at stable, continuous levels. During the week, participants ate dinner at the HNL under
supervision by study staff and brought to home all other meals. They returned unconsumed
food to the HNL (amounts weighed and recorded), and kept a written log of all food
consumed outside of the HNL.

Anthropometry

Study Diets

We measured baseline height, waist and hip circumferences and percentage body fat by
whole-body dual-energy X-ray absorptiometry (DXA) scanning, using a GE Lunar DPX
(GE Healthcare, Milwaukee, WI). Participants also completed baseline questionnaires for
collection of data on sex, race/ethnicity, health history, habitual diet and physical activity.
Study staff weighed participants three times per week during the 28-day intervention
periods.

We used three-day dietary records and estimates of daily energy needs [Mifflin equation
[14]] to predict each participant’s energy needs during feeding periods. We designed diets to
represent realistic high- and low-GL diets similar in energy and macronutrient composition
(15% energy from protein, 30% energy from fat and 55% energy from carbohydrate) but
differing by GL (GL 250 and 125 for high-GL and low-GL diets, respectively). We aimed
for the overall daily macronutrient distribution to be identical; the macronutrient of any two
meals differed slightly. Further detail regarding both diets has been previously published
[13]. Both diets differed in fiber content (fiber content 28 g/day and 55 g/day for high- and
low-GL diets, respectively) because higher fiber content is generally found in lower Gl
foods. In order to maintain a participant’s weight at baseline during each 28-day intervention
period, we made dietary energy adjustments in 200 kcal increments as necessary. We
designed both test breakfast meals for the post-prandial study to be similar in overall
macronutrient content and GL to the high- and low-GL 28-day diets. The high-GL test meal
included high-GL buckwheat pancakes, butter, pancake-syrup, a fruit-flavored drink and
milk. The low-GL test meal included low-GL and buckwheat groat pancakes, butter, agave
syrup, strawberries, tomato juice and milk. We asked participants to consume test meals
within 15 minutes.

Sample Collection and Analysis

We obtained blood from fasted participants (12-hour fast) at the end of each 28-day dietary
period. Among the 20 participants of the post-prandial study, we obtained blood for incretin
testing on 16 participants within 15 minutes of the start of the meal, at time points 15, 45,
60, 90, 120, 180 and 240 minutes after the meal. The first consecutive 4 of 20 post-prandial
study participants did not have incretin testing because the post-prandial study was
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underway when investigators initiated the protocol for incretin testing. We collected and
processed the blood according to a standard protocol; for specimens planned for the incretin
analysis, we added inhibitor of dipeptidyl peptidase 4 to collection tubes for both GIP and
GLP-1 according to the manufacturers’ recommendations. All samples were stored at -80°C
until analysis. The assay for serum glucose was performed enzymatically at the Northwest
Lipid Research Laboratories (University of Washington), using Roche reagents on a Roche
Module P Chemistry autoanalyzer (Roche Diagnostics Inc., Indianapolis, IN). The inter-
assay coefficient variation (CV) for high, medium and low glucose level samples were
1.2%, 1.7% and 1.4%, respectively. The assay for serum insulin was performed at the
Diabetes Endocrinology Research Center Immunoassay Core Laboratory (University of
Washington), and quantified by a two-site immuno-enzymometeric assay using a Tosoh
2000 auto-analyzer (Tosoh Biosciences Inc, South San Francisco, CA). The inter-assay CVs
for low, medium and high insulin level controls were 2.8%, 2.5% and 2.0%, respectively. If
insulin concentrations were below the detectable range of 2.0 pU/mL, the reported
concentration was imputed as 1.0 pU/mL, an intermediate between 0 and 2.0 pU/mL. Total
GIP [GIP (1-42) + GIP (3-42)] was measured at the Public Health Science Biomarker Lab
(FHCRC) using the Human GIP (Total) Elisa kit (Millipore EZHGIP-54K) according to the
manufacturer’s instructions. Samples were run in duplicate with a median duplicate CV of
1.2%. Two manufacturer quality control (QC) and pooled plasma samples were run together
with each batch of study samples. The inter-batch coefficients of variation (CV) were
5.25%, 5.85% and 6.42% for low QC, high QC and the pooled plasma, respectively. Total
GLP-1 was measured using a GLP-1 (7-36 and 9-36) enzyme-linked immunosorbent assay
kit (Alpco 43-GPTHU-E01) according to the manufacturer’s instructions with the addition
of a low concentration (0.6 pmol/L) standard. Samples were run in duplicate with a median
duplicate CV of 6.1%. The two manufacturer QCs run together with each batch of study
samples had inter batch CVs of 7.3% and 12.2% respectively. A pooled plasma sample was
also run in each batch, however the GLP-1 level was very low at 0.52 pmol/L, lower than
the lowest standard tested, with a inter batch CV of 21.9%. A very low GLP-1 level was not
representative of study samples.

