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Abstract

Aim: To determine whether a dose-dependent effect in the stimulation of gut hor-

mone release (plasma cholecystokinin [CCK], active glucagon-like peptide-1 [aGLP-1]

and peptide tyrosine tyrosine [PYY]) is found for the natural sweetener erythritol.

Materials and Methods: Twelve healthy, lean volunteers received solutions with

10, 25 or 50 g erythritol, or tap water enriched with 13C-sodium acetate on four

study days via a nasogastric tube in this randomized (active treatments), placebo-con-

trolled, double-blind, cross-over trial. Blood samples and breath samples (13C-sodium

acetate method for measurement of gastric emptying [GE]) were taken at regular

intervals, and sensations of appetite and gastrointestinal symptoms were rated.

Results: We found (a) a dose-dependent stimulation of CCK, aGLP-1 and PYY, and

slowing of GE, (b) no effect on blood glucose, insulin, motilin, glucagon or glucose-

dependent insulinotropic polypeptide, (c) no effect on blood lipids and uric acid, and

(d) no abdominal pain, nausea or vomiting.

Conclusions: Solutions with 10 and 50 g of erythritol stimulated gut hormone

release. Emptying of erythritol-containing solutions from the stomach was slower

compared with placebo. There was no effect on plasma glucose, insulin, glucagon,

blood lipids or uric acid. All doses were well tolerated.

K E YWORD S

appetite-related sensations, blood lipids, erythritol, gastric emptying, gastrointestinal
symptoms, gut hormones, natural sweeteners, uric acid
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1 | INTRODUCTION

