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Figure 4. AC improves glucose tolerance and increases serum insulin levels. AC (500-2000 mg/kg b.w.)
effect was evaluated during the OGTT in 12 h-fasted, animals received a single oral administration of
AC extract one hour before glucose-challenge and glycemia was determined at 0, 30, 60, 90, and 120 min;
GK rats (A) and W rats (B); The AUC of glucose was calculated from time 0 to 120 min in GK rats
(C) and W rats (D); The effect of AC on serum insulin during the OGTT in GK rats (E) and W rats (F)
was determined from 0-30 min. Data are presented as means + SEM (n = 6). * p < 0.05, ** p < 0.01,
***p <0.001, *** p < 0.0001 when compared to the placebo group; ## p < 0.01.

During the OGTT, AC was able to increase serum insulin levels during the first 30 min after glucose
challenge. In GK rats, AC (2000 mg/kg b.w.) increased insulin levels up to 31.7 + 2.8 uU/mL compared
to placebo (21.7 & 1.4 uU/mL) (p < 0.0001) (Figure 4E). In W rats, AC also increased serum insulin levels
at all AC doses tested 500 mg/kg b.w. (52.0 £ 1.5 pU/mL), 1000 mg/kg b.w. (55.1 & 2.8 pU/mL) and
2000 mg/kg b.w. (60.6 £ 5.4 nU/mL) compared to placebo (36.8 £ 1.6 uU/mL) (p < 0.0001) (Figure 4F).

3.3. Long-Term Oral Treatment with AC Improves Glucose Tolerance and Insulin Secretion

The long-term (21 days) oral treatment with AC (1000 mg/kg b.w.) had a non-significant tendency
to reduce the non-fasting glucose in GK rats at a few time points, measured every third day during
the treatment (Figure 5A). No significant reduction was observed in W rats (Figure 5B). However,
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when the AUC of non-fasting glucose was calculated, a significant difference was observed between
AC-treated GK rats (54.4 £ 1.2 mM/19 days) and placebo-treated GK rats (58.2 & 0.3 mM/19 days)
(p < 0.05) (Figure 5C).
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Figure 5. AC oral long-term treatment reduces the non-fasting glucose and improves glucose tolerance.
The non-fasting glucose was determined every third day of treatment in GK (A) and W rats (B);
the AUC of the non-fasting glucose were calculated from the interval 0-19 days (C); The AUC of
glucose was calculated for each OGTT performed (day 0, 10 and 20) in GK (D) and W rats (E). Data are
presented as means + SEM (1 = 6). * p < 0.05, ** p < 0.01, *** p < 0.0001 when compared to Placebo.

The glucose tolerance was improved by AC treatment reflected by the AUC of the serum glucose during
OGTT in GK rats at day 10 (996.5 =+ 42.5 mM /120 min) (p < 0.05) and day 20 (910.0 £ 47.3 mM /120 min)
(p < 0.0001) compared to placebo GK rats at day zero (1209.0 &= 39.0 mM /120 min) (Figure 5D). In W rats
AC reduced the AUC only at day 20 (321.3 + 6.8 mM /120 min) compared to placebo W rats at day zero
(593.3 £ 14.6 mM /120 min) (p < 0.0001) (Figure 5E).

The effect of AC on glucose tolerance was also detected by analyzing differences between each
time point along the OGTT. In GK rats, at day 10 and 20 compared to day zero of treatment, during
the intervals of 60-120 min of the OGTT (p < 0.01-p < 0.0001) and during the interval 90-120 min of
the OGTT (p < 0.05-p < 0.0001), when compared to placebo-treated GK rats (Supplementary Materials
Table S1). Similarly, in W rats where AC improved glucose tolerance at day 10 (90 and 120 min of the
OGTT) and day 20 (30-120 min of the OGTT), compared to day zero of treatment (p < 0.05-p < 0.0001)
and at day 20 (30-120 min of the OGTT) (p < 0.05—p < 0.0001), when compared to placebo-treated W
rats (Supplementary Materials Table S1).

The plasma HbAlc levels were reduced by 19.8% in GK rats treated with AC at day 20
(6.3 £ 0.35%) compared to placebo (7.8 & 0.46%) (p < 0.05) and by 27.6% compared to day zero
(8.7 = 0.50%) (p < 0.01) (Figure 6A). In W rats HbAlc levels were reduced by 2.2% (2.4 £ 0.01) at day 10
and by 10.7% at day 20 (2.3 & 0.05%) (p < 0.0001) and compared to placebo W rats (2.5 &= 0.02, day 10
and 2.6 & 0,02, day 20) (Figure 6B).
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Figure 6. AC oral long-term treatment reduces the plasma HbAlc, increases serum insulin,
and improved insulin secretion in pancreatic islets of treated animals. The plasma HbAlc were
measured during each OGTT in GK rats (A) and in W rats (B); Serun Insulin were measured during
each OGTT in GK rats (C) and in W rats (D) Data are presented as means + SEM (n = 6). Pancreatic
islets were isolated at the end point of treatment (day 21) from GK rats (E) and W rats (F) were cultured
at low (3.3 mM) and high (16.7 mM) glucose. Data are presented as means &= SEM (n = 4). Insulin
concentration was measured by RIA. * p < 0.05, **** p < 0.0001 when compared to placebo group;
## p < 0.01, when compared to values from the same group.

Serum insulin levels in GK rats treated with AC were increased during the OGTT 1.7-fold at
day 10 (p < 0.0001) and 2.3-fold at day 20 (p <0.0001) (Figure 6C), and in W rats 1.6-fold at day
10 (p < 0.0001) and 2.2-fold at day 20 (p < 0.0001) (Figure 6D). Furthermore, AC augmented insulin
secretion in pancreatic islets isolated from treated animals. Thus, insulin secretion increased 4.1-fold
at high glucose (16.7 mM) in islets isolated from AC treated GK rats, compared to the secretion in
islets isolated from placebo treated GK rats (p < 0.0001) (Figure 6E). Similarly, AC treatment in W rats
increased islet insulin secretion at 16.7 mM glucose 3.7-fold, compared to the secretion in islets from
placebo treated W rats (p < 0.0001) (Figure 6F).

The sub-acute toxicity studies did not show significant differences between AC-treated W rats and
placebo group of the hematological indicators i.e., red and white blood cells number, hematocrit and
hemoglobin, and serum biochemical parameters i.e., triglycerides, cholesterol, glucose, creatinine, alkaline
phosphatase, aspartate aminotransferase, and alanine transferase (Supplementary Materials Table S2).
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3.4. AC Stimulates In Vitro Insulin Secretion in a Concentration-Dependent Manner

In GK rat islets, insulin secretion was stimulated by 10, 20 and 50 mg/mL AC at 3.3 mM
glucose, and by 5, 10, 20 and 50 mg/mL AC at 16.7 mM glucose in a concentration-dependent
manner, with a maximal 7.9-fold increase at low glucose (3.3 mM) (p < 0.0001) and 8.5-fold increase
at high glucose (16.7 mM), (p < 0.0001) compared to untreated islets (Figure 7A). In W rats islets,
the insulin secretion was increased in all concentrations tested up to 50 mg/mL, 5.1-fold (3.3 mM)
and 5.7-fold (16.7 mM) compared to untreated islets (Figure 7B). Significant differences were found in
lower concentrations until 10 mg/mL (3.3 mM) and 5 mg/mL (16.7 mM) in both GK and W rat islets.
No cytotoxic effect was observed in tested concentrations (Supplementary Materials Figure S3).
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Figure 7. AC stimulates the in vitro insulin secretion in pancreatic islets. Insulin secretion was evaluated
in GK rat islets (A) and W rat islets (B) cultured at low (3.3 mM) and high (16.7 mM) glucose in presence
of AC (5-200 mg/mL). Data are presented as means & SEM (1 = 8). Batches of (50) GK (C) and Wistar (D)
rats islets were perifused with 3.3 mM glucose, from time 0 to 14 min, and with 16.7 mM glucose, from
time 16 to 30 min, in presence ---B-— or absence —@— of AC (20 mg/mL). The AUC of the insulin secretion
from the intervals at 3.3 mM and 16.7 mM of glucose in presence or absence of AC was calculated for GK
(E) and W (F). rats islets. Data are presented as means + SEM (n = 4). * p < 0.05, ** p < 0.01, *** p < 0.001,

*ookk

p <0.0001 when compared to untreated islets.

3.5. The AC Effect on Kinetics of Insulin Secretion

To monitor the AC effect on the kinetics of insulin secretion, isolated islets were perifused with
KRB buffer containing AC extract (20 mg/mL). Significant differences were found during the period
of 4 to 12 min (p < 0.01), when GK rat islets were perfused with AC at 3.3 mM glucose and during
16 to 32 min (p < 0.0001), when the islets were perfused with AC at 16.7 mM glucose, compared to the
respective time point from untreated GK rat islets (Figure 7C). Similar pattern was observed in W rat
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perifused islets during the time period of 0 to 14 min (3.3 mM) (p < 0.001) and 18 to 40 min (16.7 mM)
(p < 0.0001) (Figure 7D).

The effect on insulin secretion was also observed when the AUC of insulin secretion was calculated.
In GK islet perifused with 16.7 mM of glucose (14-30 min), AC increased insulin secretion 37.2-fold
(p < 0.001) (Figure 7E) and in W rats with 3.9-fold at 3.3 mM of glucose (0-14 min) (p < 0.05) and with
9.2-fold at 16.7 mM of glucose (16-30 min) (p < 0.001) (Figure 7F).

3.6. AC Stimulates Insulin Secretion through the Activation of PKC and PKA Systems and Partially by L-Type
Calcium Channels and G Protein-Coupled Exocytosis

Diazoxide (DX), a selective ATP-sensitive K*-channel opener, did not reduce the effect of AC
on insulin secretion. Not even combined exposure to DX and high concentrations of KCI to induce
a transient membrane depolarization altered the AC effect, in GK or W rat islets (Supplementary
Materials Figure 54).

Nifedipine (NF), an inhibitor of L-type voltage-dependent Ca?* channels, reduced the insulin
secretion with 38% in GK rat islets exposed to 16.7 mM glucose (p < 0.001) (Figure 8A), and by 44%
respectively 45% in W rat islets exposed to 3.3 mM glucose respectively to 16.7 mM glucose (p < 0.001)
(Figure 8B).
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Figure 8. AC stimulates insulin secretion through PKC and PKA systems, L-type calcium channels and
G protein-coupled exocytosis. The insulin secretion was evaluated in islets cultured at low (3.3 mM) and
high (16.7 mM) glucose in presence of AC (20 mg/mL), and the different inhibitors. 10 uM NF in GK (A)
and W rats islets (B); 1.5 uM Cal-C or 10 uM H89 in GK (C) and W rats islets (D); and 100 ng/mL PTx
in GK (E) and W rats islets (F). Insulin concentration was measured by radioimmunoassay (RIA). Data
are presented as means + SEM (1 = 8). ** p < 0.01, *** p < 0.001, **** p < 0.0001 when compared to islets
treated with AC alone.

To assess whether the AC effect is dependent on PKA and PKC activation, we investigated the
influence of H89, an inhibitor of cyclic adenosine monophosphate (cAMP)-dependent PKA and of
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Cal-C, a PKC inhibitor on the AC modulation of insulin secretion. In GK rat islets, H89 reduced insulin
secretion by 55% and by 77% at 3,3 mM and 16.7 mM glucose, respectively (p < 0.0001) and Cal-C
reducted by 71% (3.3 mM) and by 79% (16.7 mM) (p < 0.0001) (Figure 8C). In W rat islets, H89 reduced
insulin by 75% and by 89% at 3.3 mM and 16.7 mM glucose, respectively (p < 0.0001) and Cal-C
reduction was 66% (3.3 mM) and 87% (16.7 mM) (p < 0.0001) (Figure 8D). Finally, to explore whether
the AC effect was mediated by exocytotic G-proteins, pertussis toxin (PTx) an inhibitor of G-proteins
via ADP-ribosylation was used. We found that PTx inhibited the AC effect in GK rat islets by 57% at
3.3 mM (p < 0.01) and by 20% (p < 0.001) at 16.7 mM glucose (Figure 8E). Similar effects were found in
W rat islets, with reductions of 23% (p < 0.0001) and 16% (p < 0.001) at 3.3 mM and 16.7 mM of glucose,
respectively (Figure 8F).

4. Discussion

One of the main features of DMT2 is the hyperglycemia that contributes to diabetes complications.
Therefore, the restoration of glucose homeostasis is a main therapeutic target [7,35]. We have demonstrated
that a crude extract of AC seeds improved glucose tolerance in the type 2 diabetic GK rats. AC stimulates
insulin secretion, an effect mediated by PKC and PKA systems and partially by L-type calcium channel and
insulin G protein-coupled exocytosis in the (3-cells.

The LC-MS analysis showed that the AC extract consists of complex components including
sugars, and minor amounts of polyphenols and amino acids. Similar composition has been described
previously for AC and other species from the Amaranthus family [22]. Interestingly, polyphenols have
been demonstrated to exert anti-diabetic effects [12]. Noteworthy, the glucose concentration in AC
extract at 20 mg/mL concentration (as used in most in vitro experiments) was only 2 mM, i.e., too low
to significantly enhance insulin secretion from islets exposed to 5, 10 or 20 mg/mL of the extract.

The in vivo experiments showed that a single oral administration of AC contributed to control the
hyperglycemia in GK rats, by reducing the non-fasting glycaemia and improving the glucose tolerance
through increase of the serum insulin levels. AC also reduced the postprandial hyperglycemia in
healthy W rats by increasing serum insulin levels, however, without inducing a hypoglycemic state.

In addition, AC reduced the percentage of HbAlc in GK and W rats, indicating that AC treatment
improved long-term glycemic control. Treated animals showed high serum insulin levels suggesting
that the main target for the beneficial effect of AC is an increase of the insulin release. Indeed, the AC
long-term treatment improved glucose-stimulated insulin secretion of pancreatic islets isolated from
treated animals. The sub-acute toxicity experiments did not show any toxic effect after 28 days; thus,
the treatment conditions used appear to be safe. However, further studies to test 3-cell function and
the impact of AC treatment on diabetes complications in animal models are needed.

Others have found that a methanol extract of AC leaves decreases blood glucose levels in rats with
streptozotocin (STZ)-induced type 1 diabetes and in normal rats after seven days of treatment [25], however
by an effect suggested to be exerted through inhibition of x-amylase [23,24]. Similar effects were reported
for other species from the same Amaranthus genus, Amaranthus dubius [36], Amaranthus Tricolour L. [37],
Amaranthus viridis [38,39] and Amaranthus spinosus Linn [40]. It is noteworthy that our investigation is the
first to describe an AC effect on insulin secretion.

The in vitro evaluations showed that AC increased the insulin secretion in batch-incubated islets,
an effect that was concentration-dependent and present already at rather low concentrations of the
AC extract (lower than 20 mg/mL), for both GK and W rat islets incubated at high glucose levels.
This may imply that the stimulation of insulin secretion can be achieved without or with a small risk
of having hypoglycemic or toxic effects. It is also of interest that the AC effect on insulin secretion
was comparable with the effect at the high glucose concentration of the 3-cell secretagogue drug
glibenclamide (Supplementary Materials Figure S5). Moreover, the AC effect was observed when
assessing the kinetics of insulin secretion in islet perfusions. Thus, in the presence of AC basal insulin
secretion at low glucose conditions was partially enhanced and was further stimulated by AC at
high glucose concentrations. When AC was removed from the perfusion buffer, the insulin secretion
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returned gradually to basal levels, supporting the view that the AC effect is reversible and does not
cause insulin leakage by any toxic effect on the 3-cells. A similar effect has been described for other
plant extracts and isolated compounds from natural resources [28]. In this context it is noteworthy that
the AC extract may exert stimulatory effects on (3-cell mass or islet insulin content. However, it seems
unlikely that such effects are involved in its effects on insulin secretion, since the action is immediate
as shown in isolated islets. Furthermore, we do not think effects on food intake are implicated, since
AC extract treatment up to 28 days did not impact on body weight development.