Statistical Analysis

We used paired t tests for diet-component comparative analyses. We used linear mixed
models for primary outcome biomarker analyses. In the linear mixed model, diet treatment,
diet sequence and diet period were fixed effects and participant was a random effect. We
calculated least squared means and 95% confidence intervals for two-sided tests and
considered p values less than 0.05 to have statistical significance. We adjusted all models for
age, sex, baseline biomarker concentrations, diet sequence and feeding period. Data for
baseline biomarkers was log-transformed and we report back-transformed geometric means.
We calculated 240 min incremental area under the curve (iIAUC) by trapezoidal method [15]
for post-prandial data. Only values above baseline concentration counted toward the total
iIAUC. Homeostasis model assessment for insulin resistance (HOMA- IR) was calculated by
taking the product of fasting serum insulin and serum glucose in mg/dL and dividing this by
405 [16]. As an estimate of glucose-adjusted insulin response, we calculated the quotient of
post-prandial 240 min iAUC of insulin divided by that for glucose (iIAUC insulin/ iAUC
glucose) [17]. We performed a priori subgroup analyses within strata of body fat mass where
DXA-measured body fat was classified as high for males with >25% body fat and females
with =232% body fat [18]. We formally assessed for significance of an interaction between
diet and body fat in the linear mixed models. We used bivariate linear regression models of
log-transformed data for exploratory analyses of biomarker correlates. For the parent study,
a sample size of 88 participants was chosen, a priori, to allow detection of >30% change in a
biomarker concentration with 80% power. For the post-prandial study, we based our sample
size calculation on data from the literature and an estimated moderate intra-class correlation
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(p=0.2); we selected a sample size of 20 participants (two groups of 10 participants
randomized to one of two diet orders), which would allow us to detect, with 80% power, a
9% difference in glucose and 9.6% difference in insulin between low and higher glycemic
load test meals. We analyzed the data using SAS (version 9.1.2 SAS Institute, Cary, NC).

The trial ended as planned upon completion. Of the 89 participants in the parent study, 20
were enrolled for postprandial testing and the last consecutive 16 post-prandial study
participants had incretin concentrations measured. We restrict the data analysis here to these
16 participants, all of whom completed both diet intervention periods (Figure 1). The 16
participants ranged in age, ethnicity, and tended to be overweight-obese by gender-specific
criteria, as shown in Table 1. Based on daily food planned and recorded consumed on the
test diets, the high-GL diet had over twice the GL value as the low-GL diet. Mean daily
energy and macronutrient content on the two diets were similar except for higher mean
mean available carbohydrate content (difference of means 13 g) in the low-GL diet, as
shown in Table 2. Fiber content was higher in the low-GL diet as was fructose content
(mean 77 = 15 g/d in the low-GL diet and 25 + 4 g/d in the high GL diet). Consumption of
protein (g), available carbohydrate (g) and fiber (g) was higher for the low-GL test breakfast
meal. There was no detectable difference in insulin sensitivity (as estimated by HOMA-IR)
or fasting concentrations of GIP and GLP-1 following the high- and low-GL feeding
periods. Mean fasting concentrations of insulin, and glucose following the high- and low-GL
feeding periods were not significantly different in 16 participants (Table 3). These findings
were similar within body fat strata after adjustment for study design, age, gender and body
fat percent.

