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The ingestion of fructose is of interest due to previously reported differences in

gastrointestinal, appetite, and metabolic effects when compared to glucose ingestion

when ingested in liquid solution. The aim of this study was to examine these variables

when fructose and glucose are added to a semi-solid meal. Seven healthy male

participants completed three experimental trials involving the ingestion of 300mL of

semi-skimmed milk mixed with 40 g of instant porridge mix (CON) and with the addition

of either 40 g of glucose (GLU) or fructose (FRU). Subjective feelings of appetite were

assessed for 2 h after ingestion with blood samples collected at regular intervals. Gastric

emptying rate was assessed using the 13C breath test method. Half emptying time was

not different between trials (CON = 159 ± 51min; GLU = 197 ± 46min; FRU = 198 ±

67 min: P = 0.117). No differences were observed for any subjective measurements of

appetite (P > 0.05) while blood glucose was elevated (P < 0.05) 20min after ingestion

on both GLU and FRU with this tending to be higher on GLU than FRU. FRU resulted

in greater (P < 0.05) blood lactate concentrations than on the other trials. The results of

this study demonstrate that gastric emptying rate of glucose and fructose is similar when

ingested in a semi-solid meal. In addition, there is little difference in appetite response

between these sugars, however, there are some differences in metabolic response which

deserve further study.

Keywords: glucose, fructose, appetite, gastric emptying rate, blood glucose, triglycerides

INTRODUCTION

The role of simple sugar ingestion in the etiology of chronic disease states has received a lot of
attention in recent times. Of particular interest has been the potential negative effects of dietary
fructose, given that the ingestion of this monosaccharide has increased rapidly (1), and it has
been suggested that this may play a role in the development of obesity and metabolic syndrome
(1, 2). Fructose is found in a number of organic food products, including fruit. However, it has
increasingly been added to products due to its sweet taste primarily in the form of sucrose or,
particularly in the United States, as high fructose corn syrup.
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A number of key differences have been observed regarding
the gastrointestinal, metabolic, and appetite stimulating effects
of fructose in comparison with glucose. The rate of gastric
emptying of an ingested substance is an important consideration
as this is one determinant of the rate an ingested sugar is
available for absorption in the small intestine and appearance in
the circulation. In addition, gastric distension is an important
consideration in the processes of satiation and satiety (3).
Previous research (4) has demonstrated that, when ingested
in a liquid form, gastric emptying rate is linearly related to
energy density. Similarly, other research (5) has demonstrated
that increasing the quantity of glucose in a solution reduces
gastric emptying rate. Comparatively little is known, however,
about the gastric emptying rate of fructose. Horowitz et al.
(6) observed that gastric emptying rate of fructose was faster
than glucose, prior to a period of glucose supplementation,
when ingested in liquid form. These results are similar to those
obtained by Yau et al. (7, 8). These results yield interesting
observations when monosaccharides are ingested in liquid form.
However, no information is currently available on whether
ingestingmonosaccharides in a semi-solid or solid meal results in
differences in gastric emptying rate. Solid meals are emptied from
the stomach at a slower rate than liquids (9) and, in particular,
a longer lag phase in order to allow tituration of ingested
substances to occur. Related to this, the proximal stomach
appears to have a greater role in controlling gastric emptying rate
of solids while the distal stomach has a greater role in controlling
gastric emptying rate of liquids (10). It is, therefore, of interest to
study the effects of adding sugar to liquids, semi-solids and solids
on gastric emptying rate as effects may differ.

Previous research has suggested that the ingestion of fructose
results in different metabolic responses compared to when
glucose is ingested. Specifically, Kong et al. (11) observed that
the ingestion of 75 g of fructose resulted in an increase in blood
glucose, glucagon-like-peptide 1, and insulin concentrations
but all to a lesser extent than when an equivalent amount
of glucose was ingested. Similarly, Chong et al. (12) reported
that ingestion of 0.75 g/kg body mass of fructose resulted in
a greater increase in circulating triglyceride concentration than
an equivalent quantity of glucose, while Teff et al. (13, 14)
reported that when dietary fructose was increased during a
24 h period circulating concentration of leptin was reduced.
Similarly, Luo et al. (15) reported that ingestion of 75 g of
fructose activated certain brain centers that were related to food
choice and preference than an equivalent amount of glucose.
Yau et al. (16) reported that ingestion of smaller quantities of
fructose (36 g) significantly increased blood lactate and serum
glucose dependent insulinotropic peptide (GIP) concentrations
but had little impact on othermetabolicmarkers or appetite when
ingested in liquid form. These observations, in combination
with those of chronic feeding studies (17, 18), provide some
potential mechanisms for the reported relationships between
excess fructose intake and risk of obesity and metabolic diseases.
An important consideration, however, is that in these studies
monosaccharides were delivered in liquid form and observations
could be different if a monosaccharide is added to a semi-
solid or a solid meal given that gastric emptying of solid