When blood glucose levels are elevated after a meal, glucose is transported into the pancreatic
(3-cell by glucose transporter 2 (GLUT2) and metabolized via glycolysis and the Krebs cycle to produce
ATP [41,42]. This results in increased cytosolic ATP/adenosine diphosphate (ADP) ratios, that leads to
closure of potassium-sensitive (K-ATP) channels and further depolarization of the 3-cell membrane.
This in turn activates the voltage-dependent calcium (L-type Ca®*) channels with calcium entry into the
(3-cell, producing an increased cytosolic calcium concentration that stimulates insulin secretion [1,41].

To study the mechanism behind the AC effect on glucose-induced insulin secretion, we first
evaluated the role of K-ATP channels. As expected, GK and W rat islets treated with diazoxide,
which maintains K-ATP channels open [32], showed a reduction of insulin secretion. AC did not
change the effect of diazoxide in either GK or W rat islets, suggesting that AC does not modulate
the closure of K-ATP channels. Moreover, the AC effect was not altered at 16.7 glucose in GK and
W rat islets depolarized by a high concentration of KCl in the presence of diazoxide. This finding
suggests that the AC effect reached the near-maximal threshold and is not primarily dependent on
membrane depolarization.

To explore the mediation of L-type Ca®*-channels for the effect of AC, we used nifedipine,
an L-type CaZ* channel blocker, that blocks Ca?*-influx into the -cell and thereby inhibits insulin
secretion [31,33]. In the presence of nifedipine, the AC effect at 16.7 mM glucose on GK and W rat islets
was partially reduced compared to islets incubated with AC alone, suggesting that the AC effect is
partially dependent on activation of L-type Ca?*-channels.

In addition, other intracellular signals mediated by second messengers, cAMP and diacylglycerol
(DAG), can induce insulin release through phosphorylation by PKA and PKC [43]. When applying the
PKA inhibitor, H89, and the PKC inhibitor, calphostin-C, the AC effect was significantly suppressed,
in both GK and W rat islets, indicating that the AC effect on B-cells involves the activation of both
the PKA and PKC systems. Finally, guanine nucleotide-binding proteins (G-proteins) are involved in
signaling pathways of insulin secretion in pancreatic B-cells. Among the different G-proteins, Ge are
involved in exocytosis [31,41]. In GK and W rat islets pre-treated with pertussis toxin, an inhibitor
of G proteins via ADP-ribosylation, the stimulatory effect on insulin secretion by AC was partially
reduced, indicating that the AC effect partially involves G protein-coupled insulin exocytosis.

Based on our findings, PKC and PKA activation appears to be important for the AC effect.
Both enzymes phosphorylate proteins required for the initial steps of the exocytotic process [43].
One mechanism of kinase activation is mediated by Ca?*-activation of the receptor-coupled enzyme
phospholipase C (PLC). PLC hydrolyzes the plasma membrane phospholipid phosphatidylinositol
bisphosphate (PIP2) into the second messengers, diacylglycerol (DAG) and inositol trisphosphate
(IP3). DAG activates PKC, and IP3 liberates Ca?* from the endoplasmic reticulum [42,43]. Since
an increase in cytosolic Ca?* takes part in the activation of kinases, the partial inhibition of the AC
effect by nifedipine could be explained by the lack of calcium entrance. Alternatively, the activation
of adenylate cyclase by Gs protein is required for PKA activation [31,32] and PLC activation is also
mediated by Gq protein [41]. Therefore, the inhibition of the AC effect by PTx might be explained by
blocking of the synthesis of cAMP and PLC activation [41]. PKA and PKC promote insulin secretion
by increasing the total number of vesicles available for insulin release and which are highly sensitive to
Ca?*, the so called highly calcium-sensitive pool (HCSP) [43]. Thus, we hypothesize that the AC effect
may be explained by the recruitment of more insulin granules into the HCSP through the activation of
PKA and PKC.
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5. Conclusions

We demonstrated that AC stimulates insulin secretion in GK and W rats by modulating steps of
the glucose-dependent insulin secretion, e.g., by protein kinases A and C, effects that are dependent on
intracellular increase in calcium and that partially involve the G protein-coupled exocytosis membrane
proteins. The improved glucose tolerance in diabetic GK rats indicates that AC might be a candidate
for use as a nutraceutical therapy in type 2 diabetes in man.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6643/10/1/94/s1,
Table S1, Effect of AC long-term treatment on the OGTT test performed at day 0, day 10 and day 20 of treatment
in GK and W rats, Table S2, Effect on hematological and biochemical parameters of male Wistar rats after 28 days
of AC treatment, Figure S1, Effect on body weights of Wistar rats after 28 days of AC treatment, Figure S2, Effect
of AC long-term treatment (20 days) on body weights, Figure S3, Cytotoxic effect of AC on W pancreatic islets,
Figure 5S4, The AC effect is not mediated by ATP-dependent potassium channels, Figure S5, AC effect on insulin
secretion was comparable with the effect of glibenclamide.
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Abstract: Carbohydrate counting (CC) is a meal-planning tool for patients with type 1 diabetes
(T1D) treated with a basal bolus insulin regimen by means of multiple daily injections or continuous
subcutaneous insulin infusion. It is based on an awareness of foods that contain carbohydrates and
their effect on blood glucose. The bolus insulin dose needed is obtained from the total amount of
carbohydrates consumed at each meal and the insulin-to-carbohydrate ratio. Evidence suggests
that CC may have positive effects on metabolic control and on reducing glycosylated haemoglobin
concentration (HbA;.). Moreover, CC might reduce the frequency of hypoglycaemia. In addition,
with CC the flexibility of meals and snacks allows children and teenagers to manage their T1D more
effectively within their own lifestyles. CC and the bolus calculator can have possible beneficial effects
in improving post-meal glucose, with a higher percentage of values within the target. Moreover,
CC might be integrated with the counting of fat and protein to more accurately calculate the insulin
bolus. In conclusion, in children and adolescents with T1D, CC may have a positive effect on
metabolic control, might reduce hypoglycaemia events, improves quality of life, and seems to do
so without influencing body mass index; however, more high-quality clinical trials are needed to
confirm this positive impact.

Keywords: carbohydrate counting; glycosylated haemoglobin; hypoglycaemia; insulin;
type 1 diabetes

1. Introduction

Type 1 diabetes (T1D), formerly called insulin-dependent diabetes or juvenile diabetes, is an
autoimmune disorder characterised by a severe deficiency or absence of endogenous insulin,
which results in chronic hyperglycaemia. The achievement of optimal glucose control is facilitated by
intensive insulin treatment in patients with T1D [1,2]. The current recommendations are based on the
basal bolus paradigm, with subcutaneous long-acting insulin or continuous subcutaneous infusion of
rapid-acting insulin to cover basal requirements and with rapid-acting insulin to prevent or correct
glucose excursions. Frequent self-measurements of capillary blood glucose allow for insulin dose
adjustments, with the aim of achieving good metabolic control [3]. Furthermore, continuous glucose
monitoring (CGM) provides information about the glucose level every 5 min and allows patients to
view their glycaemic data either on their insulin pump or on a separate receiver [4].

Despite advances in medical treatment and technology, nutritional therapy continues to be
a cornerstone of diabetes care [5]. Nutritional recommendations for a healthy lifestyle for the general
population are also appropriate for children and adolescents with T1D, with the only difference
compared to healthy peers being the need for insulin therapy. The International Society for Paediatric
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and Adolescent Diabetes (ISPAD) Consensus Guidelines of 2014 stressed the importance of and
special issues applying to nutritional management for children with diabetes [6]. The Guidelines
recommended that a proper diet should allow for optimal growth, maintain an ideal weight,
and prevent acute and chronic complications. The approximate energy intake and essential nutrients
should be distributed as follows: carbohydrates 50-55%; fat 30-35%; and protein 10-15%.

Carbohydrates are the primary macronutrient that has an effect on the postprandial glycaemic
response; their dietary intake should not be limited to ensure proper growth in children and adolescents
with T1D. Adjusting the insulin dose to carbohydrate intake could produce potential improvements in
glycaemic control and quality of life. Carbohydrate counting (CC) is a meal-planning tool for patients
with T1D, based on an awareness of foods that contain carbohydrates and their effect on blood glucose.
The bolus insulin dose needed is obtained from the total amount of carbohydrates consumed at each
meal and the insulin-to-carbohydrate ratio (ICR) [7]. The current guidelines recommend the algorithms
for prandial insulin be based on the carbohydrate amount taken in during a meal. They recognise the
additional benefits to glycaemic control due to the use of the glycaemic index (GI) and that fats and
proteins in the diet may influence postprandial glycaemia [6,8,9]. The aim of this review is to analyse
the impact of CC in children and adolescents with T1D.

2. Educational Program on Carbohydrate Counting (CC)

With the discovery of insulin, researchers recognised that the total amount of dietary
carbohydrates should be used to determine the need for insulin at meals. In the 1980s, the conventional
insulin therapy imposed very rigid eating patterns with restricted and controlled carbohydrates
portions. Subsequently, in the 1990s, the Diabetes Control and Complication Trial (DCTT) was
a turning point for the treatment of diabetes. From this study, it was found that intensive insulin
therapy, using multiple daily injection (MDI) or insulin pumps (CSII), improved glycaemic control and
reduced complications related to the disease. In the DCTT, CC, one of the methods of meal planning,
was considered effective in achieving good glycaemic control and allowing more flexibility in food
choices [10,11].

An experienced team, including the role of the dietitian, is essential for the patient with T1D and
his or her family so that they can then partake in the educational program and learn the method of CC
as well as healthy-eating principles [11]. Children and those who care for them can learn to estimate the
amount of carbohydrates with reasonable accuracy; however, continuing education therapy is needed.
Carbohydrates have the most significant impact on raising postprandial blood glucose. A careful
counting of carbohydrates will lead to the correct calculation of the required insulin dose, which in
turn will lead to normalising postprandial glycaemia [12]. The American Academy of Nutrition and
Dietetics have identified three levels of CC [8]:

e Level 1, Patients should understand that carbohydrates raise blood glucose, and they must
be encouraged to consume a consistent amount of carbohydrates per meal. Simple methods
to quantify the carbohydrates must be provided: gram increments of carbohydrates, 10-12 g
carbohydrate portions, and 15 g carbohydrate exchanges. In particular, this level is helpful
for patients in therapy with twice-daily insulin doses and who need consistent carbohydrate
intake [13];

e Level 2, Pattern management. This represents an intermediate step, in which patients learn to
evaluate changes in blood glucose compared to carbohydrates consumed, which are modified by
insulin and physical activity. Therefore, patients supported by paediatric teams can make changes
to their insulin. However, ever more frequently, paediatric teams use other methods, such as
carbohydrate intake or the insulin-to-carb ratio (ICR);

e Level 3, Advanced CC. Patients in MDI or CSII learn ICR and how to use it.
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3. Insulin-to-Carb Ratio (ICR), Insulin Sensitivity Factor (ISF), and Glycaemic Index (GI)

The insulin-to-carb ratio (ICR) is individualised and depends on one’s sensitivity to insulin,
which is how many grams of carbohydrates 1 unit of insulin covers. ICR allows children to obtain
their insulin needs at mealtimes on the basis of the carbohydrates that will be consumed at that time,
their blood glucose level, and their anticipated physical activity [6,9]. For the identification of the
carbohydrates-to-insulin ratio, the empirical method of the 500 rule or 300450 rule, for very young
children who need less than 10 units of insulin a day, is often used [14-17]. It consists of dividing 500,
300, or 450 by the total daily insulin dose (TDD). ICR is not constant during the days; it tends to be higher
in the morning, lower for lunch, and higher in the evening [18]. ICR varies more in children than in
adults, which is linked to the more frequent changes occurring in the daily activity of the child [9].

The insulin sensitivity factor (ISF) is a correction algorithm of pre-prandial glycaemia. In particular,
ISF indicates how many mmol/L (or mg/dL) 1 unit of insulin lowers blood glucose by; it is obtained
by dividing 1800 (rapid analogue) or 1500 (regular insulin) by the TDD [19]. ISF also needs to be
individualised for each patient. Regarding infants and toddlers, ISF is generally higher, approximately
100-150 mg/dL [19]. A recent study showed that the bolus insulin for meals was more than the
one calculated by the 500 rule, in particular at breakfast and in pre-pubescent children. Moreover,
for corrections, insulin need was slightly less than that calculated by the 100 rule (100 divided by total
daily insulin dose) [19].

The GI expresses the glycaemic response after eating a known amount of carbohydrates contained
in food, but in relation to the same amount of carbohydrates contained in white bread. The glycaemic
area measured 120 min after food intake is expressed as a percentage of the standard. Using the GI
and eating low-GI food may produce modest benefits in the control of postprandial hyperglycaemia.
Moreover, to consider both the quality and the amount of carbohydrates, the concept of glycaemic
load was introduced [20]. In patients with T1D, GI should be used with a method of carbohydrate
quantification [21].

3.1. Glycaemic Control

In previous studies conducted in adult subjects, glycaemic variations were assessed after the ingestion
of different amounts and qualities of carbohydrates: complex carbohydrates in a mixed meal and simple
sugar dextrose [22]. Blood sugar was higher, but for a shorter time, after the dextrose load than after
the mixed meals. The total amount released by the artificial pancreas to return glycaemia to basal levels
did not differ when exposed to different types of carbohydrates, but a difference did occur in the release
kinetics. Furthermore, there was a linear relation between carbohydrate intake and insulin need.

A systematic review and meta-analysis was recently performed to evaluate the effectiveness of
CC on glycaemic control in people with T1D [22]. It included 10 studies, published from 2000 to 2014,
involving 773 participants. Four studies enrolled children and adolescents [23-26], and six studies
included adults [27-32]. Overall, CC, compared with other diabetes diet methods or usual diabetes
diets, improved HbA. values, in line with a previous systematic review and a meta-analysis [28,33,34].
A non-significant improvement of HbA ;. was found in the subgroup analysis restricted to trials that
compared CC with other T1D diet methods [14].

One systematic review and meta-analysis aimed to summarise all available evidence from both
observational and randomised controlled studies on the effects of advanced CC on glycaemic control,
psychosocial measures, body weight, and severe hypoglycaemic events in patients of all age groups with
T1D [26]. Six randomised controlled trials and 21 before/after studies were included; four uncontrolled
trials (Table 1) [35-38] and one randomised controlled trial (Table 2) [39] were conducted in children and
adolescents with a mean age + standard deviation of 12 & 4 years. In only one study, in which
28 adolescents were included, the improvement in HbA;. was not demonstrated after advanced
CC. These 28 patients switched from a prescriptive to a flexible meal plan and insulin. According
to the authors, this result could be related to inaccurate CC, incorrect calculation of insulin dose,
or inappropriate insulin injection technique.
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Table 1. Characteristics of uncontrolled studies with carbohydrate counting (CC) used in children and adolescents with type 1 diabetes (T1D). g
HbA; at Weight (kg)/BMI ]
. R X  a i ei .-
Authors and Year Design  Follow:Up  Sample Insulin Insulin Type (Short- Age  TID Duration Baseline HbAs at Pychosocial bt sps  Hypoglycaemia %
(Months) Size Regimen Acting/Long-Acting) (Years) (Years) Baseline (%) Measures : Reporting S
(mmol/mol) at Baseline 3
Uncontrolled Trials =
Abacietal, 2009 [35]  Before/after 12 9 MDI Analogue/NPH 15 4 78 93 Not reported —/—/11 Yes =
Alemzadeh Before/after 12 1 MDI Analogue/NPH or 11 5 78 9.3 Not reported —/193/— Yes 2
etal, 2003 [36] analogue 7 ? ?
E[‘\ﬂ‘l"‘z‘(‘“‘g‘[gl Before/after 12 35 MDI Analogue/analogue 5 3 73 88 Not reported. —/17.1/— Yes
Human or 14 . .
Hayesetal,2012(38]  Before/after 9 2 MDI analogue/analogue (mediany 4 (median) 61 (median) 7.7 (median) DQOL-Y —/—/099  Not reported

BMI: body mass index; BMI SDS: body mass index standard deviation score; DQOL-Y: Diabetes Quality of Life for Youth scale; HbAlc: glycosylated haemoglobin concentration; MDI:

multiple dose injections; NPH: neutral protamine Hagedorn.

