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C-peptide secretions as AUC of plasma insulin and C-peptide during intravenous-glucose-
tolerance tests (IVGTT) and IS via hyperinsulinemic-euglycemic clamps. Data analysis employed
regression models and 2-way RM ANOVAs. Post-intervention % change in fiber intake was asso-
ciated positively with ISqamp (r = 0.30) and negatively with % change in total (r = —0.37) and
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Introduction

Type 2 diabetes (T2D) is a complex multi-factorial disease,
which develops with the accumulation of risk factors such
as genetics, aging, obesity, and unhealthy lifestyle. Current
knowledge on the progression to T2D favors a 2-step
model. In the 1st step, impaired glucose tolerance de-
velops with progressive rise in insulin resistance (IR)
driving higher insulin secretion and hyperinsulinemia [1].
In the 2nd step, T2D evolves with the progressive loss of -
cell function and eventual decline in insulin secretion [1].
Glucose-induced insulin secretion (GIIS) is mediated via 2
phases: the 1st phase involves a quick discharge of insulin
in response to glucose, while the 2nd phase produces a
substantial and prolonged GIIS [3,4]. Beta-cell exhaustion
and hyperinsulinemia is primarily driven by 2nd phase
GIIS being the bulk of total GIIS (~80%) [4].

Hypocaloric-diet-induced weight-loss of 5-10% is
frequently recommended to target obesity-related T2D
risk factors [5]. However, large inter-subject variability
exists in the metabolic response to a hypocaloric
diet-induced weight-loss that are independent of changes
in adiposity [6]. We reported that higher baseline plasma
number of apoB-lipoproteins, measured as apoB, predicts
the decrease in 2nd phase GIIS following 6-month
hypocaloric-diet in overweight and obese subjects inde-
pendent of weight-changes [6]. However, in addition to
baseline characteristics, inter-subject variability in the
response to hypocaloric diets may be related to changes in
dietary composition.

Multiple lines of evidence link higher intake of fiber
to lower risk for T2D. In a recent review of prospective
studies, higher intake of cereal fiber (range = 4—29 g/day)
was associated with 18—40% decrease in T2D risk over
4—18 years, while higher intake of mixtures of whole
grains and bran (range = 1.3 servings/day to >17.5
servings/week) was associated with 21—40% decrease in
T2D risk over 6—19 years [7]. In the Insulin Resistance
Atherosclerosis cross-sectional study, whole-grain intake
(14 + 6 g/day dietary fiber) was positively associated
with higher insulin sensitivity (IS) assessed using an
intravenous-glucose-tolerance test (IVGTT) in 978 middle-
aged adults [8]. Finally, in weight-maintenance interven-
tional-studies, higher fiber intake from food sources [9,10]
or supplementation [11—14]| increased peripheral IS
[9—14] and reduced GIIS evaluated from plasma insulin
during an IVGTT [10]. These studies suggest that fiber
intake may modulate insulin metabolism in response to
hypocaloric-diets in obese subjects; however, this remains
unexplored.

Thus, we tested the hypothesis that a higher fiber
intake predicts a greater increase in IS and decrease in
insulin secretion in response to a hypocaloric-diet inde-
pendent of changes in adiposity and energy-intake. This
was examined in a post-hoc analysis of a 6-month
hypocaloric-diet intervention in a cohort of non-diabetic
overweight and obese subjects, where insulin sensitivity
and secretion were examined using the gold-standard
Botnia clamp technique.

Methods
Study population and design

This is a post-hoc analysis of a 6-month hypocaloric-
dietary intervention, which tested the hypothesis that
plasma apoB predicts baseline and post-intervention
changes in T2D risk factors [6]. Subjects were included in
the study if they were men and post-menopausal women
between 45 and 74 years, non-smokers, sedentary (<2 h/
week), with body mass index (BMI) > 27 kg/m?, consumed
<2 alcoholic drinks/day, and free of chronic disease (e.g.
cardiovascular, diabetes) and medication affecting meta-
bolism [6]. Subjects were placed on a 4-week weight-
stabilization period that was verified weekly (£2 kg),
after which baseline measurements were conducted. They
were then placed on a 6-month hypocaloric diet followed
by another 4-week weight-stabilization period, after
which post-intervention measurements were conducted.
Subjects signed an informed consent form prior to study
initiation, which was approved by the IRCM Human Ethics
Board.