Mean concentrations of serum insulin, serum glucose, total plasma GLP-1 and GIP are
shown in Figure 2. The high-GL breakfast led to a statistically significant higher mean post-
prandial GIP iIAUC (p<0.01; higher iIAUC GIP was observed in 14 out of 16 participants)
and this finding was similar in both body fat strata. In contrast, the high-GL breakfast led to
a statically significant lower mean GLP-1 iAUC (p=0.03; lower iAUC GLP observed in 10
out of 16 participants), a result that did not reach statistical si gnificance in the lean
subgroup. IAUCs of glucose and insulin were higher following the high-GL breakfast (both
p<0.01). The ratio of the integrated insulin and glucose concentrations appeared higher after
the high-GL meal, but this result did not reach statistical significance. Interaction terms for
diet type and body fat category were non-significant in all fasting and post-prandial
biomarker analyses.

Because incretins function to augment meal-related insulin release, we evaluated for
correlations between insulin, glucose and incretin responses in exploratory analyses. While
there was a statistically significant correlation between insulin and glucose responses (r2
=0.25, p<0.01), there was no correlation observed between insulin or glucose-adjusted
insulin response (IAUC insulin/iAUC glucose) and either incretin response for data from
both meals. Findings for post-prandial insulin and glucose data from the parent study are
similar to these in this smaller sample (manuscript under review).

DISCUSSION

Our results show that following 28 days of a high-GL diet, a high-GL test meal led to
statistically significant higher post-prandial concentrations of glucose, insulin and GIP and
lower post-prandial concentrations of GLP-1 as compared to the low-GL test meal. Few
other studies have tested the effect of dietary Gl (or GL) on incretin responses. In one study
that performed acute post-prandial incretin testing, authors reported that GLP-1

Metabolism. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Runchey et al.

Page 6

concentrations did not differ significantly following high- or low-GlI test breakfast and lunch
meals in 8 healthy, sedentary women [19] though the graphical data suggests lower mean
GLP-1 responses to high-GL meals during the first 90 minutes. In another study [20]
comparing GLP-1 responses to low- and high-GI beverages in 6 overweight individuals,
authors observed no differences in GLP-1 responses at 20 minutes. Their findings may differ
from ours because they limited post-prandial testing to 20 minutes. Our data show
differences in mean GLP-1 and GIP responses following high- and low-GL test meals at 30
minutes and beyond.

Impaired incretin secretion has been observed in those with type 2 diabetes [21]. While
individuals previously diagnosed as diabetic were excluded from our study and fasting
glucose testing allowed for exclusion of individuals with impaired fasting glucose, an oral
glucose tolerance test would have allowed us to also identify those with impaired glucose
tolerance. Study findings of the effect of oral glucose on GLP-1 responses have been mixed:
In one study, individuals with impaired glucose tolerance were shown to have higher mean
GLP-1 responses to both oral glucose tolerance test and mixed meal testing compared to
those who were healthy or who had type 2 diabetes [21]; another study showed a lower
mean GLP-1 response to an oral glucose tolerance test in those with impaired glucose
tolerance [22]. It is possible that if individuals with impaired fasting glucose were included
in our study, these individuals might have had higher than normal GLP-1 responses to the
test meals, however this would not explain the difference observed in mean GLP-1
responses for low- and high-GL test meals since this study was conducted with a cross-over
design. Although some studies point to an impaired incretin effect in diabetic patients [23],
others do not [24]. Given our study in which no effect of adiposity was observed, one might
expect to find similar dietary GL-related incretin responses diabetic and healthy individuals
if gastric emptying rates were comparable between these groups [24].