and semi-solid foods is slower than for liquids. There is a
clear effect of gastric emptying rate on glycaemic response of
food ingestion (19) with about 35% of variability in glycaemic
response accounted for by gastric emptying rate (20). Given
the difference in gastric emptying rates observed between solids
and liquids (9), it is important to determine the effect that
adding sugar to liquids, semi-solids and solids have on metabolic
parameters.

The aim of this study was to investigate whether the addition
of glucose or fructose to a semi-solid meal influences gastric
emptying rate, subjective feelings of appetite, and metabolic
blood parameters.

METHODS

Seven healthy male participants (Mean ± SD: Age = 27
± 5 yr; Height = 179 ± 6 cm; Body Mass = 85.3 ±

11.0 kg; Body Fat = 23.0 ± 8.2%) volunteered to participate in
this investigation. Participants completed a medical screening
questionnaire prior to experimental trials to ensure they were
free from any known history of conditions or disease before
providing written informed consent. This study was approved by
the Institutional Ethical Advisory Committee.

Experimental Procedure
Each participant completed three experimental procedures that
were completed in a single blind randomized order following
pre-trial standardization and were separated by a period of
at least 7 days. Participants recorded their diet and physical
activity in the 24 h preceding the first experimental trial and
they were asked to replicate these activities in the 24 h before
the subsequent experimental trials. Adherence to this protocol
was provided verbally to the researchers upon arrival at the
laboratory. Experimental trials began between 0800 and 1000
in the morning following an overnight fast from 2100 with the
exception of ingestion of 500mL of water ∼1 h before arrival at
the laboratory in an attempt to standardize pre-trial hydration
status.

Following arrival at the laboratory, participants completely
voided their bladder before an intravenous cannula was
inserted into an antecubital vein. This was used for all
blood sample collections and was kept patent by the infusion
of isotonic saline following each draw. Following collection
of a blood sample, a visual analog scale (VAS) was used
to assess participants subjective feelings of hunger, fullness,
and prospective food consumption. This involved participants
indicating on a 10 cm scale (with 0 cm representing “not at
all” and 10 cm representing “very”) their subjective feeling
at that time. Participants then ingested a semi-solid meal
consisting of 300 g of heated semi-skimmed milk mixed with
40 g of commercially available instant porridge (Ready Brek,
The Weetabix Food Company, Kettering, United Kingdom) mix
(CON) or the same meal with 40 g of added glucose (GLU)
or 40 g of added fructose (FRU). The composition of the test
meal is detailed in Table 1. Participants were instructed to ingest
the meal evenly over a 15min period. Following ingestion,
VAS questionnaires were completed at 10min intervals and
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blood samples were collected at 20, 40, 60, 90, and 120min
after ingestion. Following the final data collection point, the
cannula was removed and participants were free to leave the
laboratory.

Gastric Emptying Measurement and
Sample Analysis
Gastric emptying rate was assessed using the 13C breath test
method. 100mg of 13C sodium acetate (Cambridge Isotope
Laboratories Inc., Andover, USA) was added to the test meal
and end expiratory volume breath samples were collected before
ingestion and at 10min intervals after ingestion for 120min.
Breath samples were analyzed using non-dispersive infrared
spectroscopy (IRIS, Wagner, Germany) for 13CO2:

12CO2 ratio
with the difference in this ratio from baseline levels being
presented as Delta Over Baseline (DOB) values. Using onboard
software, the time taken to empty half of the test meal
(T1/2) and the time of maximal emptying rate (Tlag) were
calculated.

Blood samples were collected into serum collection
vacutainers and centrifuged at 1500 x g for 15min at 4◦C
before serum was separated and stored at −80◦C until batch
analysis was performed at the end of the data collection period.