Dietary intervention

Subjects were counseled to follow a balanced diet based
on the Canadian Food Guide (45—65% carbohydrate,
20—35% fat, 15—35% protein) [ 15]. Daily energy needs were
calculated as basal metabolic rate, measured by indirect
calorimetry, multiplied by a sedentary activity factor of 1.4,
from which 500 kcal were subtracted [6]. To encourage
compliance, subjects had individual monthly meetings
with the dietitian for 1 h at baseline and during the 6-
month hypocaloric-diet intervention. During these 7 ses-
sions, subjects received oral and written nutritional
counseling covering food groups, energy-balance, fat, fiber,
protein, energy-density and strategies to control appetite.
The session covering dietary fiber explained their role in
promoting satiety and recommended an intake of >25 g/
day [15]. Subjects were instructed to maintain their
sedentary habitual activity level during the hypocaloric-
diet [6].

Dietary assessment

Three-day food records (two week-days, one weekend-
day) were collected at baseline and in the last week of the
intervention. Subjects were instructed by a dietitian on
how to complete the food records, which were verified by
the dietitian for missing details. Data analysis covered the
intake of total fat, saturated fat, trans fat, carbohydrate,
dietary fiber (soluble and insoluble), sugar, protein and
was conducted using the Food Processor Software (2016
V11.3.285, ESHA Research) using a Canadian Database or
food-item labels provided by the subjects [6]. Subjects
were separated into 2 groups with increased (N = 27)
versus decreased (N = 28) post-intervention changes in
fiber intake.
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Anthropometric and metabolic measurements

We measured body composition by dual-energy X-ray ab-
sorptiometry, plasma lipoprotein parameters and glucose
by automated analyzers (Cobas Integra 400 and YSI Incor-
porated) and serum insulin and C-peptide by radioimmu-
noassay kits (Millipore Corporation) [4,6,16,17].

Insulin sensitivity and secretion

We conducted Botnia clamps, which consists of a 1-hour
IVGTT (03 g glucose/kg) followed by a 3-hour
hyperinsulinemic-euglycemic (HIEG) clamp (75 mU/
min*m? primed-exogenous insulin infusion) [4,6,16,17].
Both plasma insulin and C-peptide were used to evaluate
insulin secretion. First phase, 2nd phase and total glucose-
induced insulin and C-peptide secretions were assessed as
the AUC of plasma insulin (GIIS) and C-peptide during the
first 10 min, following 50 min and total 60 min of the
IVGTT. Insulin sensitivity was assessed as glucose infusion
rate divided by plasma insulin (M/l¢amp) in the last 30-
minutes of the clamp [4,6,16,17].

Statistical analysis

Data are presented as mean =+ SD. Group differences at
baseline and post-intervention were analyzed by RM 2-
way ANOVA with interaction (group x time) and
adjustment for multiple comparisons using Bonferroni’s
methods. When the interaction was significant, intra- and
inter-group differences were measured by paired and in-
dependent student t-test, respectively. Pearson correlation
was used to examine the associations between variables.
Notably, a sample of 55 subjects can detect a correlation of
r = 0.32 with a power of 80% and a-value of 0.05. The
interaction of sex with % change in fiber intake or other
variables was tested in regression models using sex, %
change in fiber, and sex multiplied by % change in fiber as
independent variables to predict the dependent variables
[18]. Stepwise regression analysis was used to identify
predictors of the % changes in GlISyycrT, C-peptide secre-
tionygrr, and IS with adjustment for sex and % changes in
BMI and energy-intake, and using % changes in carbohy-
drate, protein, fiber, sugar, fat and saturated fat as inde-
pendent variables. Statistical analyses were performed
using SPSS V19 and GraphPad Prism V7. Significance was
set at p < 0.05.

Results

A total of 110 subjects were screened between 2010 and
2013, of whom 82 subjects (33 men, 49 women) met the
inclusion/exclusion criteria and were enrolled [6]. Fifty-
nine subjects completed the hypocaloric-diet. Complete
baseline and post-intervention dietary records were
available for 55 subjects (30 women, 25 men) and were
thus used for this analysis.

There were sex-differences in most baseline and post-
interventions parameters; however, both sexes had similar

decrease in total and central adiposity in response to the
hypocaloric diet (Table 1). First phase, 2nd phase and total
GlISyygrr, and C-peptide secretiony gt decreased in both
sexes; however men had a greater decrease in 2nd phase
GlISyyerr and increase in IS (M/lcjamp). There was a signif-
icant decrease in the intake of energy, total and saturated
fats and carbohydrates without sex-difference, while the
intake of protein, sugar or fiber was unchanged. Fiber
intake was >25 g/day for 10 women and 14 men before the
intervention and for 10 women and 12 men after the
intervention.