Table 2. Characteristics of controlled, randomised study with carbohydrate counting (CC) used in children and adolescents with type 1 diabetes (T1D).

Author and ) No. of N HbA; (%) (M £SD)  Hypoglycaemia Insulin Dose (U/kg) BMI
Year Country  Population Patients Intervention Control Intervention/Control (M £ SD) (M £ D) tsp) FolloewUp
Enander oo Childrenand  45;26/30; Dietary education in Dietary education in the traditional 743 £ 083107.69 £ 1.00 0.78 % 02410 0.80 = 0.19 12 month
etal. [39] Weden  young people 14/15 carbohydrate counting methodology (the plate exchange method)  7.70 + 1.00 to 8.00 + 1.00 N 081+ 02210083 + 0.22 - months

BMI: body mass index; HbAlc: glycosylated haemoglobin concentration.
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Bell et al. only included one study of children in their systematic review [28]. The results favoured
the alternative approach, i.e., a low glycaemic index over CC. However, the improvement of the
glycaemic control found in adults needed to be interpreted with care, as more studies had a concurrent
intensification of insulin therapy in the intervention group.

Compliance and the ability to accurately estimate the amount of carbohydrates consumed by
children and adolescents with T1D is another aspect that should be considered. The greater ability of
parents to count carbohydrates led to lower values of HbA . in their children and adolescents [40—44].
At the same time, there are wide variations in this ability, with studies where participants may estimate
carbohydrates to within 10-15 g or within 15-20% of the actual amount, while in others, only half
could accurately evaluate the carbohydrate amount or had large differences in calculations [28,40—-45].

An important aspect that should not be overlooked is the effect of time on changes in HbA ;..
The effects of diabetes self-management training programmes were short-lived. Thus, as recommended
in many countries, regular reinforcement of advanced CC is critical in patient management [41,46,47].
In the review by Schmidt et al., the study with the longest period of evaluation was also the study with
the smallest improvement in HbA . [34]. The accuracy of counting carbohydrates is associated with
an improvement in glycaemic control; at the same time, intense glucose monitoring is an independent
variable related to the reduction in HbA 1 [43,48].

Considering the available data, in several studies the CC method has been compared to a control
arm consisting of usual or standard care rather than alternative methods for calculating bolus insulin.
In addition, observational studies generally conclude showing no improvement in glycaemic control.
Furthermore, results in the paediatric and adolescent population seem better than those observed
in adults, probably also for the psychological aspects associated with CC. All these considerations
highlight the need of further well-designed, double-blind large studies that confirm the role of CC in
patients with T1D of different age groups.

3.2. Hypoglycaemia

The calculation of carbohydrate amount for the adjustment of insulin dose is useful for better
glycaemic control, and, for the practical CC, the small quantification errors are permissive. A 10 g
variation in the carbohydrate quantity did not induce differences in blood glucose. Furthermore,
patients may have episodes of hypo- and hyperglycaemia for an overestimation or underestimation
of 20 g in a meal of 60 g carbohydrates [35,37,49]. Adolescents may be less accurate in the
calculation and have a decay of glycaemic control. Hypoglycaemia is not reported or defined
uniformly [40]. Uncontrolled studies showed a significant reduction in severe hypoglycaemia in
children with T1D using CC [29,30]. Other data suggested that CC did not significantly decrease
hypoglycaemia events [14]. In a before/after study in nine children, an insignificant increase in
non-severe hypoglycaemia was observed [28]. CC might reduce the frequency of hypoglycaemia;
probably, the reduction in HbA;. concentration is a result of stabilised glycaemic control rather than
just an overall lowering of blood glucose [15].

3.3. Growth, Weight, and Psychological Effects

Intensive and appropriate insulin therapy and, consequently, better metabolic control have
enabled an improvement in the growth prognosis of paediatric patients with T1D [30,50]. Modern T1D
care prevents abnormalities of the GH-IGF-I axis, which means that children with T1D can achieve
a final height similar to their healthy peers [51].

Some clinicians believe that flexibility in the diet, which can be permitted by CC, may lead to the
development of obesity [8,9]. The DAFNE study demonstrated that a freedom diet did not increase
cardiovascular risk factors, including obesity [26]. Paediatric studies have shown that therapy MDI
associated with the calculation of carbohydrates does not cause obesity in children with T1D. Some
studies documented a decrease in body mass index (BMI), and some studies reported an increase;
nevertheless, only minor variations in weight after the use of CC were found [30,52-54]. The increased
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weight documented in children and adolescents with T1D was attributed to changes in growth
occurring during puberty progression [29]. In another study, Marigliano et al. evaluated the impact
of CC and nutritional education on changes in dietary habits, body fat composition, and fat body
distribution in diabetic children in therapy with CSII [55]. The results revealed that CC and a proper
nutrition education did not have a negative effect on dietary habits, body composition, or body fat
distribution. Moreover, a reduction of intake of fat and protein, with an increase in carbohydrates
intake, was observed in a subgroup of subjects showing a significant improvement in metabolic control.

Females at a young age with T1D face a higher risk of eating behaviour disorders and,
consequently, are more likely to have impaired metabolic control and diabetic complications [56].
Furthermore, a cross-sectional case-controlled study has shown that there was an increased frequency
of food disturbances in pre-teen and early-teenage girls with T1D [57]. Rigid dietary patterns that do
not conform to the habits and needs of patients might have an effect on the psychological development
of children with T1D. An Australian 9-month before/after study that evaluated diabetes-related quality
of life reported significant improvements in patient-rated life satisfaction after the introduction of CC.
Often, the lack of flexibility in the management of meals and snacks is one of the worst aspects of
living with diabetes, and adolescents especially ignore dietary advice. Thus, CC is an important tool
allowing children and teenagers to manage their T1D more effectively within their own lifestyles [1,31].
This psychological effect of CC could also be useful during the honeymoon period and the transition
from adolescence to adulthood.

In addition, it is extremely important to highlight that for the children and adolescents with
T1D, the psychological aspects, such as the quality of life, adherence, and motivation, are key points
of good glycaemic control. The reports of the Dose Adjustment for Normal Eating (DAFNE) study
emphasised the positive effect of CC on the quality of life [58]. So far, many kinds of structural
education programs for T1D have been reported [59,60]. Most of these programs included CC and
showed the improvement of patients” adherence, as well as motivation. Therefore, CC has a positive
effect on patients” adherence and motivation too. In addition, it has been observed that CC also has
a positive effect on the parents and caregivers, who are the key persons for the treatment of infants
and young children with T1D [59,60].

3.4. Bolus Calculator

The bolus calculator is a useful tool both for patients with T1D who require MDI and patients with
an insulin pump, which allows the calculation of the prandial insulin dose based on the amount of
carbohydrates, the pre-prandial blood glucose value, and active insulin [61]. Its use is associated with
improved metabolic control and greater satisfaction in treating adults, children, and adolescents [62].
Few studies found the bolus calculator to be effective in children using CSII. The bolus calculator and
CC may have beneficial effects in reducing HbA;. by improving post-meal glucose, with a higher
percentage of values within the target range [63-65]. Moreover, an insulin pump offers the possibility
to tailor insulin delivery to the meal composition through the use of different bolus options: normal,
dual wave, or square wave. Evidence suggests that children who apply at least one D-W /S-W bolus
a day are better at achieving the recommended HbA. level [66]. In an 18-month observational
study, Rabbone et al. investigated the effect of CC, with or without an automated bolus calculator,
in children treated with MDI. This study showed that bolus calculator use led to greater improvements
in HbA4 [67].

3.5. Fat and Protein Counting

Learning about CC is important because it also increases knowledge about other macronutrients [57].
Low carbohydrate diets have been popularised by social media for those who wish to lose weight [68].
However, the promotion of a low carbohydrate diet in lay media is in contrast to published paediatric
diabetes guidelines that endorse a balanced diet from a variety of foods for optimal growth and
development in children with T1D [69]. De Bock et al. described a series of six cases where the adoption
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of a low carbohydrate diet in children impacted growth and cardiovascular risk factors with potential
long-term sequelae [69]. Meals enriched in fat and protein result in a prolonged blood glucose rise by
3—4 h after food ingestion, and frequently, a relative insulin resistance is observed [70]. The American
Diabetes Association recommends an appropriate glycaemic impact education regarding protein and
fat. Recent studies and the use of continuous glucose monitoring have shown that post-prandial glucose
excursion may occur because of fat, protein, and GI [71,72]. CGM and increasing focus on the daily
lives of patients highlight the limitations of the traditional CC method, used to calculate the meal-time
insulin dose. From the new insights about the effect of dietary macronutrients on post-prandial glucose
control, it appears that, to improve the calculation of the insulin bolus, CC should be integrated with
the counts of fats and proteins. On the other hand, it has been demonstrated that bolus calculation for
high fat feeding prevents late rises in postprandial triglycerides and tumour necrosis factor alpha, thus
improving cardiovascular risk profile [73]. Therefore, the development of suitable and usable algorithms
is necessary, without forgetting the importance of educational therapy for a successful translation of
fat/protein counting in real life [74].

4. Conclusions

Current guidelines recommend that the algorithms for prandial insulin dose be based on the
carbohydrate amount taken with a meal. CC and intensive insulin therapy enable patients to have
greater freedom in the management of the meals or snacks and activities of daily living, without
forgetting the principles of healthy eating. A paediatric interdisciplinary T1D care team is fundamental.
It has to provide education, monitoring, and support to the children and their caregivers, bearing in
mind crucial aspects of children and adolescents with T1D: physical and psychological development
and T1D complications.

CC may improve metabolic control and reduce HbA ;. concentration. Moreover, with developments
in medical technology and with the new insights into the effect of dietary macronutrients on
post-prandial glucose control, it appears that, to improve the calculation of the insulin bolus, the CC
should be integrated with the counts of fats and proteins. Research into suitable and usable algorithms
is necessary. Overall, CC may have a positive effect on metabolic control, reduce hypoglycaemia events,
improve quality of life, and not influence BMI. However, more high-quality clinical trials are needed to
confirm this positive impact.
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Abstract: Resistant starch (RS) is a type of dietary fiber that has been acknowledged for multiple
physiological benefits. Resistant starch type 4 (RS4) is a subcategory of RS that has been more
intensively studied as new types of RS4 emerge in the food supply. The primary aim of this
randomized, double-blind, controlled study was to characterize the postprandial glucose response
in healthy adults after consuming a high fiber scone containing a novel RS4 or a low fiber
control scone without RS4. Secondary aims included assessment of postprandial insulin response,
postprandial satiety, and gastrointestinal tolerance. The fiber scone significantly reduced postprandial
glucose and insulin incremental areas under the curves (43-45% reduction, 35-40% reduction,
respectively) and postprandial glucose and insulin maximum concentrations (8-10% and 22%
reduction, respectively). The fiber scone significantly reduced hunger and desire to eat during
the 180 min following consumption and yielded no gastrointestinal side effects compared with the
control scone. The results from this study demonstrate that a ready-to-eat baked-good, such as a
scone, can be formulated with RS4 replacing refined wheat flour to yield statistically significant and
clinically meaningful reductions in blood glucose and insulin excursions. This is the first study to
report increased satiety after short-term RS4 intake, which warrants further investigation in long-term
feeding studies.

Keywords: resistant starch type 4; dietary fiber; post-prandial; blood glucose; insulin;
capillary glucose; venous glucose; glycemic response; satiety; gastrointestinal tolerance

1. Introduction

Dietary fiber encompasses a wide range of non-digestible carbohydrates with multiple
physiological benefits, and it is noted as a short-fall nutrient in Western diets [1,2]. One such
physiological benefit is improved blood glucose control. Postprandial blood glucose management
has been well-documented among viscous fibers, such as oat beta-glucan, due to attenuated
glucose absorption in the small intestine [3]. Decreased postprandial blood glucose is also observed
when fibers, such as resistant starch (RS), replace available carbohydrate in food formulations [4].
Postprandial blood glucose control has long been recognized as a predictor of diabetes development.
More recently, poor postprandial blood glucose control correlated with the presence of coronary heart
disease [5], thus demonstrating the value of improved postprandial blood glucose control.

Nutrients 2018, 10, 129 217 www.mdpi.com/journal /nutrients



Nutrients 2018, 10, 129

As noted previously, RS can reduce postprandial blood glucose, particularly when replacing
refined wheat flour in product formulations [4,6]. The majority of clinical research on RS evaluated the
effects of resistant starch type-2, which is a granular, native starch, resistant to digestion, and resistant
starch type-3, which is a retrograded starch that resists digestion. Fewer clinical studies have been
conducted on resistant starch type-4 (RS54, chemically modified starch that resists digestion by intestinal
enzymes). The category of RS4 is diverse, with a range of starch bases and chemical modifications
existing in the food supply. These attributes can affect functionality in a food product, and digestibility
and fermentability after consumption [7]. Due to these differences, it is critical to evaluate food
applications and physiological effects of each, specific type of RS4. Within the category of RS4, the most
studied type is phosphated distarch phosphate [8-13]. Fewer studies have been conducted on distarch
phosphate [14-16], hydroxypropyl distarch phosphate [17,18] and only one study has been conducted
on RS4 that is acid hydrolyzed and heat treated, to date [19].

Among the aforementioned studies, the most frequent, primary outcome was postprandial blood
glucose. Additional outcomes of the acute studies included satiety, energy expenditure, and substrate
utilization. Long-term studies of RS4 examined its effects on blood glucose, blood lipids, and gut
microbiota. The primary aim of the present study was to characterize the postprandial blood glucose
response in healthy adults to a novel RS4 (acid hydrolyzed and heat treated maize-based RS) in a
ready-to-eat baked good. Secondary aims were to evaluate postprandial insulin response, satiety,
and gastrointestinal tolerance. We hypothesized that replacement of digestible carbohydrate from
refined wheat flour with RS4 would reduce postprandial blood glucose.

2. Materials and Methods

2.1. Study Design and Study Visits

This double-blind, randomized, controlled study was conducted in accordance with the
Declaration of Helsinki (2000). The protocol was reviewed and received ethical approval before
initiation of the trial (Aspire IRB, Santee, CA, USA; protocol number MB-1702). All subjects provided
informed, written consent before any study procedures were conducted. The subjects attended 3 study
visits (visit 1, day 7, screening; visit 2 day 0, treatment 1; visit 3, day 7, treatment 2). Female subjects
of child bearing ability attended study visits during the follicular phase of their menstrual cycles.
On visit 2, subjects were randomly assigned to one of two treatment sequences. Prior to visit 2,
subjects completed a 24-h diet record. Subjects arrived to the study center fasted on the morning of
visits 2 and 3. Baseline satiety was assessed 30 min prior to study product consumption, and baseline
blood samples were taken 15 min prior to study product consumption. Subjects consumed the study
scone and 240 mL of water within 10 min. Subjects were offered an additional 178 mL of water after
they consumed the study scone. Blood measurements and satiety assessment were conducted during
the 180 min following the onset of scone consumption. Prior to visit 3, the subjects were instructed
to replicate their diet, based on the 24-h diet record from visit 2. Further details are provided in
Section 2.4.

