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Abstract The aim of this study was to evaluate the effect of
the colonic fermentation of unavailable carbohydrates from
unripe banana (mass - UBM - and starch - UBS) over param-
eters related to glucose and insulin response in rats. Wistar
male rats were fed either a control diet, a UBM diet (5 %
resistant starch - RS) or a UBS diet (10 % RS) for 28 days.
In vivo (oral glucose tolerance test) and in vitro (cecum fecal
fermentation, pancreatic islet insulin secretion) analyses were
performed. The consumption of UBM and UBS diets by
Wistar rats for 28 days improved insulin/glucose ratio. Also,
pancreatic islets isolated from the test groups presented signif-
icant lower insulin secretion compared to the control group,
when the same in vitro glucose stimulation was done. Total
short chain fatty acids produced were higher in both experi-
mental groups in relation to the control group. These findings
suggest that UBM and UBS diets promote colonic fermenta-
tion and can influence glycemic control, improving insulin
sensitivity in rats.

Electronic supplementary material The online version of this article
(doi:10.1007/s11130-015-0493-6) contains supplementary material,
which is available to authorized users.

P4 Elizabete Wenzel Menezes
wenzelde@usp.br

Department of Food and Experimental Nutrition, Faculty of
Pharmaceutical Sciences, University of Sdo Paulo (USP), Sao
Paulo, SP, Brazil

2 Food and Nutrition Research Center (NAPAN) - USP, Food Research
Center (FORC/CEPID/FAPESP), Sio Paulo, SP, Brazil

Centro de Desarrollo de Productos Bioticos del IPN,
Yautepec, Morelos, México

Department of Physiology and Biophysics, Institute of Biomedical
Sciences, University of Sdo Paulo, Sdo Paulo, SP, Brazil

Keywords Colonic fermentation - Glucose tolerance -
Insulin - Unripe banana

Abbreviations

AUC  Area under the curve
DF Dietary fiber

GC Gas chromatography
GTT  Glucose tolerance test
RS Resistant starch

SCFA  Short chain fatty acids
UBM  Unripe banana mass
UBS  Unripe banana starch
Introduction

Unavailable carbohydrates provide moderate blood glucose
and insulin responses after the intake of carbohydrate-rich
meals, allowing the glucose to enter the blood stream in low
rate and extent [1]. These meals have also shown efficacy on
the control of satiety, insulin resistance, blood levels of glu-
cose, insulin and lipids [2].

Clinical, laboratorial and observational studies have al-
ready proposed that the post-prandial blood glucose should
be minimized even in cases of normal levels of fasting glucose
concentration [3, 4]. The association between the risk of car-
diovascular diseases and hyperglycemia is stronger in relation
to the post-prandial blood glucose of 1-2 h than to the fasting
glucose levels, both in subjects glucose-tolerant or intolerant
[5]. Diets that rapidly increase blood glucose levels not only
lead to glycemic and insulin fluctuation but also stimulate the
production of several contra-regulatory hormones such as nor-
epinephrine, which causes an impact over insulin sensitivity
that depends on time and on the stage of autonomic imbalance
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[6]. In this context, both quantity and quality of carbohydrates
in the diet have been studied, aiming the preservation of beta
cells function [7].

The cumulative effect of diets that are source of unavailable
carbohydrates may produce low blood glucose response, de-
creased insulin secretion on the acute post-prandial phase, as
well as stimulate the production of short chain fatty acids
(SCFA) in the colon. The SCFA produced by the colonic
fermentation of unavailable carbohydrates are related to sys-
temic effects on the glucose and lipids metabolisms [8].

Dose-response studies, carried in humans, showed that resis-
tant starch (RS), which is an unavailable carbohydrate, may reduce
glucose and/or insulin levels [9]. A study developed by Robertson
et al. [10] observed that the consumption of RS for 4 weeks
caused a decrease in insulin levels and it suggests that these effects
may be related to changes in the SCFA peripheral metabolism. In
an in vitro model, the SCFA activated the FFAR2 (free fat acid
receptor 2), which promote the release of GLP1 (glucagon
like-peptide 1), a hormone involved in insulin metabolism [11].