Predictors of post-intervention changes in GIIS;ycrr and
IS

Percent change in BMI was also not associated with
changes in GlISycrr (Fig. 1A,B) nor any measure of C-
peptide secretion (p > 0.05) but was negatively correlated
with % change in IS (Fig. 1C). Percent change in energy-
intake was not associated with any of these parameters.
Conversely, % change in fiber intake was correlated nega-
tively with % change in 2nd phase GIISycrr (Fig. 2B) and
total GlISycrr (r = —0.37, p = 0.005) and positively with
IS (Fig. 2C) with no sex-differences. It was not correlated
with 1st phase GlISyycrr (Fig. 2A) nor with C-peptide se-
cretions (1st phase, 2nd phase or total). No other nutrient
was correlated with these parameters, except for protein,
which correlated negatively with % change in GlISygrr
(2nd phase r = —0.28 and total r = —0.27, p < 0.05).

In regression analysis, % change in fiber intake pre-
dicted 24% of the inter-subject variability in % change in
2nd phase GlISy 1T after adjustment for sex and % change
in BMI and energy-intake (p = 0.04) (Table 2). All other
macronutrients (carbohydrates, protein, fat, saturated fat,
and sugar) were excluded. Conversely, similar adjustment
eliminated the association of % change in fiber intake with
that of IS (M/l¢amp) and total GlISyycrT, and did not reveal
additional association with change in 1st phase GIISycrT-

Differences between subjects with a post-intervention
increased versus decreased fiber intake

There was a large inter-subject variability in the changes in
fiber intake following the hypocaloric-diet (Supplemental
Fig. 1A,B). To further examine the association of fiber
intake with GIIS and IS while accounting for subject-
characteristics, we compared subjects with post-
intervention increased versus decreased fiber intake after
adjustment for sex (Table 3).

Subjects with increased intake (+6.50 + 5.38 g/day)
reached a post-intervention fiber intake of 28.7 & 9.0 g/
day while those who decreased intake (—5.66 + 3.86 g/d)
reached 20.0 + 6.8 g/day (p < 0.001). There were no
baseline group-differences in any parameter, including
plasma apoB. Both groups had similar decrease in total and
central adiposity, while those with increased fiber intake
had a greater decrease in peripheral adiposity (gynoid).
Both groups had no change in plasma lipoprotein param-
eters, except HDLC. The only group-difference that was



Table 1 Subject characteristics at baseline and after the 6-month hypocaloric diet intervention and percent changes after the intervention.