2.2. Study Subjects

Subjects were recruited from the Boca Raton area in Florida, USA. Subjects were enrolled in the
study after meeting inclusion (age 18-74 years, body mass index 18.5-29.99 kg/m?, general good
health, women of child bearing potential had to be willing to commit to a medically approved
form of contraception for the duration of the study) and exclusion criteria (fasting capillary
glucose > 5.55 mmol/L, major trauma or surgical event within 3 months of screening, current or
recent history of drug or alcohol abuse, >4.5 kg weight change in past 2 months prior to screening,
uncontrolled hypertension, recent use of antibiotics or signs or symptoms of active infection,
extreme dietary habits, recent consumption of foods fortified with and/or containing supplements
containing probiotics or who had used medications known to influence carbohydrate metabolism,
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gastrointestinal motility, satiety, appetite, taste, sense of smell, or weight, women only who are currently
pregnant or lactating). Subjects agreed to certain study restrictions such as having no plans to change
smoking habits or other nicotine use during the study, abstaining from use of tobacco products during
study visits, willingness to maintain body weight and habitual diet throughout trial, attempting to
replicate the pre-visit 2 diet during the 24 h pre-testing period before visit 3, abstaining from alcohol
consumption, and abstaining from vigorous physical activity for 24 h prior and during test visits.

2.3. Study Foods

The fiber scone contained VERSAFIBE™ 2470 resistant starch (Ingredion Incorporated,
Bridgewater, NJ, USA), which was the primary source of fiber in the scone. VERSAFIBE™ 2470 resistant
starch is a resistant starch type 4 with 70% dietary fiber (AOAC 2009.01). VERSAFIBE™ 2470 resistant
starch is produced from food grade high-amylose maize starch. Digestibility of the high-amylose
maize starch is decreased through acid hydrolysis and heat treatment, which results in increased RS54
and total dietary fiber (TDF) in the finished product, VERSAFIBE 2470 resistant starch. Because the
ingredient is produced from high-amylose maize starch, the nondigestible carbohydrate (fiber) in
VERSAFIBE 2470 resistant starch is RS4. There are no nonstarch polysaccharides in the ingredient.

The fiber scone and control scone were matched for weight, fat, protein, sugar and total
carbohydrate (Table 1). The portion size was selected based on typical scones in the United States
marketplace. Nutrient composition of the scones was analyzed by Medallion Labs (Minneapolis,
MN, USA) using standard methods of analysis (fats AOAC 996.06, protein AOAC 992.15,
sugar AOAC 977.20, and dietary fiber AOAC 2009.01). Total carbohydrate was determined through
calculation by difference. Energy content was calculated using Atwater factors (9 kcal/g fat, 4 kcal/d
protein, 4 kcal/g available carbohydrate). Control scone and fiber scone formulations are available
in Supplementary Table S1. The fiber and control scones were identical in appearance. The scones
were packaged in identical opaque envelopes with a numeric code for identification. Neither the
study subjects nor the investigators knew the identity of the scones. The subjects rated the scones on
palatability after consumption.

Table 1. Nutrient composition of study scones.

Per Serving, As-Eaten Control Scone Fiber Scone
Weight (g) 83.9 84.1
Calories (kcal) 328 270
Fat (g) 16.0 144
Saturated fat (g) 5.0 4.7
Protein (g) 7.1 6.1
Total Carbohydrates (g) 42.8 46.4
Available Carbohydrates (g) 38.8 28.9
Dietary Fiber (g) * 4.0 17.5
Sugars (g) 14.8 14.9

* VERSAFIBE™ 2470 resistant starch provided 16.5 g dietary fiber in the Fiber Scone.

2.4. Measurements

2.4.1. Capillary Glucose

The TRUEtrack™ Blood Glucose Monitoring System and the TRUE METRIX® Blood Glucose
Meter (Trividia Health Inc., Fort Lauderdale, FL, USA) were used for determination of capillary glucose
at screening (visit 1, day 7) and at test visits 2 and 3 (days 0 and 7). At screening, a single fasting
glucose test was performed, and at test visits, the capillary glucose was measured at f = —15 £ 2 min,
15, 30, 45, 60, 90, 120 and 180 min =+ 2 min, where ¢ = 0 was the start of study product consumption.

219



Nutrients 2018, 10, 129

The test-retest % CV for tests on different days was similar for the fasting capillary (9.0%) and venous
(10.4%) samples.

2.4.2. Venous Glucose and Insulin

Venous samples were drawn from an indwelling catheter that was placed at least 10 min prior
to the first sample collected. The catheter was flushed regularly with normal saline to maintain
patency. At visits 2 and 3 (days 0 and 7), venous samples for measurement of plasma glucose and
insulin concentrations were collected at t = —15 min + 2 min and at t = 15, 30, 45, 60, 90, 120 and
180 min £ 2 min, where f = 0 min was the start of study product consumption. The Cleveland Heart
Lab (Cleveland, OH, USA) conducted the plasma glucose and insulin analyses. Glucose was measured
using a hexokinase/glucose-6-phosphate dehydrogenase enzymatic assay on an automated assay
instrument (Roche Cobas Mira Plus Chemistry System, Roche Diagnostic Systems, Indianapolis,
IN, USA), and insulin was measured with an electrochemiluminescence immunoassay (Cobas e 411
Immunoassay Analyzer, Roche Diagnostics, Indianapolis, IN, USA) [20].

2.4.3. Satiety Visual Analog Scales (VAS)

At visits 2 and 3 (days 0 and 7), satiety VAS ratings were assessed for fullness, hunger, desire to
eat, and prospective consumption at t = —30, 30, 60, 90, 120, 150, and 180 min 4= 2 min, where t = 0 min
was the start of study product consumption. The questions were “How hungry do you feel?” with
anchors at 0 and 100 mm of “Not hungry at all” and “As hungry as I've ever felt”; “How full do you
feel?” with anchors of “Not full at all” and “As full as I've ever felt”; “How strong is your desire to
eat?” with anchors of “Not at all strong” and “As strong as I've ever felt”; “How much food do you
think you can eat?” with anchors of “Nothing at all” and “A large amount.”

2.4.4. Gastrointestinal (GI) Tolerability Questionnaire

A GI Tolerability Questionnaire [21] was administered at visits 2 and 3 (days 0 and 7) to assess
the presence and severity of selected GI symptoms including nausea, GI rumblings, abdominal pain,
bloating, flatulence, and diarrhea during the 0-180 min time period, where f = 0 min was the start of
study product consumption. GI symptoms were scored as follows: 0 = none, 1 = no more than usual,
2 = somewhat more than usual, and 3 = much more than usual.

2.4.5. Palatability

At the end of visits 2 and 3 (days 0 and 7), subjects completed a study product palatability
questionnaire [22,23] in which they rated the study products on a scale from 1 (dislike extremely) to
10 (like extremely) on appearance, texture, flavor, and overall acceptance of the scones; on a scale from
1 (not at all healthy) to 10 (extremely healthy) on how healthy they thought the scone was; and on a scale
from 1 (very little) to 10 (very nutritious) on how nutritious they thought the scone was. Subjects also
responded to statements of “I recommend the scone to family and friends” and “I tolerated the muffin
well, with no complaints” by marking rating of strongly disagree (—2), disagree (—1), no opinion (0),
agree (1), or strongly agree (2).

2.5. Data Analysis

2.5.1. Outcome Variables

The primary outcome variable was the difference between treatment conditions in the incremental
area under the curve (iIAUC) for venous glucose from 0 to 120 min. The secondary outcome variables
were the differences between treatments in the following parameters: venous glucose iAUC from 0
to 180 min; capillary glucose iAUC from 0 to 120 min and from 0 to 180 min; insulin iAUC from 0 to
120 min and from 0 to 180 min; maximal concentrations (Cmax) for glucose (venous and capillary) and
insulin (venous); and the hunger, fullness, desire to eat and prospective consumption net incremental
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area under the curve (niAUC) from 0 to 120 min. For the iAUC calculation of the venous and capillary
glucose and venous insulin measures, the pre-consumption measurement at = —15 min was counted
as t = 0. For the niAUC calculation of the satiety VAS measures, the pre-consumption measurement
at t = —30 min was counted as f = 0. Areas under the curve were calculated using the trapezoidal
rule [24].

2.5.2. Sample Size

An evaluable sample of 29 subjects was expected to provide 80% power to detect a difference of
10% in the primary outcome variable of venous glucose IAUCy_120 min between treatment conditions.
This calculation was based on a paired t-test with an expected standard deviation of 18.5% based
on previous studies conducted by the investigators. No adjustment to the alpha level was planned
for comparisons between treatments for secondary outcome variables. A total of 36 subjects were
randomized allowing for anticipated subject attrition.

2.5.3. Statistical Analyses

All tests of significance were assessed at alpha = 0.05, 2-sided. Statistical analyses were conducted
using SAS for Windows (version 9.3, Cary, NC, USA). Missing data were not imputed and only
observed data were included in the statistical models. Descriptive statistics (number of subjects, mean,
standard error of the mean (SEM), standard deviation, median, interquartile limits, minimum and
maximum for continuous variables; counts and percentages for categorical variables) were calculated
by study product. Baseline comparability of sequence groups was assessed by analysis of variance
(ANOVA) with treatment sequence as a fixed effect for continuous variables. For categorical variables,
baseline comparability was assessed by chi-square test.

For analyses of the continuous outcome variables and continuous palatability scores, differences in
responses between study products were assessed using SAS Proc Mixed repeated measures ANOVA.
Initial repeated measures ANOVA models contained terms for treatment, sequence, and period with
subject as a random effect. Models were reduced in a stepwise manner until only significant (p < 0.05)
terms or treatment remained in the model. Assumptions of normality of residuals were investigated
for each response measurement. In cases when the normality assumption was rejected at the 1%
level with the Shapiro-Wilk test, an analysis using ranks was performed. Differences between study
products in the frequency of scores of 2 or greater (somewhat more or much more than usual) on the
GI tolerability questionnaire were assessed using McNemar’s test.

Sensitivity analyses were performed to assess evidence of any condition by sequence interaction.
Because no evidence was present for heterogeneity of response by sequence, the data from the two
treatment sequences were pooled for analyses by study product.

3. Results

3.1. Study Subjects

Forty-three persons were screened for the study, but of those, six did not meet the
inclusion/exclusion criteria and one met the screening criteria but was later screen failed because of
scheduling conflicts with visits 2 and 3. A total of 36 subjects were randomized to a treatment sequence.
One subject was terminated from the study before its completion because of inadequate compliance
with study instructions. There were 32 subjects included in the glucose and insulin analyses because
of missing samples from at least one of the test visits; 35 subjects were included in the satiety VAS,
GI tolerability, and palatability analyses. Subject flow through the study is shown in Figure 1.
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Figure 1. Subject flow through study.

Study subject demographics are reported in Table 2. The subjects were primarily female, with a
mean age of 46.2 years and a mean body mass index of 26.1 kg/m?. Each subject was given a copy
of his or her diet record for the 24 h prior to test 1 and asked to replicate intake for the same period
prior to test 2. The prior 24-h diet record returned on the day of test 2 was reviewed and any material
deviations were noted. None of the subjects had deviations sufficiently large to warrant exclusion
from the per protocol analysis in the judgment of the study director.

Table 2. Subject demographics.

Variable All Participants (1 = 35) 1
Age () 462422
Sex (male/female) 12/23
Race (white/nonwhite) 22/13
Ethnicity (non-Hispanic/Hispanic) 26/9
Weight (kg) 739 + 2.1
Body mass index (kg/mz) 26.1 £05
Fasting capillary glucose (mmol/L) 5.04 £ 0.09

1 Values for continuous variables are mean + standard error of the mean; values for categorical values
are frequencies.

3.2. Blood Glucose and Insulin

The time-course graph of venous and capillary glucose and venous insulin concentrations is
presented in Figure 2, and iAUC and Cmax are shown in Table 3. Venous and capillary glucose
iAUCp-120 min and iAUC(_1gp min mean values were all 43-45% lower after consumption of the fiber
scone compared to control scone (p < 0.05). Venous insulin iAUCp_120 min and iAUCq_1gp min Mmean
values were 35% and 40% lower, respectively, after consumption of the fiber scone compared to
control scone (p < 0.05). Mean venous and capillary glucose and venous insulin Cmax levels were also
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significantly lower after consumption of the fiber scone compared to control scone (8%, 10% and 22%
lower, respectively; p < 0.05).
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Figure 2. Mean post-prandial glucose and insulin concentrations over 180 min: (a) venous glucose;
(b) capillary glucose (c) venous insulin. Error bars represent the standard error of the mean.
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Table 3. Post-prandial glucose and insulin iAUC and Cmax (1 = 32) 2.

Parameter Control Scone Fiber Scone p-Value 3

Venous blood glucose

iAUCq_120 min (min x mmol/L) 69.65 + 9.05 38.41 4+ 5.77 0.0014
iAUCy 180 min (min x mmol/L)* 84.75 £ 1143 48.29 £9.55 0.0039
Cmax (mmol/L) 4 6.44 £ 0.18 5.88 +0.12 0.0039
Capillary blood glucose
iAUC(_120 min (min x mmol /L) 139.14 £ 14.60 79.75 £ 8.10 0.0004
iAUC) 180 min (min x mmol/L)% 17188 +19.65  94.63 & 10.66 0.0003
Cmax (mmol/L) 4 7.49 £0.19 6.72 £ 0.16 0.0002
Venous insulin

iAUC) 120 min (min x pmol/L) 19,229 + 1865 12,592 + 1686 0.0005
iAUC) 180 min (min x pmol/L) 23,850 £ 2138 14,192 + 1901 <0.0001
Cmax (pmol/L) 4 392 + 28 305 £ 26 0.0008

1iAUC = incremental area under the curve, Cmax = maximum concentration. 2 Values are mean =+ standard error
of the mean. 3 p-values derived from repeated measure analysis of variance (ANOVA) with subject included as a
random effect. * Values were ranked prior to ANOVA.

3.3. Satiety VAS Scores

Results for niAUC satiety VAS scores are shown in Table 4. Hunger and desire to eat
niAUC_180 min Mean values were significantly lower after consumption of the fiber scone compared to
control scone (p < 0.05). Fullness and prospective consumption niAUC(_1g)p min mean values did not
differ significantly between study products.

Table 4. Satiety visual analog scores (1 = 35) 12,

Parameter Control Scone Fiber Scone p-Value 3
Hunger niAUCq_1g0 min (mm x min) —1173 £ 896 —2840 £ 780 0.0316
Fullness niAUC(_18p min (Mm X min) 3926 + 753 4028 + 898 0.8858
Desire to eat Nt AUC(_180 min (Mm X min) —1184 £ 918 —3046 £ 773 0.0135
Prospective consumption niAUCp_1g80 min (Mmm x min) —2098 £+ 799 —2847 £ 672 0.1619

1 mm = millimeters, min = minutes, niAUC = net incremental area under the curve; 2 Values are mean =+ standard
error of the mean; 3 p-values derived from repeated measures analysis of variance with subject included as a
random effect.

3.4. GI Tolerability Questionnaire

Results for the analyses of the frequency of scores of 2 or greater (somewhat more than usual and
much more than usual) on the components of the GI tolerability questionnaire are shown in Table 5.
There were no significant differences between study products in the number of subjects with ratings of
somewhat more than usual or much more than usual for nausea, bloating, GI rumblings, flatulence,
abdominal pain, or diarrhea.

Table 5. Gastrointestinal Tolerability: Frequency of scores > 2 (n = 35) >3
Parameter Control Scone Fiber Scone p-Value *
Nausea 0(0)3 0(0) 1.000
Bloating 1(2.9) 0(0) 1.000

GI Rumblings * 4(11.4) 1(2.9) 0.2482
Flatulence 1(2.9) 0(0.0) 1.000
Abdominal

Pain 0(0.0) 0(0.0) 1.000
Diarrhea 0(0.0) 0(0.0) 1.000

1GI= gastrointestinal; 2 Scoring system: 0 = none, 1 = no more than usual, 2 = somewhat more than usual, 3 = much
more than usual; ® Values are 1 (%); * p-value generated from McNemar’s test for frequencies of values > 2.
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3.5. Study Product Palatability

Results for the analyses of study product palatability are shown in Table 6. There was no
significant difference between study products for any of the characteristics evaluated on the palatability
questionnaire including appearance, texture, flavor, acceptance, healthiness or nutritiousness of the
fiber scone and control scones. There were also no significant differences between study products for
subjects” agreement with the statements “I recommend the scone to family and friends” and “I tolerated
the scone well, with no complaints”.