Unripe banana is source of unavailable carbohydrates, es-
pecially resistant starch. In a previous study, the unripe banana
presented high in vitro fermentability (expressed by total
SCFA) and low glycemic response in humans [12].

The aim of the present work was to evaluate the effect of
the colonic fermentation of unavailable carbohydrates from
unripe banana (mass and isolated starch) over parameters re-
lated to glucose and insulin response in rats.

Material and Methods
Sources of Unavailable Carbohydrates

The unripe banana mass (UBM) and the unripe banana starch
(UBS) were the sources of unavailable carbohydrates for the
rat diets. UBM and UBS were produced according to the
method described by Menezes et al. [12].

Diets

Four rat diets were used along the experiment. The adaptation
diet was a commercial standard diet (Nuvital®) for rats. The
control diet was formulated according to the AIN-93G recom-
mendations [13] and the two test diets were made based on the
same recommendations, but with a different profile of unavail-
able carbohydrates. Total carbohydrate (~64 g/100 g) and en-
ergy (~1557 kJ/100 g) were similar for all experimental diets,
including the energy provided by dietary fiber, according to
FAO recommendations [14]. The RS contents were: 5.5 g/
100 g for UBM diet, 10.6 g/100 g for UBS diet and 1.9 g/
100 g for Control diet (Table S1, Supplementary material).
The RS was supplemented to the test diets at the expense of
common corn starch.
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Carbohydrate Analysis of the Diets

The resistant starch and total starch analysis were done based
on the method described by McCleary et al. [15]. Glucose was
quantified on the supernatants with GOD/POD/ABTS mix-
ture. Dietary fiber was quantified according to Lee ef al.
[16], with modifications proposed by McCleary and Rossiter
[17], in order not to consider the RS content.

In Vitro Fermentation Diet

In vitro fermentation of the indigestible fraction of unripe
banana mass (UBM), unripe banana starch (UBS) and control
diets was performed as previously described by Menezes et al.
[12] (Table S1, Supplementary material).

Experimental Design

The experimental procedure was approved by the Committee
of Ethics in Animal Research and Experimentation of the
Faculty of Pharmaceutical Sciences of the University of Sao
Paulo (Protocol n. 54, CEEA — FCF — USP, Brazil).

The experiment was performed with male Wistar rats (n=
48) weighing approximately 100 g each at the start of the
experiment. Rats were individually housed in wire cages in a
controlled ventilation and temperature room, and with the
dark period from 7 pm to 7 am. During 1 week, all rats re-
ceived the adaptation diet (adaptation period). At the end of
this period, rats were divided into three groups of 16 rats each,
all of the groups having the same body weight mean. One
group received the control diet while the other two groups
were given the test diets containing either 5 % RS (UBM diet)
or 10 % RS (UBS diet). All rats were fed the experimental
diets for 28 days and were named “Control group”, “UBM
group” or “UBS group”, according to the diet. Diet and tap
water were offered ad /ibitum to the animals. Diet intake was
measured daily and body weight was measured each 2 or
3 days. Stool was collected daily on the first 4 days of every
week, in pools from each group, for moisture and dry weight
evaluation along the experiment. At the end of the experimen-
tal period, rats were sacrificed in order to collect blood, cecum
and pancreas for analysis.