Parameters Women n = 30 Men n = 25 p-value
Baseline Post-intervention % change Baseline Post-intervention % change Interaction  Group effect Time
effect
Anthropometric and metabolic parameters
Age (years) 583 +£ 538 59.0 + 59 1.20 + 0.82 574 + 6.5 58.0 + 6.6 1.09 + 0.85 — — <0.001
Weight (kg) 80.8 + 12.1 76.7 £ 11.7 —5.01 +£4.79 100 + 19 95.2 + 20.5 —5.03 + 4.61 = <0.001 <0.001
BMI (kg/m?) 31.8 £38 30.2 +£3.8 —5.03 + 4.79 332 +54 315 £ 5.7 —4.98 + 4.55 = = <0.001
Total fat mass (kg) 364 + 84 33.0+ 84 —9.34 + 9.16 36.1 + 133 323 + 14.1 —11.3 + 10.9 = = <0.001
Android fat mass (kg) 3.37 £ 0.99 290 + 1.03 —144 + 133 430 + 1.61 3.68 + 1.67 —15.5 + 13.9 — 0.019 <0.001
Gynoid fat mass (kg) 6.19 + 1.37 5.52 + 1.41 —-11.1 + 10.0 475 + 1.81 427 +1.76 -104 £ 94 — 0.002 <0.001
Android/gynoid fat 0.55 £ 0.13*** 0.53 £ 0.12**** —3.99 + 7.30* 0.93 + 0.19 0.87 £ 0.17° —6.19 £7.66° 0.016 <0.001 <0.001
Waist circumference (cm) 102 £ 11 98.7 £ 11.7 —3.03 + 6.25 114 + 13 110 + 14 —4.00 + 4.67 = 0.001 <0.001
Hip circumference (cm) 112 + 8 108 + 10 —3.67 + 4.96 109 + 10 107 £ 11 —2.06 + 2.77 = = <0.001
Plasma total cholesterol (mM) 5.57 + 1.16 5.51 + 1.22 —0.65 + 9.68 490 + 0.99 467 + 1.01 —436 + 1391 — 0.012 —
Plasma HDL cholesterol (mM) 1.55 + 0.49 1.63 + 0.48 6.91 + 14.07 1.05 + 0.20 1.11 + 0.20 6.61 + 12.51 = <0.001 0.003
Plasma LDL cholesterol (mM) 3.30 + 0.99 3.26 + 1.03 —0.60 + 12.23 2.76 + 0.57 2.73 + 0.80 —-0.55+21.64 — 0.024 —
Plasma apoB (g/L) 0.91 + 0.29 0.94 + 0.31 3.52 + 15.81 0.96 + 0.22 0.97 + 0.28 1.15 £+ 18.53 — — —
Plasma triglycerides (mM) 1.59 + 1.01 1.38 + 0.90 —8.45 + 30.71 241 + 1.81 1.99 + 2.08 —-8.60 £ 50.10 — 0.048 —
Systolic blood pressure (mmHg) 120 + 18 120 + 17 0.73 +9.77 131 +13 129 + 14 —0.17 + 8.26 - 0.030 -
Diastolic blood pressure (mmHg) 75.8 £9.9 75.9 +£9.2 0.65 + 8.58 823 +82 80.7 + 8.7 —0.75 + 7.36 = 0.034 =
Botnia clamp parameters
Plasma glucose (mM) 5.08 + 0.45 490 + 047 —3.40 + 6.93 5.29 + 0.50 5.21 + 044 —0.96 + 8.44 — 0.022 0.025
Plasma insulin (uU/mL) 18.3 + 5.6 155 = 8.1f —14.6 + 30.3" 23.0 £ 122 158 £ 6.3 —23.0+30.1° 0.032 — <0.001
1st phase GlISygrr (uU/mL/10 min) 843 + 483 680 + 361 —12.7 +£ 29.7 1176 + 977 936 + 759 —8.06 +44.13 — — <0.001
2nd phase GlIS;ygrr (uU/mL/50 min) 2813 * 1583* 2387 * 1521* —11.3 £27.3*" 4355 + 3785 2991 * 3172° —28.1+28.1° 0.006 — <0.001
Total GIISycrr (uU/mL/60 min) 3656 + 1975* 3068 + 1810° —12.0+£26.6" 5532 + 4600 3927 t 3737° —-243+28.7° 0.015 - <0.001
1st phase C-peptide secretiongrr 47.0 + 20.5 36.9 + 20.8 -19.3 + 36.9 56.1 + 30.9 452 + 214 —7.95+ 4840 — — <0.001
(ng/mL/10 min)
2nd phase C-peptide secretiongrr 267 + 102 211 + 91 —20.1 + 27.6 294 + 136 23 + 88 —399 + 7323 — — <0.001
(ng/mL/50 min)
Total C-peptide secretionygrr 314 + 118 248 + 109 —20.6 + 27.6 350 + 164 283 + 102 —-4.73 £ 68.07 — — <0.001
(ng/ml/60 min)
M/Iciamp (mg/kg/min)/(uU/mL) 0.052 + 0.029  0.052 + 0.022 5.77 + 31.40***  0.041 + 0.020 0.062 * 0.028° 63.9 + 56.4° <0.001 = 0.001
Dietary parameters
Energy-intake (kcal) 1798 + 522 1568 + 436 —10.2 + 21.7 2527 + 497 2191 + 638 —12.2 + 24.0 = <0.001 <0.001
Fat intake (g) 70.4 + 25.6 52.7 +21.5 —22.9 + 225 97.2 +£ 279 79.1 +40.3 —16.3 £+ 39.1 = <0.001 <0.001
Saturated fat intake (g) 224 +99 16.4 + 8.0 —23.3 +28.2 31.0 £ 10.1 23.9 + 13.0 —20.0 £+ 385 — 0.001 <0.001
Carbohydrate intake (g) 214 + 75 192 + 48 —4.73 £+ 25.53 285 + 63 260 + 75 —7.38 £26.57 — <0.001 0.012
Fiber intake (g) 224 £ 6.0 213+ 76 —0.75 £ 3598 259 + 86 27.8 £ 9.5 12.1 £+ 34,5 = 0.01 =
min—max (g) 9.0-34.0 5.7-37.6 —68.9—-73.9 11.7-49.1 17.0-57.5 —25.8—-105.5
Sugar intake (g) 85.6 +44.3 67.7 + 27.6 —7.08 + 48.87 88.5 +34.3 88.6 + 34.1 10.5 + 50.1 = = =
Protein intake (g) 773 + 20.8 764 +21.4 1.65 + 24.45 108.1 + 31.1 103 + 30 -0.37 £29.61 — <0.001 —