The prevalence of type 2 diabetes has approximately doubled globally

over the past 30 years1 and it is estimated that its prevalence will

increase further by 54% until 2030.2 The increase is particularly large

in developing countries and among children and adolescents.1,3 Tradi-

tionally, sucrose is the main ingredient used for sweetening food and

beverages. Various studies have shown that excessive sugar con-

sumption is associated with a whole range of negative health effects

including overweight and diabetes, and the World Health Organiza-

tion recommends that intake should be limited.4,5 Low-calorie sweet-

eners (LCSs) have gained in popularity over recent decades. However,

reports of the effect of LCSs on body weight, abdominal adiposity,

glucose homeostasis and gut microbiota are inconsistent.6 This could

be attributed to the fact that LCSs are a very heterogeneous group

and there is growing evidence that the various LCSs need to be stud-

ied separately as individual substances rather than as a group.7

Erythritol is a non-calorific sugar alcohol occurring naturally in

smaller amounts in fruits and vegetables but which is commercially

produced by yeast fermentation of glucose. Once ingested, a large

proportion of erythritol (60%-90%) is absorbed and excreted

unchanged by the kidneys.8 A smaller portion enters the pentose-

phosphate pathway and is degraded via erythronate.9

Using a cross-over, double-blind, placebo-controlled design, we

recently showed that intragastric administration of a solution containing

75 g erythritol resulted in a significant increase in plasma concentrations

of cholecystokinin (CCK) and active glucagon-like peptide-1 (aGLP-1),

whereas insulin and plasma glucose remained unaffected. Erythritol-

containing solutions emptied significantly slower from the stomach

compared with tap water (placebo).10 Overduin et al. showed that

substituting sucrose with erythritol leads to equal stimulation of gut

hormone release and similar levels of satiety. If given as a preload to an

ad libitum test meal, subsequent calorie intake was equal as well.11 Fur-

thermore, in a pilot study in patients with type 2 diabetes, replacing

sugar with erythritol improved endothelial function and reduced central

aortic stiffness.12 Nonetheless, in this context, possible side effects

should be studied: osmotic effects can cause discomfort in some indi-

viduals in the case of rapid overconsumption. The concentrations we

used in our preliminary study (75 g erythritol) led to bloating and diar-

rhoea in 60%-70% of all subjects.10 Furthermore, other sweeteners

such as fructose led to a rapid increase of blood lipids and a rise in uric

acid,13,14 which have been associated with obesity and metabolic syn-

drome.15 Therefore, nutrients leading to an increase in uric acid or

blood lipids should be avoided. At least, in theory, triglyceride synthesis

might be affected by ingestion of polyols: the glycerol backbone—which

is found in triglycerides—is a product of the pentose-phosphate path-

way. In this way, the intake of sugar alcohols might increase glycerol

concentrations that might end up in triglyceride synthesis. Only a two

studies have examined the effects of erythritol intake on uric acid and

blood lipids in humans to date.16,17

The primary outcome of the current study was to determine whether

a dose-dependent effect in the stimulation of gut hormone release such

as CCK, aGLP-1 and peptide tyrosine tyrosine (PYY) could be observed

for erythritol, and secondary outcomes included the speed of emptying of

the solutions from the stomach, and glucagon, motilin and glucose-

dependent insulinotropic polypeptide (GIP) secretions not previously

studied. Possible side effects (e.g. gastrointestinal [GI] symptoms, impact

on uric acid and blood lipid concentrations) were also investigated. We

chose lower doses that could be used in everyday life. The sweetness of

the highest dose (50 g erythritol in 300 mL), for instance, corresponds to

around 30 g sucrose in 330 mL, as found in sweet beverages.

2 | MATERIALS AND METHODS

The study was conducted as a randomized (active treatments), placebo-

controlled, double-blind, cross-over trial and was performed in accor-

dance with the principles of the Helsinki Declaration (October 2013

version). The protocol was approved by the local ethical committee

(Ethikkommission Nordwest- und Zentralschweiz: 2016-01928) and

registered at ClinicalTrials.gov (NCT03039478). The exclusion criteria

included substance and alcohol abuse, regular intake of medications

(except for oral contraceptives), acute infections, chronic medical illness

or illnesses affecting the GI system, a history of food allergies, dietary

restrictions or pre-existing consumption of erythritol on a regular basis.

On four separate occasions, at least 3 days apart and after a 10-h

overnight fast, after taking fasting blood (t = −10 and −1 min) and breath

samples (t = −10 min), as well as assessing appetite-related perceptions

and GI symptoms, participants received one of the following test solutions

(at t = 0 min) directly into the stomach by use of a nasogastric feeding

tube over 2 min: 10, 25 or 50 g erythritol + 50 mg of 13C-sodium acetate

dissolved in 300 mL tap water or 300 mL tap water + 50 mg of 13C-

sodium acetate (placebo). The active treatments were given in a

completely randomized order. The study participant and the person who

carried out all tests, as well as the personnel performing analysis of blood

samples, were blinded concerning the content of the intragastric infusion

administered. Following administration of the test solution blood samples

(after 15, 30, 45, 60, 90, 120 and 180 min for analysis of plasma CCK,

aGLP-1, PYY, GIP, motilin, glucose, insulin and glucagon), and breath sam-

ples (after 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210 and 240 min for

analysis of gastric emptying) were taken. Appetite-related sensations were

assessed immediately after each blood collection; participants were asked

to rate GI symptoms at 30, 60, 90, 120, 150, 180 and 240 min after

administration of the test solutions. Extra blood samples were taken during

the visit, with the highest erythritol load (50 g) for analysis of serum total

cholesterol, high- and low-density lipoprotein (HDL and LDL, respectively),

triglyceride and uric acid concentrations. Blood samples were collected on

ice into tubes and analysed using enzyme- or radioimmunoassay. Gastric

emptying was determined using a 13C-sodium acetate breath test18: test

solutions were labelled with 50 mg of 13C-sodium acetate, an isotope that

is absorbed readily in the proximal small intestine then transported to the

liver where it is metabolized to 13CO2, which is then exhaled rapidly and

can therefore be used as an indirect marker of gastric emptying.18 Vali-

dated visual analogue scales were used to rate the appetite-related sensa-

tions (hunger, prospective food consumption, satiety and fullness).19,20

Further information on the methodology can be found in Appendix S1.
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2.1 | Statistical analysis

In our previous work on the effects of 75 g erythritol on GI hormone

secretion and gastric emptying, we did find significant results.10 How-

ever, because pharmacological effects are usually not linear with

respect to dose, we did not have a reliable estimate of effect size for

the current study, so no formal estimate of sample size could be

obtained. A sample size of 12 subjects per group was chosen for rea-

sons of comparability and practicability. In this respect, this study is a

hypothesis-generating study that allows descriptive data analysis.