Analytical procedures with cecum samples

For the evaluation of the in vivo fermentation, at the end of
each assay, 8 rats of each group were anaesthetized with 2:1
cetamine (Vetaset®) and xilazine (Coopazine®) (75 pL/100 g
rat) and then had their cecum isolated and removed. Each
whole cecum (content and cecum wall) was weighed and its
content had the pH immediately measured with an UP-10
pHmeter (Denver Instrument, USA). Triplicates of 500 mg
of each sample of cecum content were individually mixed
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with 400 puL of 0.1 % HgCl, and 105 puL of 5 % H3PO,,
immediately frozen in liquid nitrogen and stored at —20 °C
for further SCFA analyses. Another 500 mg of cecum content
was collected, frozen and stored at the same conditions for
moisture determination. The stored cecum contents were pu-
rified for SCFA analyses as follows: samples were homoge-
nized at ambient temperature on a Vortex mixer for 5 min and
transferred to 25 mL centrifuge tubes with 6 mL of deionized
water. The tubes were capped and centrifuged (7600 x g, 4 °C,
50 min), the supernatants were removed with a needle adapted
to a 5 mL syringe and then filtered on a membrane of 0.8 pm
pore diameter (Minisarts, Sartorius, Germany).

SCFA Analyses by Gas Chromatography (GC)

The SCFA analyses by GC were performed based on the
method described by Schéfer [18]. Samples of 0.5 mL of
purified cecum solution, containing SCFA, were mixed with
0.4 mL internal standard (2-metil-valeric acid) and 0.1 mL
HCIO4. The mixtures were centrifuged (4 °C, 7600 x g,
15 min) and supernatants were transferred to GC vials. The
analyses were performed as previously described by Menezes
et al. [12]. The analyzed SCFA were expressed as molarity/g
of caecum content.

Glucose Tolerance Test (GTT)

The GTT was done according to the method proposed by
Machado et al. [19], with modifications. All animals (8/group)
had a 3 to 5-hour food restriction before the procedure, and
then they were anesthetized intraperitoneally with chloral hy-
drate (400 mg/kg body weight).

A cannula was surgically fitted with a catheter in a
jugular vein of each rat for both glucose administration
and blood collection. The first blood sample was taken at
0 min, which was right before glucose solution (0.75 g/kg
body weight) administration, to evaluate basal values of
plasma glucose and insulin. Then, samples were routinely
taken at 5, 10, 15, 20, 30 and 60 min after glucose ad-
ministration. Blood samples (0.4 mL) were collected into
microcentrifuge tubes containing sodic heparin (10
U/mL), centrifuged at 1500 x g for 15 min at 4 °C. Plas-
ma was then stored at —20 °C until analyses of glucose
and insulin. Glucose concentrations were determined by
the glucose oxidase colorimetric method (kit Labtest
Diagnostica SA, Lagoa Santa, MG, BRA) and plasma
insulin was analyzed by radioimmunoassay (Rat Insulin
RIA Kit, Linco Research Inc., St Charles, MO, USA).
Blood glucose and insulin levels were plotted versus time
and the incremental area under the curves (AUC) (consid-
ering fasting line) was calculated.

Evaluation of the Insulin Secretion in Isolated Pancreatic
Islets

Pancreatic islets were isolated at the Laboratory of Physiology
of Insulin Secretion of the Institute of Biomedical Sciences of
the University of Sao Paulo (ICB/USP), according to the
method described by Ximenes et al. [20]. The aim of the
procedure was to evaluate the insulin secretion in islets isolat-
ed from rats treated 28 days with the experimental diets.

At the end of the experimental treatment, 3 rats/group were
sacrificed by decapitation and had their Langerhans islets iso-
lated from the pancreas by perfusion and incubation. After
decapitation, 15-20 mL of physiologic solution was injected
in the pancreas, which was then removed. Each pancreas was
homogenized and incubated with enzymes at 37 °C for 25 min
to be digested. After incubation, the islets were isolated under
electronic microscopy (about 10 islets/rat). Glucose solutions
of different concentrations (5.6 and 16.7 mM) were injected in
the islets medium, one after the other, and the insulin response
production was determined by radioimmunoassay.