Data presented as averages + SD. Data analyzed by RM 2-way ANOVA with group x time interaction with adjustment for multiple comparison. When interaction was significant, *p < 0.05, **p < 0.01,
***p < 0.001 for differences from men, and fp < 0.05, *p < 0.01, ¥p < 0.001 for differences from baseline. Data in bold represents statistically significant analysis. GIR: glucose infusion rate; HDL: high
density lipoprotein; IVGTT: intravenous-glucose tolerance test; LDL: low density lipoprotein.
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Table 2 Stepwise regression analysis to predict percent changes in GlISygrr and IS after the 6-month hypocaloric diet by percent changes in

macronutrients in N = 55 subjects (N = 30 women and N = 25 men).

Dependent variable Steps Independent variables Constant Coefficients R? P-value
% Change in 1st phase GIIS\ycrr -7.70
Sex —4.07 0.688
% Change BMI 0.72 0.525
% Change energy-intake —0.26 0.03 0.261
% Change in 2nd phase GlISyygrr —23.53 0.001
Sex 13.04 0.082
% Change BMI 0.27 0.783
% Change energy-intake -0.03 0.17 0.896
1 % Change in fiber intake -0.30 0.24 0.040
% Change in M/l¢jamp 43.13 <0.001
Sex —57.62 <0.001
% Change BMI —4.05 0.003
% Change energy-intake —0.004 0.43 0.987

Independent variables entered in stepwise forward regression analyses to predict % changes in 1st phase and 2nd phase GlIS,ycrr and % changes
in M/Iciamp Were % changes in carbohydrate, protein, fiber, sugar, total fat and saturated fat. Regression analysis adjusted for sex and % changes in

BMI and energy-intake.

observed in dietary intake was a greater decrease in en-
ergy and carbohydrate intake in subjects with decreased
fiber intake.

There were no group-differences in the post-intervention
decrease in fasting plasma insulin and glucose, 1st phase
GIISyycrr and 1st phase, 2nd phase and total C-peptide
secretionyycrr, nor increase in IS (M/l¢amp). However, sub-
jects with increased fiber intake had a greater decrease in
2nd phase and total GlISyygrt. Adjustment for % change in
gynoid fat did not eliminate group-differences in % change in
2nd phase (p = 0.008) or total (p = 0.031) GIISyygrT- Simi-
larly, adjustment for % change in BMI did not eliminate
group-difference in % change in 2nd phase (p = 0.009) or
total GIISyycrr (p = 0.013), while adjustment for % change in
energy-intake eliminated group-differences in total
(p = 0.052) but not 2nd phase GlIS;ycrr (p = 0.013).

Discussion

In this post-hoc analysis of a 6-month hypocaloric-dietary
intervention in 55 non-diabetic overweight and obese
subjects we report that post-intervention increase in fiber
intake is the only macronutrient that predicted reduced
2nd phase glucose-induced hyperinsulinemia (GIISycrT)
independent of sex and changes in BMI and energy-intake.
Confirming this, subjects who increased fiber intake had a
greater decrease in 2nd GlIS;y¢tT, independent of sex and %
changes in BMI, gynoid fat or energy-intake. There was no
association of fiber intake with glucose-induced C-peptide
secretion and its associated with IS was dependent on sex
and changes in BMI and energy-intake.

Primarily, it is important to underscore that the objec-
tive of this hypocaloric-diet was to decrease body weight
rather than to increase fiber intake, and 44% of subjects
were already within the target fiber intake (>25 g/day) at
baseline. There was also no distinction between soluble or
insoluble fiber nor their food sources. Nevertheless, the
use of the Botnia clamp for measurement of both glucose-

induced insulin and C-peptide secretions, independently
of IS, and the profound characterization of the population
allowed us to isolate a novel independent association of
increased fiber intake with decreased 2nd phase hyper-
insulinemia. Thus, this work represents a hypothesis-
generating study to be tested in the future.