Table 6. Palatability Evaluation (n = 35) 5,

Parameter Control Scone Fiber Scone p-Value ©
Appearance 1 7.74 + 0.32 7.63 + 0.32 0.4875
Texture ! 6.97 + 0.34 6.40 4+ 0.36 0.0743
Flavor ! 7.1140.04 6.69 4 0.43 0.11857
Acceptance ! 717 £0.36 6.77 £ 0.43 0.22717
Healthy 2 591 + 0.46 5.71 4+ 0.44 0.4205
Nutritious 3 5.57 4 0.44 5.23 4 0.44 0.2092 7
Recommend * 0.17 4+ 0.20 0.09 +0.21 0.5712
Tolerated * 0.89 4+ 0.20 0.97 +£0.16 0.8601 7

1 Scoring system: 1 (dislike extremely) to 10 (like extremely) on the appearance, texture, flavor, and overall
acceptance of the scones; 2 Scoring system: 1 (not at all healthy) to 10 (extremely healthy); 3 Scoring system: 1 (very
little) to 10 (very nutritious). 4 “T recommend the scone to family and friends” and “I tolerated the scone well,
with no complaints” by marking rating of —2 (strongly disagree), —1 (disagree), 0 (no opinion), +1 (agree), or +2
(strongly agree); 5 Values are mean + standard error of the mean; ® p-value derived from repeated measures analysis
of variance (ANOVA) that included subject as a random effect; 7 Individual values were ranked prior to ANOVA.

4. Discussion

The present study demonstrates that replacing a portion of refined wheat flour in a food with RS4
can reduce postprandial glucose and insulin concentrations and increase selected measures of satiety.
The blood glucose and insulin findings align with results from a previous study administering the same
RS4 in a muffin top to healthy adults [19]. In the present study, the percent reductions in iAUCg_120 min
glucose (venous and capillary) and iAUCy_120 min insulin were greater than in the previously published
study, which may be attributed to the higher dietary fiber content of the RS4-containing scone in the
present study. Both study foods replaced a portion of refined wheat flour with VERSAFIBE 2470
resistant starch. This replacement resulted in an increase in TDF content and a decrease in available
carbohydrate content which contributed to the reduced glucose and insulin responses. The absolute
blood glucose values typically differ when measured intravenously or through capillary sampling,
with capillary sampling typically displaying lower variation [25]. It is expected that the venous values
will be a bit lower than the capillary values because capillary blood will have a value intermediate
between that of venous and arterial blood. The present data from individual time points align with
this previous observation.

The intended application of the novel RS54 in the present study is to replace digestible starch (e.g.,
wheat flour) in food products. Accordingly, the study was designed to provide data on the glycemic
and insulinemic responses to food products prepared with non-resistant starch (control) or RS54 resistant
starch. Therefore, the trial was designed in a manner that matched total carbohydrate content and
portion size rather than available carbohydrate content. This deliberate choice in study design provides
information relevant to the intended application of the ingredient studied (RS4). Glycemic response,
which was evaluated in the present study, is often confused with glycemic index, which requires that
the control food and test food be matched for 50 g available carbohydrate. These two concepts have
been discussed in detail elsewhere [26].

Other types of RS4 have also been effective in lowering blood glucose compared to a control
treatment. Four acute studies of RS4 containing distarch phosphate or phosphated distarch phosphate
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demonstrated reduction in postprandial blood glucose when administered in a beverage [8,14], a bar [9],
and a cookie [16]. An acute study of maize hydroxypropyl distarch phosphate RS4 (38 g) in pancakes
administered to healthy adults reported a significant reduction in postprandial glucose and insulin
compared to control (0-180 min) [17]. A similarly designed study using the same RS4 (40 g) in pancakes
reported no difference in blood glucose or insulin values over 180 min [18]. It should be noted that
the RS4-containing pancake in both studies provided 0 g fiber. The inconsistency in blood glucose
response to different RS4s emphasizes the need for evaluating health effects from consuming specific
types of RS4, especially as new RS4s are developed.

Three studies examined the effect of a different type of RS4 on acute satiety response [11,14,18],
and each study examined a different type of RS4. Satiety ratings in response to wheat phosphated
distarch phosphate in a bar (10 g) [11] and potato distarch phosphate in a beverage (30 g) [14],
and maize hydroxypropyl distarch phosphate in pancakes (40 g) [18], did not differ from those in
control treatments. In contrast, the present study demonstrated that acid-hydrolyzed and heat-treated
RS4 reduced hunger and desire to eat during the 180 min following consumption. The mechanism
of action for this short-term effect is unclear and warrants further research. Additionally, long-term
studies of RS4 on energy intake and weight management are needed to understand the full range of
responses to consumption of this fiber.

Effects of long-term intake of wheat-based RS4 (phosphated distarch phosphate) were examined
in two studies and published in three articles [10,12,13]. Martinez et al. (2010) compared the effects
of high amylose maize resistant starch (RS2) and wheat phosphated distarch phosphate (RS4) on
the gut microbiota [10]. While both types of RS impacted the gut microbiota, their effects were
distinct, which reinforces the hypothesis that different types of RS may yield different health
effects. A study in the Hutterite community, which has a high prevalence of metabolic syndrome,
demonstrated that inclusion of RS54 did not affect measures of glycemic health, but improved blood
lipids, waist circumference, and body composition [12]. The amount of RS54 or fiber consumed was not
reported, which limits the ability to draw conclusions on long-term intake. An analysis of a subsample
from the aforementioned study reported changes in gut microbiota composition and increased fecal
short-chain fatty acid concentrations, suggesting that the gut microbiota may be a mediator for the
changes in metabolic biomarkers [13]. This paper reported mean nutrient intake at baseline and after
the two intervention periods. However, this was a subsample of the previous study and it is unclear
whether the dietary data applies to the larger group in the previously published paper.

The glycemic response findings in the present study are supported by results from many previous
studies of RS4. This study demonstrates that a reduction in post-prandial blood glucose and insulin can
be achieved using an RS4 that is created through a novel chemical modification (acid hydrolyzed and
heat-treated, instead of phosphate cross-linked). This is the first study to report significantly increased
satiety (hunger, desire to eat) after consuming RS4. There are a few limitations of this study: (1) the
study was conducted in healthy individuals, so we cannot draw conclusions related to chronic disease
risk or management of existing conditions such as diabetes mellitus; and (2) the study foods (low fiber
scone and high fiber scone) may not be culturally relevant to all countries and, thus, additional research
is needed to evaluate glycemic and satiety response to culturally appropriate foods. Future research
should examine the long-term effects of different RS4s to better understand the range of health effects
from these ingredients.

5. Conclusions

In conclusion, this study demonstrated that a baked good, fortified with RS54 (acid hydrolyzed and
heat treated maize starch) that replaced available carbohydrate from wheat flour, reduced postprandial
plasma glucose response (venous and insulin) and correspondingly reduced plasma insulin. The study
foods were administered in a practical portion size, emulating what consumers might find in the
marketplace. This is the first study to report changes in two measures of satiety, hunger and desire to
eat, after consuming RS4. The high fiber scone was well-tolerated and did not change gastrointestinal
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symptoms. Resistant starch type 4 has the potential for helping to fill the fiber gap in the Western diets
while improving glycemic health.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/2/129/s1, Table
S1: Scone Formulations.
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Abstract: Ingestion of low glycemic index (LGI) carbohydrate (CHO) before exercise induced less
insulin response and higher fat oxidation than that of high GI (HGI) CHO during subsequent
exercise. However, the effect on the subsequent postprandial lipid profile is still unclear.
Therefore, the aim of this study was to investigate ingestion of CHO drinks with different
GI using fructose and glucose before endurance exercise on the subsequent postprandial lipid
profile. Eight healthy active males completed two experimental trials in randomized double-blind
cross-over design. All participants ingested 500 mL CHO (75 g) solution either fructose (F)
or glucose (G) before running on the treadmill at 60% VO,max for 1 h. Participants were
asked to take an oral fat tolerance test (OFTT) immediately after the exercise. Blood samples
were obtained for plasma and serum analysis. The F trial was significantly lower than the
G trial in TG total area under the curve (AUC; 9.97 + 3.64 vs. 10.91 + 3.56 mmol x 6 h/L;
p = 0.033) and incremental AUC (6.57 &= 2.46 vs. 7.14 = 2.64 mmol/L x 6 h, p = 0.004). The current
data suggested that a pre-exercise fructose drink showed a lower postprandial lipemia than a glucose
drink after the subsequent high-fat meal.

Keywords: glycemic index; triacylglycerol; high-density lipoprotein; fat oxidation; oral fat tolerance test

1. Introduction

An increase in postprandial plasma triacylglycerol (TG) concentrations was suggested to cause
damage on vascular subcutaneous cells and vascular walls [1]. The postprandial lipemia phenomena
may last for 6 to 8 h [2], suggesting that a high postprandial TG concentration in the circulation is
likely lasting an entire day after breakfast is ingested. A number of studies indicated that an increase
in postprandial TG level correlates positively with the mortality rate and risk of cardiovascular disease
(CVD) [3-5]. In order to reduce high postprandial TG concentrations, several studies proposed that
endurance exercise was effective for lowering postprandial TG concentrations [6-8].

A high-carbohydrate (CHO) diet increases the storage and use of muscle glycogen, and improves
exercise performance [9,10]. However, a high CHO diet might cause a rise in very-low-density
lipoprotein (VLDL) concentration [11-13] and a reduction in the level of high-density lipoprotein
cholesterol (HDL-C) [14], which were considered to increase the risk of CVD. Previous study
showed exercise intervention might elevate the level of HDL-C, increase lipoprotein lipase (LPL)
activity [15], increase the transportation of blood lipids into the muscle cells for storage or use,
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and lower postprandial TG concentrations [11,16]. Katsanos and colleagues [17] showed that following
moderate-intensity endurance exercise there was significantly lower insulin concentration and TG
area under the curve (AUC) over 6 h after ingestion of a high-fat meal when compared to the no
exercise trial. Therefore, insulin action may play one of the key factors in influencing postprandial TG
levels [18,19].

A rise in insulin concentration by following CHO ingestion results in an increase in the rate of
CHO oxidation, and the rate of fat oxidation inhibited [18]. Previous studies examined ingesting
CHO meals with a low glycemic index (LGI) and a high glycemic index (HGI) before exercise on
substrate utilization during exercise [20-22]. The results suggested that ingestion of the LGI meal
induced lower insulin response and showed a significantly higher rate of fat oxidation than that
of the HGI meal during subsequent exercise [20,22]. Ingesting CHO with a distinct GI stimulates
insulin response, leading to changes in the fat oxidation rate during exercise, which possibly exerts
varying degrees of influence on postprandial lipid metabolism when the body is recovering from the
exercise. Kaviani and colleagues [23] reported that ingestion of a post-exercise LGI meal induced
lower postprandial TG concentrations when compared to that of the HGI meal. However, how the
pre-exercise CHO influenced the subsequent postprandial lipid profile is still unclear.

An extant study verified that exercise intervention effectively lowered the increased level of blood
lipids due to CHO ingestion [24,25]. We hypothesize that ingestion of an LGI drink prior the exercise
may induce higher fat oxidation than ingestion of an HGI drink during exercise and subsequently
induces a higher plasma TG clearance rate during the postprandial period after a high fat meal.
To date, no studies have been conducted on postprandial lipid profiles immediately after exercise
with ingestion of pre-exercise GI CHO. Therefore, the purpose of the present study was to determine
the effect of fructose versus glucose pre-exercise drinks and exercise intervention on the subsequent
postprandial lipid profile.

2. Materials and Methods

Eight healthy active males voluntary participated in the present study (age 23.1 £ 0.7 years,
weight 68.9 & 2.0 kg, and maximal oxygen consumption (VO,max) 47.7 £ 1.6 mL/kg/min). This study
was conducted in the Sports Science Research Center of National Taiwan University of Sport, with the
approval of the Human Subject Committee of National Taiwan University of Sport (NTCPE-95-01).
Participants were given their written informed consent after complete understood the study design
and possible risks. All participants completed the health history questionnaire before undertaking
the experiments.

2.1. Experimental Design

A randomized double-blind cross-over experimental design was adopted and the trial order was
counter-balanced for this study. All of the participants underwent two experimental trials separated at
least seven days. The participants were asked to ingest CHO-containing either a fructose or glucose
drink 30 min before running on the treadmill for 1 h at 60% VO,max. Immediately after the exercise
the participants were asked to take an oral fat tolerance test (OFTT), which asked participants to ingest
a high-fat meal to observe postprandial lipemia for 6 h [26]. The participants were asked to record
their diet for three days before the first trial and were required to repeat the same diet before the
next trial. A standardized lunch and dinner was served for the participants on the day before the
main trial. The participants were asked to avoid any heavy physical activity or exercise three days
before the main trials. In addition, they were asked to refrain from smoking and ingesting alcohol- and
caffeine-containing beverages before the experiment.

2.2. Preliminary Measurements

Two preliminary tests were conducted: running economy (RE) test and VO,max measurement.
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RE test: The RE protocol was a four-stage test running on a treadmill (Medtrack ST65, Quinton,
Seattle, Washington, USA) at an initial speed of 7.0-8.0 km/h and increase at 1.0-1.5 km/h every
4 min. The oxygen uptake (VO,) was measured 1 min before the end of each stage using a gas
analyzer (Vmax Series 29C, Sensor Medics, Yorba Linda, CA, USA). The four VO, measurements were
substituted in a linear regression equation to calculate the relationship between VO, and running
speed [22].

VO;max test: The speed of the treadmill was set at a constant pace. The initial slope of the
treadmill was set at 3.5% and increased at 2.5% every 3 min. Participants were encouraged to complete
every stage of the exercise until volitional fatigue. The VO,max criteria were a plateau in VOy, heart rate
coming close to the age-predicted maximal heart rate, and respiratory exchange ratio (RER) > 1.15.

2.3. Test Drink, Oral Fat Tolerance Test, and Lunch and Dinner before Experiment Day

Participants ingested different GI carbohydrate drinks that we provided in the present study:
(a) a high-GI drink (GI = 100; HGI); and (b) a low-GI drink (GI = 40; LGI). Carbohydrate source:
HGI was 75 g glucose (Wako Pure Chemical Industries, Ltd., Osaka, Japan), or LGl was 75 g fructose
(Shimakyu’s Pure Chemicals, Osaka, Japan) in 500 mL water.

An oral fat tolerance test meal included white bread, whipping cream, nuts, butter, and cereal.
The meal provided as based on the body weight of the participants and contained 1.2 g/kg fat,
1.1 g/kg CHO, 0.33 g/kg protein, and 16.5 kcal/kg [26]. All of the foods were purchased from the
same supermarket, and the foods were of the same brand. The calorie value of the foods, as well as
CHO, protein, and fat contents, were calculated according to the nutritional label by the manufacturer.

The standardized lunch and dinner before the main trial were described in the previous study [26]
and were purchased from the same convenience store. The lunch provided 840.0 & 57.0 kcal,
with 50.7 £ 0.3% energy from carbohydrate (106.5 £+ 7.4 g), 31.5 £ 0.5% from fat (29.4 + 1.8 g),
and 17.8 =+ 0.5% from protein (37.5 £ 3.2 g). The standard dinner offered 692 kcal, with 50% energy
from carbohydrate (86.5 g), 32% from fat (24.6 g), and 18% from protein (31.1 g). The calculated GI
value was 68.8.