Serum samples were analyzed for blood glucose, lactate and
triglyceride concentrations using a clinical chemistry analyser
(Randox Daytona, Crumlin, UK). All analysis was performed in
duplicate.

Statistical Analysis
Incremental area under the curve (iAUC) for blood biochemistry
markers were calculated using the trapezoid method. Differences
in T1/2, Tlag, and iAUC were assessed using one factor repeated
measures ANOVA with Bonferroni adjusted paired t-tests
as post-hoc analysis when appropriate. Two factor repeated
measures ANOVA was used to assess main effects of trial, time
and interaction for DOB values, appetite ratings, and blood
biochemistry markers. Post-hoc analysis, where appropriate,
consisted of one factor repeated measures ANOVA and paired
t-tests with Bonferroni adjustments. The Greenhouse-Geisser
epsilon was used to correct for violations of sphericity. Degree

of Freedom (d.f.) and F-values for ANOVAs are presented.
A critical value of 0.05 was used and all analysis was
completed using IBM SPSS version 23. Data is presented as
Mean± SD.

TABLE 1 | Energy (kcal), carbohydrate (g), fat (g), protein (g), and added sugar (g)

of the control (CON), glucose (GLU), and fructose (FRU) test meals.

CON GLU FRU

Total energy (kcal) 298 458 458

Total carbohydrate (g) 37.4 77.4 77.4

Total fat (g) 8.9 8.9 8.9

Total protein (g) 15.6 15.6 15.6

Added sugar (g) 0 40 40

RESULTS

Gastric Emptying Rate
T1/2 (P = 0.117) and Tlag (P = 0.087) data are presented in
Table 2. Two factor ANOVAonDOBdata demonstrated nomain
effect of trial (d.f. = 1.165; F = 0.006; P = 0.958), a main effect
of time (d.f. = 1.450; F = 42.209; P < 0.001), and no interaction
effect (d.f.= 1.910; F = 0.130; P = 0.871).

Subjective Feelings
Two factor ANOVA demonstrated no main effect of trial
(d.f. = 1.445; F = 2.627; P = 0.136), a main effect of time
(d.f. = 2.491; F = 10.403; P = 0.001), and no interaction effect
(d.f. = 2.744; F = 1.057; P = 0.389) for subjective feelings
of hunger (Figure 1). No main effect of trial (d.f. = 1.214;
F = 0.775; P = 0.432), a main effect of time (d.f. = 3.849;
F = 8.502; P < 0.001), and no interaction effect (d.f. = 2.280;
F = 1.051; P = 0.385) was observed for subjective feeling of
fullness. Similarly, no main effect of trial (d.f.= 1.203; F = 1.255;
P = 0.311), a main effect of time (d.f. = 3.200; F = 11.636;
P < 0.001), and no interaction effect (d.f. = 3.565; F = 0.909;
P = 0.467) was observed for prospective food consumption
(Figure 2).

Serum Glucose, Lactate, and Triglycerides
Two factor repeated measures ANOVA demonstrated a main
effect of trial (d.f. = 1.497; F = 7.931; P = 0.014), a main effect
of time (d.f. = 2.030; F = 10.231; P = 0.002) and an interaction
effect (d.f. = 3.191; F = 3.349; P = 0.038) for blood glucose
(Figure 3). Subsequent analysis demonstrated that blood glucose
was elevated from baseline values 20min after ingestion on GLU

TABLE 2 | T1/2 and Tlag (minutes) for the control (CON), glucose (GLU), and

fructose (FRU) test meals.

CON GLU FRU P-value

T1/2 159 ± 51 197 ± 46 198 ± 67 0.117

Tlag 78 ± 21 88 ± 26 89 ± 23 0.087

FIGURE 1 | Subjective feelings of hunger during CON, GLU and FRU trials.

0 cm refers to “I am not hungry at all” and 10 cm refers to “I have never been

more hungry.” Data are Mean ± SD.
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FIGURE 2 | Prospective food consumption during CON, GLU and FRU trials.

0 cm refers to “Nothing at all” and 10 cm refers to “A lot.” Data are Mean ± SD.