We formulated low- and high-GL diets using real foods that are commonly consumed and
could be recommended as part of nutrition counseling. As a result, although energy and
macronutrient content were similar, dietary fiber differed substantially between the two diets
and the two test meals. There are mixed findings regarding the effect of dietary fiber on
GLP-1 and GIP responses in humans [25, 26]. One intervention study concluded that the
variable effect of fiber on incretin release is influenced by form and structure of the dietary
fiber [27]. In our study which tests effects of typical meals, it would be difficult to
distinguish fiber-related versus GL-related gut hormone effects. In addition to naturally
occurring higher fiber content, the low-GL diet had approximately 3 times higher fructose
content as compared to the high-GL diet; fructose has a lower GI compared to glucose [28].
Fructose content of these diets was estimated from fructose values reported in nutritional
databases which are subject to measurement error; many values must be imputed or are
missing for common foods.

Following test meals, iAUCs of glucose and insulin were higher following the high-GL
meal, as compared to the low-GL, as expected. Although it did not reach statistical
significance, the high-GL meal led to higher insulin responses even after adjustment for
higher post-prandial glucose exposure related to the high-GL meal. Higher insulin responses
were not clearly explained by higher GIP responses; t he correlation between iAUC insulin/
iAUC glucose and iAUC GIP was non-significant. This finding differs with that of another
study [11] in which 22 obese individuals were exposed to 12 weeks of exercise and either
high- or low-GlI diets. While there was no difference in weight lost or insulin sensitization
between treatments, authors found higher mean post-prandial iAUC insulin release
(estimated by C-peptide deconvolution) in those receiving the high-Gl diet, and observed
insulin release was correlated with post-oral glucose iIAUC GIP concentrations. In contrast,
a lack of correlation observed between insulin and incretin responses in our study may be
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related to the weight and exercise maintenance aspects of our study, the smaller sample of
obese participants and/or a different method for estimation of insulin response.

Detectable concentrations of incretins may not fully represent actual incretin function.
Previous findings from other studies support a disconnection between incretin function and
concentration [21, 29]. Unfortunately, measurement of meal-related insulinotropic effect of
incretins, or “the incretin effect,” measured as the difference between an insulinemic
response to a meal and the insulinemic response to an intravenous glucose infusion
mimicking the meal response [30], was beyond the scope of this study.

The observed effect of a low-GL meal, as compared to a high-GL meal, on post-prandial
concentrations of GIP and GLP-1 are similar to effects of alpha-glucosidase inhibitors on
incretin release in healthy and obese individuals [31, 32]. Alpha-glucosidase inhibitors
reduce post-prandial blood glucose and insulin excursions by slowing carbohydrate
absorption and increasing carbohydrate delivery to the ileum [33] and are used
therapeutically to treat diabetes. Alpha-glucosidase inhibitors augment GLP-1 and attenuate
GIP post-prandial release in healthy and obese individuals, similar to effects of a low-GL
meal. The mechanism for the alpha-glucosidase inhibitor effect on incretin concentrations m
ay be mediated vagally [32] and/or through altered nutrient delivery to the small intestine
[24]. A higher GLP-1 concentration in response to the low-GL test meal or alpha-
glucosidase inhibitors may be a causal factor in lowered post-prandial glucose and insulin
responses.

Strengths of our study are the crossover design with two 28-day controlled diet interventions
differing substantially in GL. Our study is unique in that we performed post-prandial
incretin testing in response to GL corresponding to background diets of similar GL,
individualized to be realistic, isocaloric and weight-maintaining. The post-prandial insulin
and glucose findings for this subset of participants are similar to those from the larger
sample in the parent study, lending strength to our current findings (manscript under
review). Our study has several limitations. An oral glucose tolerance test would have
allowed us to also identify those with impaired glucose tolerance. The small sample size
within smaller body fat subgroups limits our power to draw conclusions about the effects of
adiposity. Macronutrient and other dissimilarities between test meals (in part inherent to
low- and high-GL diets), may obscure effects attributable to GL on biomarker outcome
measures, including incretin concentrations. Future studies using standardized mixed meals
are needed to compare such data with those we obtained. Participants in this study met
specific enrollment criteria and sampling was not population-based, therefore results may
not be generalizable. Finally, because incretin concentrations may not directly reflect
functional incretin effects of a particular meal type, measurement and comparison of actual
“incretin effects” of GL would allow further inference.