Our data suggest that the increase in fiber intake is
strongly associated with reduced 2nd phase GlIScrT,
though not C-peptide secretion, following the hypocaloric
diet. Two points need to be highlighted here. C-peptide is
secreted with insulin and is a better index of insulin
secretion given its longer half-life (20—30 min versus
3—5 min) [19]. As the change in fiber intake was not
correlated with that of C-peptide, this suggests a role for
higher fiber intake in faster plasma clearance of insulin
rather than in reduced insulin secretion per se. Defects in
insulin metabolism are however interrelated, and IR is
associated with both higher insulin secretion [4] and lower
insulin clearance [2]. Studies in dogs suggest that
decreased insulin clearance is a compensatory mechanism
to preserve B-cell function while maintaining hyper-
insulinemia in states of obesity-induced IR [20]. In the
Insulin Resistance Atherosclerosis Study, lower insulin
clearance was associated with a higher risk of T2D over 5
years after adjusting for multiple confounders including
adiposity and insulin secretion [2]. Taken together, this
suggest that increased insulin clearance related to high-
fiber hypocaloric diets may further reduce T2D risk;
however, this remains to be investigated in future studies
designed for this objective. The second point to be high-
lighted is that the 1st phase GIIS is intact in subjects with
normoglycemia [1] and GIIS and hyperinsulinemia are
primarily driven by the 2nd phase (Table 1). This may
explain why the association between changes in anthro-
pometric and parametric variables were with changes in
2nd rather than 1st phase GlISycrr in this non-diabetic
population.

While the role of fiber intake in modulating insulin
metabolism during hypocaloric-diets is not reported,
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multiple isocaloric-dietary interventions reported an
amelioration in insulin metabolism particularly related
to IS. Compared to 6-weeks on a refined grain diet
(~17.8 g/day), consuming a whole-grain diet (~28 g/
day of soluble and insoluble fiber) reduced fasting
plasma insulin and increased IS measured by HIEG
clamp in hyperinsulinemic overweight and obese sub-
jects [9]. Prebiotic supplementation or fibers that stim-
ulate growth and/or activity of beneficial gut microbiota,
were also reported to reduce postprandial glucose and
insulin  [21]. Additionally, supplementation with
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Figure 2 Pearson correlation of % change in fiber intake following the
hypocaloricdiet with that of 1st phase GlISycrr (A), 2nd phase GIISygrr
(B) and IS (C) (n = 30 women, 25 men). GIIS: glucose-induced insulin
secretion; IS: insulin sensitivity; IVGTT: intravenous-glucose-tolerance
test; M/lcamp: clamp glucose-infusion rate divided by steady-state
plasma insulin.

30—60 g/day of resistant starch (an insoluble fiber)
increased IS and reduced postprandial insulinemia
measured concomitantly during a meal tolerance test
[11,12]. It also increased IS measured by HIEG clamp
[12,13], similarly to insoluble oat fiber supplementation
(31.2 g/day) given for 3 days in overweight or obese
women [14]. Parallel association was observed between
higher fiber intake with increased IS in our study;
however, this relation was eliminated once adjusted for



Table 3 Group differences in sex-matched subjects with percent decreased versus increased fiber intake following the 6-month hypocaloricdiet.