FIGURE 3 | Blood glucose concentration (mmol/L) during CON, GLU and

FRU trials. “*” indicates significantly different from baseline during GLU trial and

“a” indicates significant difference, using post-hoc paired t-tests, between

GLU and CON trial. Data are Mean ± SD.

and FRU. Blood glucose was higher 20min after ingestion on
GLU (P = 0.002) compared to CON and tended to be higher
compared to FRU (P = 0.073). iAUC was 618 ± 74, 706 ± 70,
and 642 ± 73 mmol/L 2 h (d.f. = 1.512; F = 6.469; P = 0.023)
for CON, GLU, and FRU respectively and tended to be higher
(P = 0.078) on GLU compared to CON.

Two factor repeated measures ANOVA demonstrated a
main effect of trial (d.f. = 1.655; F = 12.146; P = 0.003),
time (d.f. = 2.379; F = 14.007; P < 0.001) and interaction
(d.f. = 3.659; F = 3.894; P = 0.017) for blood lactate (Figure 4).
Blood lactate levels were higher (P < 0.05) on FRU compared to
control at all time points after ingestion, were higher (P = 0.046)
compared to GLU 60min after ingestion and tended to be higher
on GLU 40min (P = 0.064) and 90min (P = 0.064) after
ingestion. iAUC was 138 ± 26, 151 ± 23, and 228 ± 63 mmol/L
2 h (d.f.= 1.507; F = 13.666; P = 0.003) and was greater on FRU
compared to CON (P = 0.008) and GLU (P = 0.046).

Two factor repeated measures ANOVA demonstrated no
main effect of trial (d.f. = 1.461; F = 0.131; P = 0.816), time
(d.f. = 1.259; F = 2.976; P = 0.122), or interaction (d.f. = 2.464;

FIGURE 4 | Blood lactate concentration (mmol/L) during CON, GLU and FRU

trials. “*”indicates significant difference between FRU and CON trial and “a”

indicates significant difference, using post-hoc paired t-tests, between FRU

and GLU trial. Data are Mean ± SD.

F = 0.510; P = 0.647) for serum triglycerides. iAUC was 146 ±

68, 141 ± 85, and 137 ± 89 mmol/L 2 h (d.f. = 1.497; F = 0.091;
P = 0.862).

DISCUSSION

The results of this study demonstrate that gastric emptying
rate of fructose and glucose is similar when added to a
semi-solid meal. In addition, fructose leads to an increase in
blood lactate concentration and a small transient increase in
blood glucose whereas the ingestion of glucose leads to an
increase in blood glucose concentration only. No differences
in appetite or triglyceride response were observed between the
monosaccharides.

The potential role of dietary fructose in the development
of a variety of chronic diseases has received much attention
recently due to the rapid increase in consumption that has
been observed in developed countries (1). The rate at which a
monosaccharide is emptied from the stomach is of importance
as this determines the rate at which it is available for absorption
from the small intestine and the subsequent glycaemic response
that occurs. Previous studies have demonstrated that increasing
the glucose concentration of a liquid solution decreases the
rate at which it empties from the stomach (5) and that, at
high quantities of glucose ingestion, osmolality may also be an
important consideration (21). Horowitz et al. (6), Yau et al. (7),
and Yau et al. (8) have demonstrated that fructose empties from
the stomach at a faster rate than an equivalent amount of glucose
when ingested in a liquid form. It is important to study the effects
of monosaccharide ingestion in liquids because fructose, sucrose,
and high fructose corn syrup are often added to drinks as a
sweetener. However, fructose is also added to solid and semi-solid
food. The gastric emptying characteristics of solids are different
to liquids (9) and ∼35% of the variation in glycaemic response
(20) can be atttributed to gastric emptying rate. Consequently,
it is important to consider whether the food matrix in which a
monosaccharide is ingested influences the gastrointestinal and
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metabolic response that follows. To the authors knowledge, this
is the first study to have investigated the effect of glucose and
fructose addition to a semi-solid meal. The results demonstrate
that, when provided in this manner, the gastric emptying rate
of these monosaccharides is similar and consequently the food
is an important consideration when investigating the effects of
nutrient ingestion on gastrointestinal function.

One of the weaknesses of this study is the relatively small
number of participants that were recruited. However, a post-
hoc power analysis with 80% power and an alpha level of 0.05
suggested that only six participants were needed to observe a
main effect on half emptying time. The main question addressed
in this study was whether the addition of glucose to the test meal
resulted in differences to when fructose was added. Average half
emptying time on the glucose trial was only 1min different to the
fructose trial indicating very little difference in this parameter.
Indeed, post-hoc analysis suggests that over 1,000 participants
may be required for this to reach statistical significance. The
reason for the difference in previously reported observations in
liquids compared to this study in semi-solids is an interesting
avenue for future research.