2.4. Protocol

Participants were given the same lunch and dinner one day before the start of the experiment.
They were instructed to report to the laboratory after overnight fasting for 12 h. After their height
and weight were measured, they were asked to ingest a fructose (F) or glucose (G) drink (500 mL).
Following 30 min of a resting period, the participants ran at 60% VO,max for 1 h on the treadmill.
After the exercise was completed, fasting blood specimens were drawn at 0 h from the antecubital
vein by a catheter. Subsequently, the participants were asked to ingest an OFTT meal within 20 min,
and their blood specimens were collected at 0.5, 1, 2, 3, 4, 5, and 6 h after the meal. The participants
were required to sit quietly in the laboratory to avoid any physical activities during the 6 h postprandial
period. The environmental temperature was maintained at 22 °C-25 °C and a humidity of 50-60%.

2.5. Blood Sample Collection and Analysis

A catheter (Venflon 20G, Ohmeda, Sweden) was connected to the three-way stopcock
(Connecta Ltd., Helsingborg, Sweden) with a 10-cm long tube for collecting 10 mL blood samples
at each time point. The 10-cm long blood tube was regularly washed with sterile sodium chloride
solution (0.9% w/v) to prevent blood coagulation in the tube. A non-heparinized tube was used
to collect 2 mL of blood sample, and it was allowed to stand for 1 h to wait for the blood to
coagulate. Another tube containing ethylenediaminetetraacetic acid (EDTA) was used to collect
8 mL of blood sample. The collected sample was then centrifuged (Eppendorf 5810, Hamburg,
Germany) at 4 °C at 2000 rpm for 20 min. The extracted serum and plasma samples were stored
at —70 °C in a freezer before analysis. Plasma glucose (Shino, Tokyo, Japan), TG (Wako, Osaka,
Japan), non-esterified fatty acid (NEFA; Wako, Neuss, Germany), glycerol (Randox, Co., Antrim, UK),
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and HDL-C (Kyowa, Osaka, Japan) were measured using an automated biochemical analyzer
(Hitachi 7020, Tokyo, Japan). Electrochemiluminescence (Elecsys 2010, Roche Diagnostics, Basel,
Switzerland) immunoassay was used to analyze the serum insulin concentrations (Roche Diagnostics,
Mannheim, Germany). The intra-assay coefficients of the variation of the blood sample measurement
were: TG: CV(%) = 4.9; insulin: CV(%) = 2.8; NEFA: CV(%) = 4.51; glycerol: CV(%) = 6.42; glucose:
CV(%) = 6.9; and HDL-C: CV(%) = 4.9.

2.6. Statistical Analyses

All collected data was presented as mean & SD. Changes in blood samples were analyzed by
a two-way ANOVA with repeated measures. The Bonferroni post hoc test for comparison with
two groups for each time point was used when the ANOVA showed a significant interaction effect
(condition x time). The blood biochemistry concentrations over the time AUCs were analyzed
using a paired T-test. The differences between F and G trials were evaluated by Cohen'’s effect
size (ES). The analysis was performed with SPSS 23.0. A p-value less than 0.05 was considered
statistically significant.

3. Results

3.1. Plasma Triacylglycerol

Plasma TG IAUC (Figure 1a) was significantly lower in the F than in the G trial (6.57 £ 2.46 vs.
7.14 + 2.64 mmol/L x 6 h, p = 0.004); plasma TG total AUC (Figure 1b) was significantly lower in
the F compared with the G trial (9.97 & 3.64 vs. 10.91 £ 3.56 mmol/L x 6 h, p = 0.033). Plasma TG
concentration over 6 h (Figure 1c) showed no significant difference between trials by time interaction
(condition x time, p = 0.628; condition, p = 0.342; time, p < 0.001).
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Figure 1. Triacylglycerol (TG) incremental area under the curve (a) and TG area under the curve (b) in
6 h and postprandial TG concentration over 6 h (c). * F was significantly lower than G (p = 0.004).
* F was significantly lower than G (p = 0.033).

3.2. Serum Insulin and Plasma Glucose

Serum insulin concentration and plasma glucose concentration over the 6 h are displayed in
Figure 2. There was no significant difference in serum insulin (condition X time, p = 0.557; condition,
p = 0.893; Figure 2a). Plasma glucose concentration showed no significant difference between trials
(condition x time, p = 0.191; condition, p = 0.763; Figure 2b). There were no significant differences
between trials in serum insulin AUC and glucose AUC (p = 0.717; p = 0.951; Table 1).

3.3. Plasma Non-Esterified Fatty Acids (NEFA), Glycerol

Plasma NEFA concentration was significantly higher before OFTT (after exercise) in the F trial
than in the G trial (0.39 £ 0.1 vs. 0.24 £ 0.06 mmol/L; p = 0.011; Table 2). Plasma NEFA concentration
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over 6 h showed no significant difference between trials (condition x time, p = 0.052; condition,
p = 0.563; time, p < 0.001; Figure 3a). There was no difference between trials in plasma NEFA AUC
(F:3.05 £ 0.45; G: 3.06 + 0.54, p = 0.962; Table 1).

Plasma glycerol concentration was significantly higher before OFTT (after exercise) in the F trial
than in the G trial (168.75 & 38.86 vs. 131.75 + 45.30 pmol/L; p = 0.015; Table 2). Plasma glycerol
concentration over 6 h showed no significant difference between trials (condition x time, p = 0.141;
condition, p = 0.064; time, p < 0.001; Figure 3b). There was no difference between trials in plasma
glycerol AUC (F: 395.84 £ 69.55; G: 363.19 &+ 64.67, p = 0.192; Table 1).
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Figure 2. Serum insulin concentrations (a) and plasma glucose concentrations (b) during the 6 h
postprandial period, p < 0.05.

Table 1. The plasma and serum sample concentrations area under the curve.

Fructose Glucose P ES

Insulin (WU/mL x 6 h) 74.06 & 20.95 71.73 +17.88 0.717 0.12
TG (mmol/L x 6 h) 9.97 + 3.64 10.91 + 3.56 0.033 * 0.26
TG IAUC (mmol/L x 6 h) 6.57 +2.46 7.14 £2.64 0.004 * 0.22
Glucose (mmol/L x 6 h) 27.46 £ 3.30 27.56 + 1.59 0.951 0.04
NEFA (mmol/L x 6 h) 3.05 £ 0.45 3.06 £ 0.54 0.962 0.02
Glycerol (umol/L x 6 h) 395.84 +69.55  363.19 & 64.67 0.192 0.49
HDL-C (mmol/L x 6 h) 8.02 £ 1.68 7.49 £1.52 0.003 * 0.33

* Significant difference between F and G (p < 0.05). Values are mean =+ SD. TG: triacylglycerol; IAUC: incremental
area under the curve; NEFA: non-esterified fatty acids; HDL-C: high density lipoprotein cholesterol.

Table 2. The plasma and serum sample concentrations before OFTT.

Fructose Glucose P ES
Insulin (WU/mL) 4.78 £3.86 8.50 £ 6.31 0.177 0.71
TG (mmol/L) 0.57 £0.21 0.63 £ 0.31 0.580 0.23

Glucose (mmol/L) 452 4+ 0.69 529 +1.22 0.101 0.78
NEFA (mmol/L) 0.39 £0.10 0.24 + 0.06 0.011* 1.82
Glycerol (umol/L)  168.8 +-38.86  131.7 £ 45.30 0.015 * 0.88
HDL-C (mmol/L) 147 +0.31 1.33 £0.27 0.184 0.48

* Significant difference between F and G (p < 0.05). Values are mean =+ SD. TG: triacylglycerol; NEFA: non-esterified
fatty acids; HDL-C: high density lipoprotein cholesterol.
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Figure 3. Plasma NEFA concentrations (a); and glycerol concentrations (b) during the 6 h postprandial
period. NEFA: non-esterfied fatty acid.

3.4. Plasma High-Density Lipoprotein Cholesterol

Plasma HDL-C concentrations (Figure 4) showed no significant difference between trials by time
interaction (condition x time, p = 0.336; condition, p = 0.118; time, p = 0.021). Plasma HDL-C AUC was
significantly higher in the F trial compared to the G trial (8.02 &= 1.68 vs. 7.49 £ 1.52 mmol/L x 6 h,
p =0.003; Table 1).
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Figure 4. Plasma HDL-C concentrations during the 6 h postprandial period.

4. Discussion

The major finding of this study is that ingestion of fructose before endurance exercise
lowered subsequent postprandial plasma TG concentrations compared to that of the glucose
drink. Several studies demonstrated that endurance exercise effectively reduced postprandial
lipemia [7,8,17,25,27]. To our knowledge, no studies have been conducted on how pre-exercise CHO
with different GI and endurance exercises influence the subsequent lipid profile after oral ingestion of
a high-fat meal.

A previous study reported that while a lower insulin level was induced by ingesting an LGI
meal before exercise, a lower CHO oxidation rate was observed compared with when an HGI meal
was ingested during exercise [20,22]. After ingestion of the HGI CHO meal, the rise in insulin level,
in turn, decreases the fat oxidation rate during exercise, thereby inhibiting exercise-induced lipid
metabolism [22,28]. Although we did not measure the RER to examine the rate of substrate utilization
during exercise, the plasma NEFA and glycerol concentrations of the F trial was significantly higher
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than that of the G trial following 60 min of exercise (Figure 3). The current result is similar to previous
studies, which might indicate a higher fat oxidation occurred in the F trial during exercise in the current
study [20,22]. Therefore, the current study supported those of previous studies that, after ingesting
a CHO diet with different GI and engaging in exercise, the LGI trial showed a significantly higher fat
oxidation rate during the exercise than did the HGI trial [20-22]. This result verifies that ingesting
an LGI CHO drink before exercise could depress lipid metabolism less during exercise compared with
the HGI CHO drink. The higher fat oxidation occurring in the F trial during exercise might result in
a higher plasma TG clearance rate during subsequent postprandial period.

Previous study demonstrated that the additional insulin administration after ingestion of high
fat meal showed an improvement in postprandial TG disposal in type I diabetes [29]. The study
indicated that the insulin concentration played an important role on postprandial TG removal.
However, the current study did not find differences in insulin concentration between trials during
OFTT. This might be due to the exercise before OFTT diminishing the difference in postprandial insulin
response even though we fed different GI CHO before exercise.

In the present study, the postprandial TG AUC and IAUC in the F trial demonstrated significantly
lower values than the G trial (Figure 1). An increase in the plasma TG removal rate is possibly the factor
causing a reduction in the plasma TG level, including decreasing the release of liver TG and increasing
the transport of TG into muscle cells, or storage and utilization [24,30,31]. Ingestion of fructose
was thought to increase postprandial lipemia in a sedentary population. Chong and colleagues [32]
concluded that ingestion of fructose induced lower insulin secretion and might result in less activation
of lipoprotein lipase (LPL), which consequently leads to impairing TG clearance. However, the negative
effect may be offset by increasing physical activities [33]. Interestingly, Egli and colleagues [34]
reported exercise prevented short-term high-fructose diet induced hypertriglyceridemia and increased
lipid oxidation. After exercise, muscle LPL activity is increased, stimulating the transport of TG
into the muscle cell for storage and utilization, which may reduce plasma TG concentration [24,35].
A previous study determined that a single session of exercise significantly enhanced the muscle LPL
activity [36,37]. Seip and colleagues [38] also found that the expression of LPL genes in fat tissues
did not differ significantly after exercise, which further reflects the importance of muscle to blood
lipid metabolism after exercise. However, the different insulin responses caused by ingestion of CHO
solution with different GI were likely to influence the muscle LPL activity [36,39]. In addition, the levels
of glycogen and insulin increased considerably following ingestion of CHO; however, LPL activity
was significantly decreased [40,41]. Seip and colleagues [42] demonstrated that the LPL mRNA level
was significantly increased after 4 h of exercise, while lower insulin level was observed. This result
caused a rise in VLDL concentration and a reduction in HDL-C release [39,43]. Another study reported
that glucose ingestion elicits an insulin response that is evidently more apparent than that of fructose
ingestion [44,45]. Moreover, the fat oxidation rate during exercise is relatively higher after fructose
ingestion [46], which also influences LPL activity, eliciting changes in the postprandial TG level.
This probably partially explains why the F trial postprandial TG level was significantly lower than
that of the G trial in the current study.

The postprandial HDL-C level is related to the metabolic rate of TG-rich lipoprotein [24],
and exercise may promote a rise in HDL-C concentration [47,48]. However, HDL-C concentration
could be influenced by the insulin level [49]. The result of the present study indicated that when the
participants ingested the F drink before exercise, the significantly higher postprandial HDL-C level
was observed compared with when ingesting the G solution (Figure 4). A previous study reported
when CHO ingestion was controlled for four weeks, the fasting insulin level increased significantly,
and the HDL-C level was significantly lower than the pretest value [50]. Another study compared
ingestion of different concentrations of CHO beverages and found that low CHO intervention resulted
in higher HDL-C concentration, which was effective for triggering a decrease in the postprandial
TG level [51]. Compared with ingesting the F drink, ingesting the G drink induced higher insulin

235



Nutrients 2018, 10, 149

response which, in turn, caused a reduction in the postprandial HDL-C level, thereby weakening the
TG removal capability.

Previous studies have largely explored the relationship between exercise intervention and
postprandial lipid metabolism. No studies have investigated ingestion of different GI CHO before
exercise generating an influence on the postprandial lipemia immediately after exercise. This is the
first study to elucidate the interactive effects of different GI drinks and exercise intervention on lipid
metabolism following OFTT. We found that intervention might exert a retention effect, suggesting
that ingesting a CHO drink with different GI before exercise influences the rate of substrate utilization
during exercise, as well as the postprandial lipid level when OFTT is ingested after exercise.

Limitations

One of the major limitation of the present study was that the participants were given 75 g glucose
or fructose drinks which were not adjusted by their body weight, although the different body size
may have resulted in different magnitudes of glycemia when ingesting of the same amount of CHO.
However, the design of the present study was mainly to induce different glycemic and insulinemic
responses via different GI carbohydrate prior to exercise in order to influence the subsequent substrate
utilization. In addition, the present study design was a with-in subject design. Therefore, we speculate
that even if we adjust the amount of pre-exercise CHO by the subject’s body weight, the outcome will
possibly be similar to the present results.

5. Conclusions

This study found that when fructose was ingested before endurance exercise, the fructose trial
significantly lowered TG AUC and IAUC compared with the glucose trial after OFTT. This result is
possibly related to the pre-exercise low insulin level that induced higher fat oxidation during exercise.
However, the mechanism involved remains elusive and warrants further investigation in the future.
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Abstract: We have previously reported that 60% sucrose diet-fed ChREBP knockout mice (KO)
showed body weight loss resulting in lethality. We aimed to elucidate whether sucrose and fructose
metabolism are impaired in KO. Wild-type mice (WT) and KO were fed a diet containing 30% sucrose
with/without 0.08% miglitol, an a-glucosidase inhibitor, and these effects on phenotypes were tested.
Furthermore, we compared metabolic changes of oral and peritoneal fructose injection. A thirty
percent sucrose diet feeding did not affect phenotypes in KO. However, miglitol induced lethality
in 30% sucrose-fed KO. Thirty percent sucrose plus miglitol diet-fed KO showed increased cecal
contents, increased fecal lactate contents, increased growth of lactobacillales and Bifidobacterium and
decreased growth of clostridium cluster XIVa. CtREBP gene deletion suppressed the mRNA levels
of sucrose and fructose related genes. Next, oral fructose injection did not affect plasma glucose
levels and liver fructose contents; however, intestinal sucrose and fructose related mRNA levels were
increased only in WT. In contrast, peritoneal fructose injection increased plasma glucose levels in
both mice; however, the hepatic fructose content in KO was much higher owing to decreased hepatic
Khk mRNA expression. Taken together, KO showed sucrose intolerance and fructose malabsorption
owing to decreased gene expression.