In conclusion, our study shows that weight-maintaining diets differing in GL have minimal
effect on insulin sensitivity or fasting incretin concentrations. Our data strongly suggests that
a low-GL meal leads to lower post-prandial glycemic, insulinemic and GIP concentrations
and higher post-prandial GLP-1 concentrations. Further research is needed to understand if
the higher GLP-1 response r elated to the low-GL test meal could play a role in the
mechanism by which a low-GL diet prevents diabetes and obesity and controls blood sugar
[34]. The lower GLP-1 concentration in response to the high-GL diet may have clinical
relevance for patients on this diet and using anti-diabetic medications that work by
increasing GLP-1 concentrations. Future trials are needed to examine the interaction of
dietary effects and these medication effects.
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Our novel findings regarding effects of dietary GL on post-prandial incretin concentrations
may offer the possibility for therapeutic dietary intervention. Interventional studies
regarding manipulation of the incretin effect by GL would be helpful for establishing future
diabetes nutrition guidelines.
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Figure2.

Mean (£ SEM) concentrations of fasting and post-prandial plasma glucose, plasma insulin,
plasma glucose-dependent insulinotropic polypeptide (GIP) and plasma glucagon-like
peptide-1 (GLP-1) in 16 healthy lean and overweight-obese participants who were fasting
(time 0) and then consumed a high- (solid line with closed diamonds) and low-(dotted with
open squares) glycemic load meal. The p values are levels of statistical significance for
differences in LS means of iAUCs following high- and low-glycemic load meals. IAUCs are
significantly different for glucose, insulin, GLP-1 and GIP.
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TABLE 1

Characteristics of cross-over glycemic load diet study participants

n=16
Age range (y) 19-44
Male/Female (n) 9l7
BMI (n)
18.5 - 25 kg/m? 9
28 — 40 kg/m? 7
DXA body fat percentage (n)
Female body fat < 32% or 6
Male body fat < 25%
Female body fat = 32% or 10
Male body fat = 25%
Ethnicity, self-identified (n)
Hispanic 6
Caucasian 7
African American 2
Pacific Islander 1

DXA, dual-energy X-ray absorptiometry
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TABLE 2

Daily planned content of 28-day high- and low-glycemic load diets and consumption of high- and low-
glycemic load test breakfasts for participants of the cross-over glycemic load diet study

Mean daily planned® Test breakfast consumption
N =16 N =16

High-glycemicload Low-glycemicload High-glycemicload L ow-glycemicload

Energy (kcal)? 2621 £346.3 2554 +331% 549284 589+ 62"
Energy (kcal) 2630 + 326 2656 + 345 554 + 84 587+ 61%
Protein (g) 99+13 97 +12 15¢2 20+2*
Energy protein (%) 150 16+0% 11=+1 14+1%
Fat (g) 89+ 12 88+ 11 20£5 18+3
Energy fat (%) 31+1 32+0% 32+4 27+3%
Available carbohydrate (g) 340 £ 42 327+417 799 87+11%
Total carbohydrate (g) 370 £ 49 384 +50% 80+ 10 94 +117%
Energy available carbohydrate (%) 54+1% 53+0% 574 59+3
Dietary fiber (g) 29+4% 55+ 7% 2+1 7417
Glycemic load 267+37" 125+16" 63+8 24"

Mean £ SD; N=16.
aMean percent consumed of average daily planned content of high- and low-glycemic load diets was between 97 + 3 and 99% + 2;
Based on data reported in Nutrition Data System for Research (version 2005, Nutrition Coordinating Center, University of Minnesota);

CBased on calculation using 4 kcal/g protein, 9 kcal/g fat, 4 kcal/g available carbohydrate.

Star (*) indicates p values < 0.05 for paired t test of means, comparing high and low glycemic load.
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