In this study, the 13C sodium acetate breath test was used to
assess the gastric emptying characteristics of the semi-solidmeals.
The benefit of this technique is that it provides a non-invasive
measurement of gastrointestinal function. However, as a result, it
provides an indirect measurement of the variable of interest. The
13C breath test for gastric emptying measurement of semi-solids
has been shown to be a reliable indicator of gastric emptying
rates when compared to scintigraphy in both adults (22) and
children (23). Tlag and Thalf times, calculated from 13C:12C ratios,
are often higher than other methods as the technique is based
on oxidation of the ingested substrate not just gastrointestinal
processing. Braden et al. (22) observed that mean T1/2 time of
an ingested semi-solid meal, consisting of 200 kcal, was 24 ±

11min using scintigraphy but was calculated to be 78 ± 14min
using the 13C breath test. Hellmig et al. (24) determined expected
gastric emptying rates of a fluid test meal and a solid test meal
in 90 healthy volunteers using the 13C sodium acetate and 13C
octanoic acid tests respectively. T1/2 and Tlag ranges were 43–
151 and 10–73min in response to the fluid challenge and were
51–429 and 29–203min in response to the solid challenge. The
results presented in this manuscript fall within these expected
values and, as such, represent an accurate assessment of gastric
emptying characteristics using this method of analysis.

A secondary purpose of this study was to examine the impact
of addition of the monosaccharides on appetite response when
ingested in semi-solid form. Gastric distension is known to
effect satiety and satiation (3) and the addition of fructose to
a liquid has been shown to reduce leptin concentrations (13,
14) and effect brain centers involved in food preferences (15).
No differences between the trials was observed in subjective
feelings of appetite, fullness or prospective food consumption,
which is consistent with the gastric emptying observations
presented. This provides further evidence that the effects of
monosaccharide ingestion should consider the food matrix in
which sugars are delivered. An important observation is that
there was also no difference in appetite response between either

of the monosachharide trials and the control trial. This could
be due to the statistical power of this study. However, from
Figures 1, 2, any statistical differences that may occur are likely to
be small and of short duration, thus unlikely to be physiologically
or clinically significant. It appears that the addition of 40 g of
monosaccharide has little acute effect on acute appetite response
when ingested in the manner described despite the increase
in caloric load and there was no difference observed between
individual monosaccharides.

Previous studies have demonstrated that the ingestion of
fructose results in an increase in blood glucose, insulin and
GLP-1 (11) but to a lesser extent than an isocaloric glucose
trial as well as a greater increase in circulating triglycerides
(12). These observations are from studies that have involved
ingestion of large quantities [75 g in Kong et al. (11) and 0.75
g/kg body mass in Chong et al. (12)] of a single monosaccharide
in liquid form. Other studies, such as (16), have shown that
the ingestion of smaller quantities (36 g) of fructose have less
of an effect on these metabolic markers. The results of the
present study support the observation that the ingestion of
fructose increases blood glucose concentration but to a lesser
extent than when glucose was added to the semi-solid meal as
both trials demonstrated significant elevations in blood glucose
concentration 20min after ingestion and this tended to be higher
when glucose was ingested when compared to fructose. An
important consideration is that, unlike those which involve liquid
ingestion, the monosaccharide in this study was added to a meal
that already contained significant quantities of carbohydrate.
Consequently, all observations are the effect of total nutrient
ingestion rather than solely the effect of the added glucose or
fructose. Although not measured in this study, it is therefore
likely that GLP-1 and insulin concentrations were also elevated
in the glucose trial to a greater extent than when fructose was
ingested.