Statistical Analyses

The results were expressed as mean+standard error (SEM) or
+standard deviation (SD). The D’ Agostino-Peason normality
test was done. Statistical analysis was carried out by one-way
analyis of variance ANOVA/Tukey’s for parametric data or
Kruskal-Wallis for non-parametric data, using the Statistica
10.0 software (StatSoft Inc., Tulsa, OK, USA. Differences
were considered significant when P<0.05.

Results and Discussion

Diets containing UBM (5 % RS) and UBS (10 % RS) present-
ed high in vivo fermentability and lower insulin release, for
similar blood glucose levels in rats.

Diet consumption was daily measured and both test groups
(UBM and UBS group) had their diet consumption similar to
the Control group. On the first experimental week, the mean
of the daily diet intake of the groups was 16.0+0.5 g/rat. On
the fourth and last week of the experiment, the mean daily diet
intake of the groups was approximately 18.8+0.4 g/rat
(Fig.S1, Supplementary material). Rats from the UBM group
had their growth rate similar to the Control group. The UBS
group presented a slight decrease in mean body weight from
day 9 until the end of the experiment, even keeping the same
diet intake as the other groups. The average weight of the rats
was 277+18 g in the Control group, 286+22 g in the UBM
group and 260+28 g in the UBS group (Fig.S1, Supplemen-
tary material).
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Short Chain Fatty Acids Profile

During the in vitro fermentation, it was possible to observe
that the experimental diets presented higher SCFA production
(UBM 2.4 and UBS 4.1 mmol/g of subtrate) compared to the
Control diet (1.7 mmol/g of subtrate), which was proportional
to the content of RS (Table S1).

According to Table 1, the cecal total SCFA was higher in
both experimental groups compared to the Control group and
the pH of the cecum content of the rats was inversely propor-
tional to the total SCFA concentration in the cecum. The avail-
ability of substrates for the intestinal microbiota is quantita-
tively and qualitatively influenced by the diet composition. In
addition to the substrate supply, other characteristics of the gut
environment, whereas pH plays a major role, are responsible
for the gut metabolic outputs [21]. In addition to being an
important factor tending to avoid certain pathogens in the
intestine, the pH of the cecum content is an excellent indica-
tive of SCFA presence and concentration [22].

Both UBM and UBS groups presented a decrease in the
cecum pH value in relation to the control group (P<0.01)
(Table 1). Some authors have indicated that the pH of rat
cecum usually varies from 6.1 to 8.2 depending on the con-
sumed diet, i.e., rats fed fermentable carbohydrates might
have their cecal pH reduced in up to 2 units [21]. In the present
study, the pH of the cecum content varied approximately 0.5
units in the UBM group and 1.0 unit in the UBS group, both in
relation to the control group (Table 1). In fermentor systems, a
pH 5.5 result in higher butyrate production and a pH 6.5 result
in more propiogenic fermentation [22], which can be observed
on Table 1.

During the adaptation week, all three groups presented sim-
ilar mean stool moisture. On the first week of the experiment, it
was already clear that the mean stool moisture from the UBM
group (40 %, n=16) and UBS group (40 %, n=16) became
higher than the one from the control group (33 %, n=16)
(P<0.05, for both comparisons). In addition, there was an in-
crease in the stool dry weight from the UBS group in relation to
the control group (P<0.05) during the last 3 weeks of the ex-
periment (Table S2, Supplementary material). The higher mean
stool moisture of both UBM and UBS groups could be a con-
sequence of the ability of diets containing RS to cause higher

water retention in the colon [23] and, consequently, to increase
the total stool weight, which can accelerate the intestinal transit
time. Such results might facilitate the elimination of metabolites
that can be harmful to the intestinal health.

At the end of the experiment, the UBM group presented
higher cecum moisture content and the UBS group presented
higher dry weight of the cecum content, both compared to the
control group (P<0.01) (Table S2, Supplementary material).
Comparing weights of the dry stool and cecum content, data
seems coherent with the fact that in both results the UBS
group presents the highest dry weight, which might indicate
increase in the bacterial mass. The different types of RS and
their sources can act in several ways and intensities over the
intestinal lumen, and hence over the bowel function, as well as
the different fiber components [21, 24].