Keywords: carbohydrate-responsive element-binding protein; ketohexokinase; fructose; glucose
transporter 5; glucose transporter 2

1. Introduction

Excess intake of high sucrose and fructose diet were thought to be associated with the
development of obesity, metabolic syndrome, and diabetes [1,2]. Many experimental animal studies,
for example, experiments feeding 70% fructose-containing water, supported this hypothesis [2].
However, recent human epidemic data suggest that there is little association between metabolic
syndrome and consumption of sucrose and fructose [3,4].

Moreover, the mechanism of sucrose and fructose metabolism remains unclear. Sucrose is a
disaccharide composed of glucose and fructose, and is digested by intestinal sucrase-isomaltase
(SI), which is inhibited by miglitol, an «-glucosidase inhibitor [5]. Fructose is more potent and
has higher capacity of protein glycation than glucose and, thus, is more harmful than glucose [6].
Fructose is metabolized in the intestine and liver. Previously, it has been considered that large
amounts of fructose are metabolized mainly in the liver [7]. However, portal fructose levels are
five times lower and plasma fructose levels are 100 times lower than plasma glucose levels [8,9].

Nutrients 2018, 10, 340 240 www.mdpi.com/journal /nutrients
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Moreover, excess intake of fructose can cause dietary fructose malabsorption and thereby irritable
bowel syndrome [10]. Taken together, we hypothesized that intestinal fructose absorption, but not
hepatic fructose metabolism, regulates portal and plasma fructose levels [11].

To clarify the intestinal sucrose and fructose metabolism, we focused on the phenotypes of
high-sucrose diet-fed carbohydrate-responsive element-binding protein (ChREBP)-knockout (KO)
mice [12]. ChREBP is a glucose-activated transcription factor that regulates glucose and lipid
metabolism. We have formerly reported that high-sucrose diet-fed KO mice showed body weight
loss and eventual lethality, although high-glucose diet-fed and high-starch diet-fed KO mice did
not [12]. AsSI is induced by sucrose, we wondered whether SI expression is decreased in KO
mice [13]. Moreover, high-fructose diet-fed KO mice showed similar phenotypes (body weight loss
and appetite loss) [14-16]. ChREBP regulates the gene expression of glucose transporter 5 (Glut5) and
ketohexokinase (Khk), which regulate fructolysis [12,17,18]. Taken together, we speculated that altered
sucrose and fructose metabolism may contribute to the pathology of sucrose intolerance and fructose
malabsorption seen in KO mice.

In this study, we focused on the effect of ChREBP on sucrose and fructose metabolism in the
liver and intestine. We tested whether 30% sucrose plus miglitol (S + M) diet-fed KO mice show
phenotypes similar to sucrose intolerance. Furthermore, by comparing the results of oral and peritoneal
fructose injection, we tried to clarify the role of hepatic and intestinal ChREBP in fructose metabolism.
This study will be beneficial for understanding the mechanism of sucrose and fructose metabolism.

2. Materials and Methods

2.1. Materials

Sucrose, fructose, and glucose measurement kits were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Lactate measurement kits were purchased from Kyowa Medex Co.
(Tokyo, Japan). Triglyceride and cholesterol measurement kits were purchased from Wako Pure
Chemical Industries. Glucose-6-phosphate dehydrogenase (G6PDH), phosphoglucose isomerase,
hexokinase, and NADP were purchased from Roche Custom Biotech Inc. (Mannheim, Germany).

2.2. Animals, and Sucrose and Sucrose + Miglitol Diets

Animal experiments were carried out in accordance with the National Institutes of Health guide
for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). All animal
care was approved by the Animal Care Committee of the University of Gifu (Approval number 27-31,
Approval date 4 June 2015). Mice were housed at 23 °C on a 12-h light/dark cycle. KO mice were
backcrossed for at least 10 generations onto the C57BL/6] background [19].

Mice had free access to water and were fed an autoclaved CE-2 diet (CLEA Japan, Tokyo, Japan).
Wild-type (WT) and KO mice were housed separately with a total of three mice per cage. To examine
mortality and body weight changes, 12 week old male WT and KO mice were fed a 30% sucrose
diet (S; protein 17% kcal, carbohydrate 73% kcal, fat 10% kcal) or a 30% sucrose + 0.08% miglitol diet
(S +M; protein 17% kcal, carbohydrate 73% kcal, fat 10% kcal, miglitol 0.08%) for eight weeks [20].
To examine phenotypes (tissue weight, tissue metabolites, plasma profile, mRNA levels), 18 week
old male WT and KO mice were fed S or S + M diets for seven days. The diets were purchased from
Research Diets Inc. (New Brunswick, NJ, USA). Miglitol was gifted by Sanwa Kagaku Kenkyuusho Co.
(Nagoya, Japan).

2.3. Liver Glycogen, Triglyceride, Cholesterol and Fructose Contents, and Plasma Profile Measurements

The liver glycogen content was measured as previously reported [12,19]. Liver lipids were
extracted using the Bligh and Dyer method [21], and measured using triglyceride (Wako Pure Chemical
Industries) and cholesterol E-tests (Wako Pure Chemical Industries). Liver fructose contents were
measured by enzymatic methods [22]. Briefly, freeze-clamped tissues (100 mg) were homogenized
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in 2 mL of cold 6% perchloric acid, neutralized, and centrifuged. The assay is based on the oxidation
of glucose as glucose-6-phosphate (G6P) using GoPDH. Fructose-6-phosphate is converted to G6P
by the phosphoglucose isomerase enzyme, and subsequently oxidized by the G6PDH in the assay
mixture. The fructose concentration is determined as the difference in G6P concentration before and
after phosphoglucose isomerase treatment. All enzymes were purchased from Roche Custom Biotech
Inc. Blood plasma was collected from the retro-orbital venous plexus following ad libitum feeding or
after a 6-h fast. Blood glucose levels were measured using a FreeStyle Freedom monitoring system
(Nipro, Osaka, Japan). Plasma triglycerides and total cholesterol levels were determined using the
commercial kits, triglyceride E-test (Wako Pure Chemical Industries), and cholesterol E-test (Wako Pure
Chemical Industries), respectively.

2.4. Cecal Contests Weight, Cecal Lactate Contents, and Intestinal Bacterial Flora

Mice fed with S or S + M were sacrificed at 19 weeks of age by cervical dislocation.
After tissue weight, length of intestine and cecal contents were measured, the intestine and liver
were immediately snap-frozen in liquid nitrogen and stored at —80 °C until further analysis of
hepatic triacylglycerol and cholesterol contents, and quantitative PCR. For measurement of cecal
lactate contents, frozen cecal content (20 mg) was homogenized in 80 uL of cold 6% perchloric acid,
neutralized and centrifuged. Supernatants were collected and measured by a lactate measurement kit
(Kyowa Medex). Terminal restriction fragment length polymorphism (T-RLFP) flora analysis of cecal
contents was performed by Techno Suruga Labo Inc. (Shizuoka, Japan) [23].

2.5. Oral and Intraperitoneal Fructose-Loading Test

Fructose (3 g/kg BW) was orally or intraperitoneally injected into 14 weeks old male WT and KO
mice. Plasma glucose was measured at the indicated times. For liver fructose contents and mRNA
expression analyses, mice were sacrificed at 0, 1, 2 or 4 h, and the liver and intestine were removed
and stored at —80 °C until further analysis.

2.6. RNA Isolation and Quantitative Real-Time PCR

Total RNA isolation, cDNA synthesis and real-time PCR analysis were performed as
previously described [12,19].  Real-time PCR primers for mouse/rat ChREBP, liver type
pyruvate kinase (Pklr), glucose transporter 2 (Glut2), fibroblast growth factor-21 (Fgf-21) and
RNA polymerase II (Pol2) have been previously reported [19]. Primers used for Gluts,
Khk, and Si were as follows: Glut5 forward, 5'-CGGCTTCTCCACCTGCCTC-3/, Glut5 reverse,
5'-CGTGTCCTATGACGTAGACAATGA-3’; Khk-C forward, 5-GCTGACTTCAGGCAGAGG-3', Khk-C
reverse, 5-CCTTCTCAAAGTCCTTAGCAG-3'; Si forward, 5-TTGATATCCGGTCCACGGTTCT-3/,
Sireverse, 5-CAGGTGACATCCAGGTTGCATT-3'. All amplifications were performed in triplicate.
The relative amounts of mRNA were calculated using the comparative CT method. Pol2 expression
was used as an internal control.

2.7. Statistical Analysis

All values are presented as means + SD. Data were analyzed using Tukey’s test. A value of
p < 0.05 was considered statistically significant.

3. Results

3.1. ChREBP Knockout Mice Show Intolerance to Modest Amounts of Sucrose and Miglitol Diet

We have reported that a high-sucrose diet (60% sucrose) caused decreased appetite and eventual
lethality in KO mice [12]. First, we investigated whether KO mice have any problems with sucrose
digestion. We tested whether a medium amount of sucrose (30%) feeding caused body weight loss.
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A 30% sucrose diet was not lethal, although the body weight gain of 30% sucrose-diet-fed KO (KO S)
mice was much lower than that of 30% sucrose-fed WT (WT S) mice (Figure 1A,B).
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Figure 1. Thirty percent sucrose + 0.08% miglitol diet causes body weight loss and high lethality.
Twelve week old male wild-type (WT) mice and ChREBP knockout (KO) mice were fed a 30% sucrose
(S) or 30% sucrose plus 0.08% miglitol (S + M)-containing diet for eight weeks. (A) Survival rate.
WTS, WT'S +M, and K S, except KO S + M, survived. Data represented as % survival; (B) Body weight
change. Data represented as mean + SD (n = 12 per group). ' KOS vs. KOS + M, p < 0.05,2 WT S vs.
KOS, p<0.05,and 3 WT S + M vs. KOS + M, p < 0.05.

Interestingly, the addition of miglitol, which inhibits sucrose digestion in the upper intestine,
caused decreased body weight and increased mortality (75 and 75%, six and eight weeks after feeding
the specific diet, respectively; Figure 1A,B). Next, we examined the following parameters one week
after feeding the specific diet. The body weight changes and food intake of KO S mice were similar
to those of WT S mice (Table 1). However, the body weight and food intake of sucrose plus miglitol
(S +M) diet-fed KO (KO S + M) mice were significantly decreased compared with WT S + M mice.
Consistently, the liver, epidydimal fat tissue and brown adipose tissue weight was decreased in
KO S + M mice compared with WT S + M mice (Table 1). In contrast, the locomotor activity was similar
among the groups (Table 1).

Regarding the plasma profile, the plasma glucose levels were lowest in KO S + M mice.
Plasma triglyceride and total cholesterol levels in KO S and KO S + M mice were lower than those
in WT S and WT S + M mice (Table 1). The liver triglyceride and cholesterol contents in KO S
and KO S + M mice were also lower than those in WT S and WT S + M mice (Table 1). The liver
glycogen content in KO S mice was increased; however, in KO S + M mice it was decreased owing
to appetite loss (Table 1). Thus, KO S + M mice showed sucrose intolerance similar to high-sucrose
diet-fed KO mice.
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Table 1. The effect of 30% sucrose and 0.08% miglitol diet on wild-type mice and ChREBP

knockout mice.

WT S WTS+M KOS KOS +M
BW (g) before 31.0 +£1.77 29.8 +1.83 27.7 +1.62© 2664121 @
BW (g) after 2934122 27640910 25241074 209+ 1.00 @@
BW (%) Difference —538+247  —75+3.88 —897+321  —215+214@®
Liver (%BW) 5.33 4 0.30 5.23 + 0.23 71241790 4974057 @
Epidydimal Fat Weight (%BW) 1.78 £0.55 1.69 4 0.32 1354030 047 +£0.16 @@
Brown Adipose Tissue (%BW) 0.40 + 0.09 0.38 =+ 0.05 0.30 & 0.07 ® 0.26 + 0.06 @
Locomotor activity (counts/day) 14550 + 3788 12778 4 2984 12875 + 2303 10800 =+ 2066
Food Intake (g/day) 2.51 + 0.63 2.33+0.26 2.53 +0.17 1.77 +0.30 @@
Plasma Glucose (mg/dL) 100.6 + 9.6 96.3 + 8.3 80.3+1080® 576+ 6.8 %
Plasma Triglyceride (mg/dL) 1372 +49.4  181.7 +54.2 72.7 +17.5 702 + 142 @
Plasma T-Chol (mg/dL) 127.5 + 153 130.6 + 4.4 60.3+7.8 65.4 + 6.46 )
Liver Glycogen (mg/g liver) 38.6 + 14.3 50.4 + 17.4 83.5 4+ 36.2 G 56.9 + 27.4
Liver Triglyceride (mg/g liver) 6.60 + 1.97 5.54 + 1.50 2724084 1.35 4+ 045 @
Liver Cholesterol (mg/g liver) 0.99 + 0.32 1.54 + 0.79 0.44 + 0.14 0.56 + 0.33 @

Thirty percent sucrose fed wild-type mice (WT S), 30% sucrose plus 0.08% miglitol fed wild-type mice (WT S + M),
30% sucrose fed ChREBP knockout mice (KO S), and 30% sucrose plus 0.08% miglitol fed ChREBP knockout mice
(KOS + M); BW: body weight; T-chol: total cholesterol. » WT Svs. WIS+ M, p <0.05,® KOSvs. KOS +M,
p <0053 WTSvs. KOS, p<0.05 and ® WTS+Mvs. KOS+ M, p <0.05.

3.2. Sucrose Plus Miglitol Diet-Fed KO Mice Show Cecum Enlargement

Next, we checked the intestinal changes in WT and KO mice. The length of the small intestine was
comparable in WT S, WT S + M, KO S and KO S + M mice (Figure 2A). The cecal enlargement and cecal
contents in KO S mice were higher than those in WT S mice (Figure 2B,C). Although the food-loading
test was performed only for one week, the cecal content in KO S + M mice was about 3.5 times higher
than that in WT S and WT S + M mice (Figure 2B,C). Moreover, analysis of the intestinal flora and cecal
contents showed that the ratios of Bifidobacterium and lactobacillales, and the cecal lactate contents
were the highest in KO S + M mice (Figure 2D,E). In contrast, the abundance of clostridium cluster
XIVa was dramatically diminished in KO S + M mice (Figure 2D).
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Figure 2. Sucrose plus miglitol diet-fed KO mice show cecal enlargement, higher lactate contents
and altered intestinal flora. Eighteen week old male wild-type (WT) mice and ChREBP-knockout
(KO) mice were fed a 30% sucrose (S) or 30% sucrose plus 0.08% miglitol (S + M)-containing diet for
seven days. (A) Lengths (cm) of small intestine; (B) Representative image of intestinal enlargement;
(C) Weight of cecal contents (% BW). Open arrows indcate cecum. Cecum in KO S and KO S + M were
enlarged; (D) Gut microbes in cecum contents of WT and KO mice are expressed as a percentage of
total DNA sequences; (E) Cecal lactate contents (mg/g). Data represented as mean + SD (n = 6 per
group). ' WTSvs. WT S+ M, p<0.052KOSvs. KOS+M,p<0.053WTSvs. KOS, p <0.05,
and * WTS+Mvs. KOS + M, p < 0.05. BW: body weight.