The results of the present study demonstrate that serum
lactate concentration was increased when fructose was ingested,
however, this was not the case during the control or glucose
trials. This observation has been reported when fructose is added
to liquids (16) and tracer studies demonstrate that up to a
quarter of dietary fructose may be converted to lactate (25).
The reason for this appears to be so that carbon atoms derived
from fructose can be released from the liver for utilization.
An interesting observation was that post-fructose serum lactate
concentrations demonstrated a large degree of variability with
standard deviations ranging from 0.4 to 0.8 mmol/L whereas
post-glucose ingestion this variability was much less (standard
deviations of 0.2–0.3 mmol/L). This observation appears to be
in agreement with other studies that involving fructose ingestion
in a liquid form (8, 16). Similarly, other studies (26, 27) appear
to show a degree of variability in plasma lactate response during
exercise with ingestion of a combined glucose-fructose solution.
The reason for this observation is unclear however is likely to
be due to individual differences in ability to convert ingested
fructose to lactate. This observation warrants further study and,
in particular, whether differences in normal dietary intakes of
fructose, or fructose-containing sugars, effects post-ingestion
blood lactate concentration.
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While many studies have demonstrated that ingestion of large
quantities of fructose delivered via liquids within a short time
period lead to a greater increase in triglycerides than similar
quantities of glucose (12, 13), the results of the present study
showed no difference in triglyceride response between trials
with iAUC being nearly identical between all three trials. This
observation warrants further investigation.

CONCLUSION

In conclusion, the results of this study suggest that there is
no difference in gastric emptying rate of a semi-solid meal
containing additional glucose or fructose. This is in contrast
to other literature in this area which has suggested that gastric
emptying rate of fructose is faster than glucose when added to
liquids This would suggest that the addition of sugars to solids,
semi-solids and liquids is handled differently by the stomach and,
therefore, delivery to the intestine for absorption may be affected.
This indicates that the food matrix in which a monosaccharide
is provided is an important consideration when studying the
impact of simple sugars on metabolic response as the rate
of delivery to the intestine is an important consideration for
appearance in the circulation.

No difference in appetite response between sugars was
observed suggesting that the ingestion of fructose, in quantities
provided in this study, is unlikely to lead to greater food ingestion
than glucose. Indeed, the addition of either sugar seemed to
have little impact on appetite response compared to the control
trial despite the increased caloric intake. This warrants further
consideration in terms of focusing on the addition of individual
monosaccharides to food products is or whether reducing total
sugar should be the main focus.

Similar to other literature, the addition of fructose to a semi-
solid meal leads to smaller increases in blood glucose, and
presumably insulin, and larger increases in blood lactate than
when glucose is added. An interesting avenue for future research

in this area is elucidation of the reasons for the relatively high
degree of variability in lactate response post-fructose ingestion.
In contrast to some other literature, there appears to be no
difference in triglyceride response between sugars ingested in
this manner over a 2 h time period. An important consideration
for future study here is the quantity of fructose provided as
this was lower than other studies in this area but possibly
more representative of normal dietary intakes. Further research
in this area would assist in determining the potential role
ingestion of fructose may have in a number of chronic disease
states.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of The Faculty of Science and Engineering
Ethical Advisory Committee at Manchester Metropolitan
University with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki. The protocol was approved by the The
Faculty of Science and Engineering Ethical Advisory Committee
at Manchester Metropolitan University.

AUTHOR CONTRIBUTIONS

GE, JM, and AY conceived and designed the experiment. GE and
AY performed data collection. GE analyzed the data and wrote
the paper with contributions from JM and AY. All authors have
read and approved the final manuscript.

ACKNOWLEDGMENTS

The authors would like to acknowledgeMr Daniel Watkinson for
his assistance with participant recruitment and elements of data
collection andMrDaveMaskew for his technical assistance in the
laboratory.

REFERENCES

1. Johnson RJ, Murray R. Fructose, exercise, and health. Curr Sports Med Rep.

(2010) 9:253–8. doi: 10.1249/JSR.0b013e3181e7def4

2. Lindqvist A, Baelemans A, Erlanson-Albertsson C. Effects of sucrose, glucose

and fructose on peripheral and central appetite signals. Regul Pept. (2008)

150:26–32. doi: 10.1016/j.regpep.2008.06.008

3. Geliebter A, Westreich S, Gage D. Gastric distension and gastric capacity

in relation to food intake in humans. Physiol Behav. (1988) 44:665–8.

doi: 10.1016/0031-9384(88)90333-2

4. Calbet JAL, MacLean DA. Role of caloric content on gastric emptying in

humans. J Physiol. (1997) 498:553–9. doi: 10.1113/jphysiol.1997.sp021881

5. Vist GE, Maughan RJ. Gastric emptying of ingested solutions in man – effect

of beverage glucose concentration. Med Sci Sports Exerc. (1994) 26:1269–73.