The fermentation rate of the RS is variable according to the
RS type (1, 2, 3 or 4). Some types are almost completely
utilized within 24 h of in vitro fermentation and produce ele-
vated concentrations of SCFA. Others are more resistant to the
bacterial fermentation, not being entirely fermented even after
24 h. Some important consequences of RS reaching the large
intestine as unavailable carbohydrates are the increase of fecal
bulk, fecal pH changes and also a butyrogenic effect on the
colonic microbiota [21]. These effects have great impact over
dysfunctions such as constipation, diverticulitis, hemorrhoids
and even colon cancer [25].

The colonic microbiota ferments the RS and the non-starch
polysaccharides producing mainly SCFA (acetate, propionate
and butyrate). According to the SCFA production, the UBM
diet (RS=5 %) and the UBS diet (RS=10 %) were, respec-
tively, 1.4- and 2.4-fold more fermentable in vitro (Table S1,
Supplementary material) and 1.5- and 2.1-fold more ferment-
able in vivo, when compared to the control diet (Table 1),
showing a correlation between in vitro and in vivo
fermentation.

The in vivo colonic fermentation of RS resulted in high
butyrate production (Table 1). Butyrate is the main energy
source for colonocytes and is involved in the protection
against colitis and colorectal cancer. Epidemiological data
suggest that RS plays a more important role on reducing the
risk of these diseases than other unavailable carbohydrates
[21, 23].

Table 1 In vivo fermentation:

mean pH and SCFA Cecum characteristic ~ pH Acetate Propionate Butyrate Total SCFA

concentration in the cecum

content of rats (n=8/group) (mol/ Treatment group Mean SEM  Mean SD Mean SD Mean SD  Mean SD

g of cecum content) at the end of

the experiment Control 7.0 0.3 43.9 88 102 1.0 59 0.6 57.2 10.3
UBM 6.4%* 0.2 68.3* 6.6 115 0.8 9.2% 0.6 89.1* 7.7
UBS 59%% 0.5 94.0%* 93  144* 2.1 120%* 2.1 1204** 112

Results expressed as mean values and standard deviation (SD). Mean values were significantly different from
those of the control group: *P<0.05 or **P<0.01 (ANOVA/Tukey)
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Acetate is involved in the growth and proliferation of nor-
mal cells of the colonic epithelium, where it is absorbed and
transported to the liver for peripheral utilization as energy
source and having structural functions on the SCFA synthesis
[26, 27].

Propionate is the SCFA which has the greatest systemic
impact over lipid metabolism and insulin and glycemic con-
trol. The blood concentration of propionate produced during
the colonic fermentation has been shown to modulate glucose
tolerance and suppress free fatty acid levels [28].

Glucose Tolerance Test (GTT)

When the glucose and insulin AUC were studied, it was pos-
sible to observe lower insulin release (UBS 90.4 ng/mL.min;
UBM 82.8 ng/mL.min), for the same blood glucose level,
when compared to the Control group (148.3 ng/mL.min).
An insulin/glucose ratio of 2.43 was observed for the Control
group, 1.14 for the diet containing 5 % RS and 0.78 for the
diet containing 10 % RS, which indicates a better insulin sen-
sitivity after the consumption of the latter diet, for 28 days
(Fig. 1, Table 2).

The higher concentration of propionate found in the cecum
content of the UBS group can reinforce the hypothesis of
propionate improving insulin sensitivity [29]. It was also
shown that the intake of 30 g of RS per day, for 4 weeks
(healthy humans), improves insulin sensitivity, and SCFA
concentrations (acetate and propionate) were higher than in
the control group [10]. In addition to a possible increase in

insulin sensitivity, Menezes et al. [12], in a previous trial with
healthy volunteers, observed that the increase in the area under
the curve for glucose after ingestion of UBM and UBS was
90 and 40 % lower than the reference food, respectively,
which should promote a decreased insulin release.