Increased fiber intake Decreased fiber intake p-values
(N = 13 women, N = 14 men)® (N = 17 women, N = 11 men)®
Baseline Post-intervention % Change Baseline Post-intervention % Change Interaction Group effect Time effect
Fiber intake (g) 222 +73 28.7 £ 9.0***¢ 33.3 £ 27.6***¢ 256 + 7.4 20.0 + 6.8° —22.2 £15.0° <0.001 = =
Min-max 9.0—40.2 15.6—57.5 3.1-105.4 16.3—49.1 5.7-39.0 —68.9—-0.6
Anthropometric and metabolic parameters
Weight (kg) 88.3 + 184 829 + 183 —6.13 £ 5.48 90.7 + 18.8 87.3 +£19.0 —3.94 + 3.49 = = <0.001
BMI (kg/m?) 319 £ 4.0 30.0 £ 4.2 —6.09 + 5.46 329 +£52 316 £53 —3.96 + 347 = = <0.001
Total fat mass (kg) 34.8 + 109 305+ 119 —129 + 11.1 37.6 + 10.6 348 + 104 —7.65 + 8.01 = = <0.001
Android fat mass (kg) 3.67 + 1.38 299 + 141 —19.1 + 14.0 391 + 1.39 3.51 + 1.37 —10.8 + 11.8 = = <0.001
Gynoid fat mass (kg) 5.24 + 1.78 448 t 1.58* —14.1 £ 10.4*¢ 5.81 + 1.67 5.39 + 1.69° —17.55 + 7.75° 0.028 = <0.001
Android/gynoid fat 0.74 + 0.26 0.69 + 0.24 —6.25 + 7.83 0.70 +£ 0.23 0.67 + 0.22 —3.77 £ 7.05 = = <0.001
Waist circumference (cm) 106 + 14 101 + 15 —4.84 + 6.07 109 + 13 106 + 13 —2.16 + 4.77 = = <0.001
Hip circumference (cm) 109 + 10 106 + 10 —2.95 + 3.56 113+ 8 109 + 10 —2.96 + 4.75 = = <0.001
Plasma total cholesterol (mM) 5.36 £ 1.22 510 £ 1.14 —4.08 + 12.33 5.18 £ 1.05 5.16 + 1.26 —0.66 +11.28 — - -
Plasma HDL cholesterol (mM) 1.27 + 0.38 1.36 + 0.38 8.51 + 14.57 1.37 + 0.53 1.42 + 0.53 5.09 + 11.89 — — 0.002
Plasma LDL cholesterol (mM) 3.05 + 0.95 3.02 + 1.02 0.50 + 19.48 3.06 + 0.79 3.01 + 0.92 —1.61 + 1447 — — —
Plasma apoB (g/L) 097 + 0.24 0.98 + 0.28 1.81 + 19.06 0.90 + 0.27 0.94 + 0.31 3.05 + 15.04 — — —
Plasma triglycerides (mM) 2.28 + 1.84 1.72 £ 2.03 —16.4 + 443 1.66 + 0.95 1.61 + 0.96 —-0.97 +£35.15 — = =
Systolic blood pressure (mmHg) 128 + 16 126 + 15 —-1.12 + 8.99 122 + 18 122 + 18 -1.82 +9.12 - - -
Diastolic blood pressure (mmHg) 80.1 + 8.3 78.7 + 8.6 -1.36 + 7.03 77.4 +10.8 772 £9.8 1.48 + 8.85 - - -
Botnia clamp parameters
Plasma glucose (mM) 5.15 + 0.40 5.05 + 0.43 —1.79 + 7.65 5.19 + 0.55 5.03 + 0.53 —2.77 + 7.82 — — 0.021
Plasma insulin (uU/mL) 213 +94 149 + 5.7 —23.0 +30.5 19.6 + 9.5 164 + 8.6 —14.0 + 29.9 = = <0.001
1st phase GlISygrr (uU/mL/10 min) 1083 £ 727 823 + 543 —14.9 + 38.7 909 + 794 771 £+ 632 —6.45 £ 3479 — = <0.001
2nd phase GlISyycrr (WU/mL/50 min) 3765 + 2134 2342 + 1197° —29.8 £29.8**% 3272 + 3481 2970 + 3167' —8.51 +23.62 0.001 = <0.001
Total GlISycrr (uU/mL/60 min) 4849 + 2686 3165 * 1479° —26.3 £314* 4181 + 4196 3740 % 3746* —9.24 £21.79" 0.004 - <0.001
1st phase C-peptide secretiongrr 53.5 + 26.1 447 + 222 —9.32 + 46.85 48.8 + 25.9 36.8 4+ 20.0 —18.8 + 38.1 - - <0.001
(ng/ml/10 min)
2nd phase C-peptide secretionyygrr 290 & 118 226 + 87 —-9.53 + 70.20 270 + 119 220 + 94 —15.9 + 30.8 — — <0.001
(ng/ml/50 min)
Total C-peptide secretionygrr 343 + 141 270 + 103 —9.67 + 65.28 318 + 141 257 + 111 —16.9 £+ 30.5 = = <0.001
(ng/ml/60 min)
M/Iciamp (mg/kg/min)/(uU/mL) 0.046 + 0.028 0.061 + 0.024 48.7 + 57.7 0.048 + 0.024 0.052 + 0.026 16.9 + 43.6 = = 0.001
Dietary parameters
Energy-intake (kcal) 2089 + 670 1955 + 646 —3.12 £ 24.67** 2168 + 588 1750 * 583° —18.8 £ 17.5° 0.034 = <0.001
Fat intake (g) 81.1 +£32.8 68.0 + 38.5 —13.2 + 369 84.0 + 26.7 61.6 + 29.0 —26.3 + 22.8 = = <0.001
Saturated fat intake (g) 250 £ 111 20.8 + 13.1 —12.9 + 38.2 27.6 + 10.6 18.8 + 8.9 —30.4 £+ 248 = = <0.001
Carbohydrate intake (g) 242 + 73 238 + 69 2.35 * 26.73* 250 + 83 208 * 69* —13.9 £ 22.5¢ 0.030 = 0.011
Sugar intake (g) 83.9 £+ 35.0 83.6 + 35.3 12.4 £ 538 89.8 + 444 71.0 £ 28.0 —10.2 £ 43.7 — — —
Protein intake (g) 91.1 £+ 34.7 93.3 £ 30.8 9.17 £ 29.28 91.5 + 254 83.4 £ 25.7 —7.40 £2140 — - =