doi: 10.1249/00005768-199410000-00014

6. Horowitz M, Cunningham KM, Wishart JM, Jones KL, Read NW. The effect

of short-term dietary supplementation with glucose on gastric emptying of

glucose and oral glucose tolerance in normal subjects. Diabetologia (1996)

39:481–6. doi: 10.1007/BF00400681

7. Yau AMW, McLaughlin J, Maughan RJ, Gilmore W, Evans GH. Short-

term dietary supplementation with fructose accelerates gastric emptying

of a fructose but not a glucose solution. Nutrition (2014) 30:1344–438.

doi: 10.1016/j.nut.2014.03.023

8. Yau AMW, McLaughlin J, Maughan RJ, Gilmore W, Evans GH. The effect

of short-term dietary fructose supplementation on gastric emptying rate and

gastrointestinal hormone responses in healthy men. Nutrients (2017) 9:258.

doi: 10.3390/nu9030258

9. Achour L, Meance S, Briend A. Comparison of gastric emptying of a solid

and a liquid nutritional rehabilitation food. Eur J Clin Nutr. (2001) 55:769–72.

doi: 10.1038/sj.ejcn.1601221

10. Collins PJ, Houghton LA, Read NW, Horowitz M, Chatterton BE, Heddle R,

et al. Role of the proximal and distal stomach in mixed solid and liquid meal

emptying. Gut (1991) 32:615–9. doi: 10.1136/gut.32.6.615

11. Kong MF, Chapman I, Goble E, Wishart J, Wittert G, Morris H, et al.

Effects of oral fructose and glucose on plasma GLP-1 and appetite in

normal subjects. Peptides (1999) 20:545–51. doi: 10.1016/S0196-9781(99)

00006-6

12. Chong MFF, Fielding BA, Frayn KN. Mechanisms for the acute effects

of fructose on postprandial lipemia. Am J Clin Nutr. (2007) 85:1511–20.

doi: 10.1093/ajcn/85.6.1511

13. Teff KL, Elliott SS, Tschop M, Kieffer TJ, Rader D, Heiman M, et al.

Dietary fructose reduces circulating insulin and leptin, attenuates postprandial

Frontiers in Nutrition | www.frontiersin.org 6 October 2018 | Volume 5 | Article 94

https://doi.org/10.1249/JSR.0b013e3181e7def4
https://doi.org/10.1016/j.regpep.2008.06.008
https://doi.org/10.1016/0031-9384(88)90333-2
https://doi.org/10.1113/jphysiol.1997.sp021881
https://doi.org/10.1249/00005768-199410000-00014
https://doi.org/10.1007/BF00400681
https://doi.org/10.1016/j.nut.2014.03.023
https://doi.org/10.3390/nu9030258
https://doi.org/10.1038/sj.ejcn.1601221
https://doi.org/10.1136/gut.32.6.615
https://doi.org/10.1016/S0196-9781(99)00006-6
https://doi.org/10.1093/ajcn/85.6.1511
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Evans et al. Effects of Simple Sugar Ingestion

suppression of ghrelin, and increases triglycerides in women. J Clin Endocrinol

Metab. (2004) 89:2963–72. doi: 10.1210/jc.2003-031855

14. Teff KL, Grudziak J, Townsend RR, Dunn TN, Grant RW, Adams SH,

et al. Endocrine and metabolic effects of consuming fructose- and glucose-

sweetened beverages withmeals in obesemen and women: influence of insulin

resistance on plasma triglyceride responses. J Clin Endocrinol Metab. (2009)

94:1562–9. doi: 10.1210/jc.2008-2192

15. Luo S, Monterosso JR, Sarpelleh K, Page KA. Differential effects of

fructose versus glucose on brain and appetitive responses to food cues and

decisions for food rewards. Proc Natl Acad Sci USA. (2015) 112:6509–14.

doi: 10.1073/pnas.1503358112

16. Yau AMW, McLaughlin J, Gilmore W, Maughan RJ, Evans GH. The

acute effects of simple sugar ingestion on appetite, gut-derived hormone

response and metabolic markers in men. Nutrients (2017) 9:135.

doi: 10.3390/nu9020135

17. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham JL,

et al. Consuming fructose-sweetened, not glucose-sweetened, beverages

increases visceral adiposity and lipids and decreases insulin sensitivity

in overweight/obese humans. J Clin Invest. (2009) 119:1322–34.