3.3. Miglitol Affects the Expression of CRREBP Target Genes in the Intestine

Next, we tested the sucrose and fructose metabolism in relation to gene expression. In WT S mice,
the expression of sucrose metabolism (Si), fructose metabolism (GIut2, Glut5 and Khk), and ChREBP
and its target genes in the upper intestine were higher as compared with those in the lower intestine
(Figure 3). Upon addition of miglitol, the mRNA expression of these genes was highest in the middle
and lower intestine. In the liver, the mRNA expression of these genes was not affected by the addition
of miglitol. Interestingly, the expression of Glut5 mRNA in the liver was much lower than in the
intestine (Figure 3E). By contrast, the mRNA levels of the abovementioned genes were lower in the
KO mice than in the WT and the effect of miglitol on these mRNA levels was suppressed in KO S
mice (Figure 3A-F). As compared with Glut5 expression, SGLTT mRNA levels were not affected by
ChREBP gene deletion (data not shown). Thus, we concluded that CAREBP regulates sucrose and
fructose metabolism through gene expression.
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Figure 3. The effect of miglitol and the ChREBP gene deletion on genes related to ChREBP, fructose
and sucrose metabolism. Eighteen week old male wild-type (WT) mice and ChREBP-knockout (KO)
mice were fed a 30% sucrose (S) or 30% sucrose plus 0.08% miglitol (S + M)-containing diet for seven
days. The intestine was divided into three parts (upper, middle and lower) and the mRNA levels
were measured by real-time PCR. (A) ChREBP; (B) liver pyruvate kinase (Pklr); (C) sucrase isomerase
(Si); (D) ketohexokinase (Khk); (E) glucose toransporter 5 (Glut5); and (F) glucose transporter 2 (Glut2).
Data represented as mean =+ SD (n = 3 per group). ! WTSvs. WIS+ M, p <0.05,2KO Svs. KOS+ M,
p<0.05,3WTSvs. KOS, p<0.05and * WIS+ Mvs. KOS + M, p < 0.05.
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3.4. Fructose Is Difficult to Metabolize in the Intestine, but Not in the Liver

As KO mice showed disturbance not only in sucrose metabolism but also in fructose metabolism,
we next tested the role of intestinal and hepatic ChREBP in fructose metabolism. After oral fructose
injection, fructose is absorbed in the intestine (Figure 4A). After peritoneal injection, fructose is
absorbed in the portal vein (Figure 4B) [24]. In the oral fructose-loading test (3 g/kg BW), the plasma
glucose levels in WT mice only modestly increased to 120 mg/dL at 30 min (Figure 4A). In KO mice,
the plasma glucose levels at 30 min were slightly lower than those in WT mice (Figure 4A). By contrast,
in peritoneal fructose loading, the plasma glucose levels in WT mice increased to 200 mg/dL at 30 min
(Figure 4B). In KO mice, the plasma glucose levels were lower than those in WT mice, and the peak
time shifted right (Figure 4B). Consistent with these results, the hepatic fructose content in the oral
fructose-loading test (at 0 and 1 h) was undetectable (Figure 4C). Therefore, we concluded that fructose
is difficult to metabolize and absorb in the intestine. In contrast, the fructose content after the peritoneal
fructose-loading test at 1 h was measurable. Moreover, in KO mice, the hepatic fructose content at
1 h was about three times higher than that in WT mice (Figure 4D). These results suggest that hepatic
fructose metabolism was inhibited at the level of KHK in the liver of KO mice.
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Figure 4. Oral and peritoneal fructose injection test. Oral (A) and perinoteal (B) injected fructose is
abosorbed in intestine and portal vein, respectively. Time course of glucose concentration after oral
(C) or peritoneal (D) fructose injection. Liver fructose content at 0 and 1 h after oral (E) or peritoneal
(F) fructose injection. Data are presented as means + SD (1 = 6 per group). * WT vs. KO, p < 0.05.

3.5. ChREBP Regulates the Expression of Genes Related to Fructose Metabolism in the Intestine

Finally, we examined whether fructose induces the expression of intestinal and hepatic ChREBP
target genes. After oral fructose injection, the expression of intestinal ChREBP target genes (ChREBP,
Pklr) and fructose metabolism genes (Glut2, Glut5, and Khk) in WT mice increased in a time-dependent
manner, while the mRNA expression of these genes was much lower in KO mice (Figure 5A-F).
Consistent with the plasma glucose levels, the mRNA expression of the hepatic ChREBP target genes
(ChREBP, Pklr, and Fgf-21) and fructose metabolism genes (Glut2, Glut5, and Khk) was not affected by
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fructose (Figure 5A-F). After peritoneal fructose injection, the hepatic mRNA expression of CtREBP,
Pklr, Glut2, Glut5, and Khk in WT mice increased in a time-dependent manner; however, this induction
was diminished in KO mice. By contrast, the intestinal mRNA levels of these genes were not affected
by fructose injection (Figure 5A-F). In the liver, Fgf-21 mRNA levels in KO mice were lower than
those in WT mice. However, the hepatic Fgf-21 mRNA levels in WT mice were not induced by oral or
peritoneal fructose injection (Figure 5C). Thus, we concluded that oral and peritoneal fructose injection
mainly induced intestinal and hepatic fructose metabolism genes regulated by ChREBP, respectively.
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Figure 5. The effect of oral and peritoneal fructose injection on genes related to ChREBP and fructose
metabolism. After oral or peritoneal fructose injection (3 kg/kg BW), the mRNA expression of ChREBP
(A); liver type pyruvate kinase (Pklr) (B); fibroblast growth factor-21 (Fgf21) (C); ketohexokinase (K/ik)
(D); glucose transporter 5 (Glut5) (E); and glucose transporte 2 (Glut2) (F) in the intestine and liver was
measured by real-time PCR analysis. n = 3 per group. *"WT vs. KO, p < 0.05.
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4. Discussion

In this study, we tried to identify the mechanism by which CAREBP-KO mice show sucrose
intolerance. Thirty percent sucrose (30%) diet-fed KO mice did not present the body weight loss
and lethality seen in 60% sucrose diet-fed KO mice; however, Si inhibition by miglitol successfully
exhibited sucrose intolerance. Increased fecal lactate contents, and increased growth of lactobacillales
and Bifidobacterium, consistent with increased lactate contents, was seen only in S + M fed KO mice.
These findings were consistent with decreased expression of sucrose and fructose metabolism-related
genes, which are regulated by ChREBP. Moreover, oral and peritoneal fructose injection mainly induced
ChREBP-regulated intestinal and hepatic fructose metabolism genes, respectively. These results
suggest that alternations in the expression of both sucrose and fructose-related genes contribute
to sucrose intolerance and fructose malabsorption in KO mice (Figure 6).

(A) In 30% sucrose plus 0.08% miglitol diet fed wild-type mice (WT), sucrose was digested into
glucose and fructose in upper intestine. Glucose was almost absorbed in upper intestine.
In contrast, fructose was partly absorbed and unabsorbed fructose was used for intestinal
bacterial growth.

(B) In 30% sucrose plus 0.08% miglitol diet fed ChREBP knockout mice (KO), owing to decreased
sucrase-isomaltase (SI) expression or SI inhibition by miglitol, undigested sucrose was moving
into the lower intestine. Moreover, fructose absorption in KO was also decreased due to decreased
intestinal glucose transporter 5 (Glut5), glucose transporter 2 (Glut2), and ketohexokianse (Khk)
expression. Undigested sucrose and fructose in lower intestine and cecum affected intestinal
bacterial flora (increased growth of lactobacillales and Bifidobacterium and decreased growth of
clostridium cluster XIVa).
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Figure 6. Schematic presentation of intestinal carbohydrate metabolism in wild-type and ChREBP

ca CHl  undigestion
pogs ] S, om g trdeestogy
om ke ] om

‘'K

knockout mice.

We have formerly reported that 60% sucrose diet-fed KO mice showed body weight loss and
decreased food intake [12]. Despite the appetite loss, the cecum of dead 60% sucrose diet-fed KO mice
was enlarged (unpublished data), hence, we wondered whether sucrose metabolism was disrupted in
KO mice. As miglitol is a well-known Si inhibitor, the addition of miglitol caused an increased flux
of undigested sucrose into the lower intestine. Consistent with these results, the addition of miglitol
caused sucrose intolerance in KO mice fed a 30% sucrose diet, which, by itself, did not induce sucrose
intolerance. Consistent with our hypothesis, KO S + M mice showed malabsorption (body weight,
food intake, and diarrhea), similarly to the 60% sucrose diet-fed KO mice. Therefore, the increased flux
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of undigested sucrose into the lower intestine was partly due to the pathology of sucrose intolerance
in KO mice.

S + M fed KO mice showed cecal enlargement in addition to body weight and appetite loss.
Moreover, the ratios of lactobacillales and Bifidobacterium increased and the ratio of clostridium cluster
XIVa reciprocally diminished in these mice. As the growth of these bacteria favors sucrose and
fructose, these results suggest that undigested sucrose was moving into the lower intestine and cecum,
and promoted the growth of lactobacillales and Bifidobacterium [25,26]. In contrast, the abundance
of clostridium cluster XIVa increased in mice fed with high-fat diets [27]. Our data showed that
Si inhibition did not change the gut microbiota in WT, which is consistent with the finding that Si
inhibition by inulin-type fructans did not change the total number of bacteria in the cecal content
and did not induce a bifidogenic effect [28]. However, the abundance of clostridium cluster XIVa was
diminished in KO S + M mice. As these changes in KO mice were caused by a 60% sucrose diet and by
an S + M diet, we concluded that sucrose intolerance was partly due to both Si suppression and a large
amount of sucrose intake, resulting in an increased flux of undigested sucrose into the lower intestine.

These phenotypes were similar to those of human SI deficiency patients [29]. After weaning from
breast-feeding, human congenital SI deficiency patients experienced stomach cramps, bloating, excess
gas production, and diarrhea, resulting in failure to gain weight and malnutrition. Most affected
children have improved tolerance to sucrose and maltose as they get older. Moreover, x-glucosidase
inhibitors (miglitol, voglibose, and acarbose) have gastrointestinal side effects such as flatulence,
diarrhea, soft stool, and abdominal discomfort [30]. As S + M KO mice were sucrose-intolerant,
KO mice may have another important metabolic defect, such as fructose malabsorption.

Indeed, high-fructose diet-fed intestine-specific C:tREBP-KO mice showed cecal enlargement
and body weight loss similar to high-fructose diet-fed GLUT5 /~ mice, a model of fructose
malabsorption [18,31]. These phenotypes appear similar to those of S + M KO mice. GLUTS5 is
mainly expressed in the intestine and kidneys, and much less in the liver [32]. Fructose absorption in
mice and humans appears to be limited at high fructose concentrations, which is consistent with the
limited absorption capacity of a facilitated transport system [33,34]. Moreover, in these GLUT5-KO
mice, fructose absorption was decreased by 75% in the jejunum and the concentration of serum
fructose was decreased by 90%, compared with WT mice [31]. Therefore, decreased “intestinal”
Glut5 mRNA may contribute to the lower intestinal fructose absorption in KO mice, suggesting that
S + M-fed KO mice have not only sucrose intolerance, but also fructose malabsorption. From a
clinical viewpoint, metformin sometimes causes abdominal discomfort (diarrhea and vomiting) [35].
Considering metformin can inhibit ChREBP activity [36], abdominal side effects may be due to
suppression of ChREBP, and thereby decreased Glut5 mRNA expression. If excess amounts of
carbohydrates are consumed by patients with diabetes mellitus, the combination therapy of metformin
and x-glucosidase inhibitor may increase abdominal side effects.

SI has important roles in the regulation of intestinal sucrose absorption [37]. SI is an enzyme
that digests sucrose into glucose and fructose. Si mRNA is induced by sucrose and fructose [13,38].
Moreover, it has been reported that glucose “negatively” regulates human Si gene expression through
two HNF binding sites in Caco-2 cells [39,40]. Therefore, it is reasonable that ChREBP does not directly
regulate SI. However, we found that Si mRNA levels in the intestine of KO mice were lower than
those in WT. We considered some potential pathways through which ChREBP indirectly regulates Si
mRNA expression. First, the amount of sucrose intake by KO mice may be lower than the intake by
WT because of appetite loss in KO mice. Second, intracellular metabolites derived from sucrose may be
a signal for induction of SI genes. As ChREBP regulates glucose and fructose metabolism, intracellular
metabolites may be decreased in KO mice. Interestingly, it has been reported that, independently of
ChREBP, fructose uniquely induces SREBP1c and fatty acid synthesis genes, resulting in impaired
insulin signaling [41]. Although further investigation is still needed, decreased Si mRNA levels in KO
mice also partly contribute to the pathogenesis of sucrose intolerance.
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In addition to decreased sucrose metabolism, decreased fructose metabolism has a more important
role in the pathogenesis of sucrose intolerance in KO mice. We and other groups have reported that
ChREBP has an important role in regulating fructose metabolism [11,12,14-17]. Many of the fructose
metabolism genes (Glut2, Glut5, Khk, and Aldob) are ChREBP-target genes [12,17,18]. The mRNA levels
of Khk, Glut2 and Glut5 in intestine-specific CtREBP-KO mice were much lower than in WT mice after
oral fructose injection [18]. Consistently, our data showed that the mRNA levels of Khk, Glut2, and Glut5
in KO mice were much lower than in WT mice. Moreover, oral fructose injection induced Khk, Glut2,
and Glut5 mRNA levels in a time-dependent manner only in WT mice. Moreover, intestinal KHK has
important roles in intestinal fructose metabolism [7,42]. Low doses of fructose are ~90% cleared by the
intestine and high doses of fructose (>1 g/kg) overwhelm intestinal fructose absorption and clearance,
resulting in fructose reaching both the liver and colonic microbiota [42]. Interestingly, Intestinal fructose
clearance is augmented both by prior exposure to fructose and by feeding. These were compatible
with our data. Intestinal Kk mRNA was induced by fructose and ChREBP gene deletion diminished
Khk induction by fructose. Accordingly, these results reconfirmed that ChREBP coordinately regulates
intestinal fructose metabolism by modulating Khk, Glut2, and Glut5 gene expression.

Hepatic KHK has important roles in liver fructose metabolism [43,44]. It has been reported that
the plasma fructose levels in Khk~/~ mice were 10 times higher than those in WT and Glut5~/~
mice [43]. Consistently, the hepatic fructose content in KO mice was much higher after peritoneal
fructose injection, which is consistent with decreased Kik mRNA levels in the liver of KO mice. As with
hepatic fructose transport, hepatic Glut5 mRNA levels were much lower than in the intestine, which
is consistent with a previous study [32]. Considering that the plasma fructose levels in Glut5~/~
mice were much lower than in Kik~/~ mice, other fructose transporters may regulate hepatic fructose
uptake. Our data suggest that hepatic Khk, rather than Glut5, regulates hepatic fructose metabolism.

Fgf-21 is induced by starvation through PPAR alpha activation [45]. Dietary protein restriction
causes Fgf-21 induction through the amino acid sensor GCN2 activation [46]. Moreover, we formerly
reported that Fgf-21 is regulated by ChREBP [47]. Fructose feeding increase plasma fructose levels [48].
In this study, hepatic Fgf~21 mRNA levels in KO mice were much lower than those in WT mice, however,
fructose induction of Fgf-21 mRNA were not seen in both mice, which were not consistent with other
reports. PPAR« is also required for the ChREBP-induced glucose response of Fgf-21 regulation [49].
Moreover, glucagon and insulin cooperatively stimulate fibroblast growth factor 21 gene transcription
by increasing the expression of activating transcription factor 4 [50]. Therefore, in vivo regulation of
Fgf-21 expression is complicated.

In this study, undigested excess fructose entered into the lower intestine, resulting in bacterial
overgrowth. Fructose malabsorption causes irritable bowel syndrome. Moreover, excess fructose intake
might increase colorectal cancer risk [51]. Interestingly, Aldolase B overexpression is associated with
poor prognosis and promotes tumor progression by epithelial-mesenchymal transition in colorectal
adenocarcinoma [52]. As Aldolase B is a ChREBP-target gene [53], colorectal ChREBP activation
by undigested excess fructose might cause colorectal tumor progression. These suggested that
intestinal fructose metabolism by ChREBP might be associated with irritable bowel syndrome and
colorectal cancer.

5. Conclusions

In conclusion, both sucrose feeding and Si inhibitor caused sucrose intolerance and fructose
malabsorption in CtREBP-KO mice. ChREBP coordinately regulates sucrose and fructose metabolism
by modulating the mRNA expression of intestinal Si and Glut5, and hepatic Khk. Considering intestinal
absorption of fructose is more difficult than that of glucose, intestinal ChREBP rather than hepatic
ChREBP has an important role in the pathology of sucrose intolerance and fructose malabsorption.
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