2 The study population (N = 55) was divided into 2 groups of subjects who decreased versus who increased fiber intake following the 6-month hypocaloric-dietary intervention. Data is presented
as average + SD (before adjustment for sex). Data was analyzed by RM 2-way ANOVA with group x time interaction with adjustment for multiple comparison and for sex. *p < 0.05, **p < 0.01,

Hokok

glucose infusion rate; HDL: high density lipoprotein; IVGTT: intravenous-glucose tolerance test; LDL: low density lipoprotein.

p < 0.001 for differences from group with decreased fiber intake, and 'p < 0.05, *p < 0.01, ¥p < 0.001 for differences from baseline. Data in bold represents statistically significant analysis. GIR:
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sex, adiposity and energy-intake. To our knowledge,
only one study evaluated the relation of fiber intake to
GIIS, and it used plasma insulin during the IVGTT. It
reported that 3-week on low glycemic index/high fiber
bread diet (14 g fiber/100 g) reduced GIIS;ygttr compared
to a high glycemic index/low fiber bread (~6 g fiber/
100 g), but did not affect clamp IS in women with
impaired glucose tolerance [10]. Whether, as in our
study, higher fiber intake was related to higher insulin
clearance rather than secretion cannot be however
determined as C-peptide was not measured [10].

Fiber intake may modulate insulin metabolism via
several mechanisms. Fiber-rich diets are known to
modulate gut microbiota, increase bacterial diversity, and
promote growth of certain bacteria that produce short-
chain fatty acids (SCFA) [22]. The increase in SCFA-
producing strains is associated with improved glycated
hemoglobin in diabetic patients randomized to a
high-fiber diet [23]. Gut microbiota may also regulate
incretin secretion and chronic inflammation ameliorating
glucose homeostasis [21]. Additionally, certain types
of fiber, such as psyllium and B-glucan, reduce plasma
apoB-lipoproteins [24]. ApoB-lipoproteins promote the
dysfunction of pancreatic B-cells [25] and white adipose
tissue [17,26]. Their plasma concentrations (i.e. plasma
apoB) predicts the incidence of [27,28] and risk factors for
[4,17,29] T2D in humans. Moreover, we reported in the
first analysis of this study that higher baseline plasma
apoB predicted a greater amelioration in 2nd phase GII-
Swverr and adipose tissue function following weight-loss
independent of changes in adiposity [6]. However, it is
unlikely that the relation of fiber intake to reduced 2nd
phase hyperinsulinemia is dependent on plasma apoB as
there was no group-differences in subjects who decreased
versus increased fiber intake (Table 3). Fiber-rich diets
also promote weight-loss, by delaying gastric emptying
increasing satiety and reducing nutrients absorption [30].
Intriguingly, increased protein intake, which also in-
creases satiety, was related to reduced 2nd phase GII-
Swerr in this study. Unlike fiber-intake, this relation was
eliminated with the adjustment for sex and changes in
BMI and energy-intake. This suggests that the mecha-
nisms relating fiber intake to faster insulin clearance is
not mediated via effects on satiety and weight-loss alone;
however, future studies are needed to explore such
mechanisms.

In conclusion, increased fiber intake during a
hypocaloric-diet is associated with decreased 2nd phase
hyperinsulinemia, likely via faster insulin clearance,
independently of sex and changes in adiposity and
energy-intake. We propose that promoting fiber intake
during hypocaloric-diets may reduce the inter-subject
variability in the metabolic response to these inter-
ventions and increase their effectiveness in preventing
T2D.
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