doi: 10.1172/JCI37385

18. Stanhope KL, Bremer AA, Medici V, Nakajima K, Ito Y, Nakano T,

et al. Consumption of fructose and high fructose corn syrup increase

postprandial triglycerides, LDL-cholesterol, and apolipoprotein-B in

young men and women. J Clin Endocrinol Metab. (2011) 96:E1596–605.

doi: 10.1210/jc.2011-1251

19. Marathe CS, Rayner CK, Jones KL, HorowitzM. Relationships between gastric

emptying, postprandial glycemia and incretin hormones.Diabetes Care (2013)

36:1396–405. doi: 10.2337/dc12-1609

20. Horowitz M, Edelbroek MA,Wishart JM, Straathof JW. Relationship between

oral glucose tolerance and gastric emptying in normal healthy subjects.

Diabetologia (1993) 36:857–62. doi: 10.1007/BF00400362

21. Vist GE, Maughan RJ. The effect of osmolality and carbohydrate content on

the rate of gastric emptying of liquids in man. J Physiol. (1995) 486:523–31.

doi: 10.1113/jphysiol.1995.sp020831

22. Braden B, Adams S, Duan LP, Orth KH, Maul FD, Lembcke B, et al. The

13C acetate breath test accurately reflects gastric emptying of liquids in

both liquid and semi-solid test meals. Gastroenterology (1995) 108:1048–55.

doi: 10.1016/0016-5085(95)90202-3

23. Braden B, Peterknecht A, Piepho T, Schneider A, Caspary WF, Hamscho

N, et al. Measuring gastric emptying of semisolids in children using the

13C acetate breath: a validation study. Dig Liver Dis. (2004) 36:260–4.

doi: 10.1016/j.dld.2003.12.011

24. Hellmig S, Von Schoning F, Gadow C, Katsoulis S, Hedderich J, Folsch

UR, et al. Gastric emptying time of fluids and solids in healthy subjects

determined by 13C breath tests: influence of age, sex and body mass index.

J Gastroenetreol Hepatol. (2006) 21:1832–8. doi: 10.1111/j.1440-1746.2006.

04449.x

25. Sun SZ, Empie MW. Fructose metabolism in humans - what isotopic tracer

studies tell us. Nutr Metab. (2012) 9:89. doi: 10.1186/1743-7075-9-89

26. Hulston CJ, Wallis GA, Jeukendrup AE. Exogenous CHO oxidation with

glucose plus fructose intake during exercise. Med Sci Sports Exerc. (2009)

41:357–63. doi: 10.1249/MSS.0b013e3181857ee6

27. Jentjens RLPG, UnderwoodK, Achten J, Currell K,MannCH, JeukendrupAE.

Exogenous carbohydrate oxidation rates are elevated after combined ingestion

of glucose and fructose during exercise in the heat. J Appl Physiol. (2006)

100:807–16. doi: 10.1152/japplphysiol.00322.2005

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Evans, McLaughlin and Yau. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 7 October 2018 | Volume 5 | Article 94

https://doi.org/10.1210/jc.2003-031855
https://doi.org/10.1210/jc.2008-2192
https://doi.org/10.1073/pnas.1503358112
https://doi.org/10.3390/nu9020135
https://doi.org/10.1172/JCI37385
https://doi.org/10.1210/jc.2011-1251
https://doi.org/10.2337/dc12-1609
https://doi.org/10.1007/BF00400362
https://doi.org/10.1113/jphysiol.1995.sp020831
https://doi.org/10.1016/0016-5085(95)90202-3
https://doi.org/10.1016/j.dld.2003.12.011
https://doi.org/10.1111/j.1440-1746.2006.04449.x
https://doi.org/10.1186/1743-7075-9-89
https://doi.org/10.1249/MSS.0b013e3181857ee6
https://doi.org/10.1152/japplphysiol.00322.2005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	The Effect of Glucose or Fructose Added to a Semi-solid Meal on Gastric Emptying Rate, Appetite, and Blood Biochemistry
	Introduction
	Methods
	Experimental Procedure
	Gastric Emptying Measurement and Sample Analysis
	Statistical Analysis

	Results
	Gastric Emptying Rate
	Subjective Feelings
	Serum Glucose, Lactate, and Triglycerides

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