Data from Table 2 presents reduced in vitro insulin produc-
tion by isolated pancreatic islets from the UBM and UBS
group, in response to similar glucose doses. It suggests that
the diets containing 5 and 10 % of RS from unripe banana
have a suppressing effect over insulin secretion in the medium
term. Ximenes ef al. [20] have presented evidences that pro-
pionate inhibits glucose-induced insulin secretion in incubated
and perfused pancreatic islets.

The pancreatic islets isolated from the test groups showed
significant lower insulin secretion compared to the control
group (Table 2), and the insulin release response measured
in this in vitro test was similar to the GTT.

A decrease in insulin parameters was observed both in vivo
and in vitro, as well as an increase in the in vivo production of
SCFA. The test of insulin secretion by the pancreatic islets of
rats fed UBM and UBS diets was an important tool in order to
demonstrate that the habitual consumption of diets rich in
unavailable carbohydrates may influence insulin release, pos-
sibly due to the action of SCFA produced during fermentation.
However, studies with humans have shown that the relation-
ship between SCFA and glucose and insulin homeostasis may
be indirect and still needs to be explained [30].

Digestibility and physicochemical characteristics of starch
present in unconventional starch sources, such as banana,

Table 2 Area under the curve

(AUC) of data obtained from the Glycemic area Insulinic area IAUC/GAUC Increase in

glucose tolerance test (GTT) and (GAUC) ¥ mmol/L.min (IAUC) ¢ mmol/ng. 10° insulin secretion®®

increase .in.insuli.n secretion in ng/mL.min (%)

pancreatic islets isolated from rats

fed experimental diets for 28 days Treatment group ~ Mean SEM Mean SEM  Mean SEM  Mean SEM
Control 98.4 21.1 148.3 19.9 243 0.74 150.5 2.0
UBM 83.8 8.5 82.8%z 9.4 1.07 0.16 116.2%* 3.1
UBS 1315 12.7 90.4* 17.1 0.78#  0.21 117.3%* 2.6

Results expressed as mean values and standard error of means (SEM). Mean values significantly different from
those for the control-group: *P<0.05 and **P<0.01 (ANOVA/Tukey) . # P<0.05 (Kruskal-Wallis)

% Incremental area under the curve (n=8 rats/group). ** Response of isolated pancreatic islets to glucose
16.7 mM in relation to the secretion response to glucose 5.6 mM (reference 100 %), n=3 rats/group

@ Springer



302

Plant Foods Hum Nutr (2015) 70:297-303

combined with the RS physiological properties, enable these
ingredients to be used for development of new products with
functional properties [12, 31]. Analyses of the unripe banana
flour showed that this ingredient is rich in dietary fiber and
resistant starch, has low energy and available carbohydrates,
as well as moderate antioxidant activity [32]. The initial stage
of maturation and the process which the unripe banana goes
through are extremely important once they may determine its
final RS content. The potential of unripe banana to be used in
bakery products has been explored in bread produced with
unripe banana flour, containing 17.5 % of RS, and a predicted
glycemic index of 65.08 % (in vitro), which was significantly
lower than control bread (81.88 %), made with wheat flour
[33].

As a next step, it is necessary to evaluate such sources of
unavailable carbohydrates in clinical assays with humans and
the possibility of using these unripe banana products for the
prevention of chronic diseases such as type 2 diabetes and
metabolic syndrome.

Conclusion

The observation of lower insulin secretion after the consump-
tion (for 28 days) of a diet rich in unavailable carbohydrates
from unripe banana (UBM and UBS), evidenced both in
blood and in isolated pancreatic islets of rats, is an indicative
that this promising functional ingredient can be used in prod-
ucts aiming the management of glucose and insulin
homeostasis.
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