Descriptive statistics were used for demographic variables such as

age, weight, height and body mass index (BMI). For hormone and glu-

cose profiles, gastric emptying and appetite-related sensations, incre-

mental values were used to calculate the incremental area under the

curve (iAUC) by the trapezoidal rule. Isolated missing values (because

of technical problems or being below the detection limit) were rep-

laced by the treatment group median to enable calculation of the

iAUC. The maximum and minimum deviations from baseline—iCmax

and iCmin, respectively—were determined using baseline-corrected

data. For iAUC calculations, in addition to the total time interval of

180 min, an interval of 60 min is reported because in some variables

(CCK and GLP-1) the main effect was observed during this time

period. Linear mixed effects modelling was applied to describe differ-

ences between the different treatments (placebo, 10, 25 and 50 g). In

the case of significant overall treatment effects, pairwise post hoc

within-subject comparisons were performed using a Šidak

multicomparison test. In addition, for the variables of interest

(e.g. iAUCs of 0-60 min for CCK, aGLP-1 and PYY), the minimum

detectable differences were estimated on the basis of the observed

data in the current study by a simulation with power analysis and sam-

ple size 2020 software (NCSS, LLC, Kaysville, UT, USA) using 1000

iterations per run. The order of treatments was evaluated as a covari-

ate. To explore putative relationships between different gut hormone

responses (e.g. CCK, PYY and aGLP-1) and gastric emptying of the dif-

ferent treatments, the integrated responses (iAUC 0-60 min) were

correlated on an individual basis by linear matrix correlation. The

goodness of this correlation was expressed by Pearson's correlation

coefficient, R. All statistical analysis was performed using SPSS statis-

tics for windows version 25.0 (IBM, Armonk, NY, USA). Values are

reported as means ± standard deviation (SD) and displayed in figures

as means ± standard error of mean (SEM). Differences were consid-

ered to be statistically significant when p was less than .05.

3 | RESULTS

Twelve normal-weight, healthy individuals (seven men and five

women; mean BMI: 21.7 ± 0.4, range: 19.4-24.0 kg/m2; mean age:

26.2 ± 2.0, range: 18-40 years) participated in the study (Appendix S2,

Figure S1). All the subjects tolerated the study well, and there were

no adverse events during the period of the study. Five subjects did

not receive placebo treatment and, therefore, complete data for seven

(placebo) to 12 participants (all erythritol doses) were available for

analysis. There was no order effect for the active treatments. For each

measured variable, baseline values were compared between the treat-

ments. None of these variables were statistically significant between

the treatments.

3.1 | Plasma CCK

There was an overall statistically significant difference comparing the

iAUCs for 0-60 min. Pairwise comparison revealed a statistically sig-

nificant difference for 25 g erythritol versus placebo, 50 g erythritol

versus placebo, 10 versus 25 g erythritol, 10 versus 50 g erythritol

and 25 versus 50 g erythritol. Overall statistical significance was also

reached for the iAUCs for 0-180 min. Pairwise comparisons revealed

a statistically significant difference for 25 g erythritol versus placebo,

50 g erythritol versus placebo and 10 versus 50 g erythritol. Further,

there was an overall statistically significant difference comparing the

iCmax values: pairwise significant difference were observed between

10 g erythritol versus placebo, 25 g erythritol versus placebo, 50 g

erythritol versus placebo, 10 versus 25 g erythritol and 10 versus 50 g

erythritol (Figure 1A and Table 1).

3.2 | Plasma aGLP-1

There was an overall statistically significant difference comparing the

iAUCs for 0-60 min. Pairwise comparisons revealed statistically signif-

icant differences for 10 g erythritol versus placebo, 25 g erythritol

versus placebo, 50 g erythritol versus placebo and for 10 versus 50 g

erythritol. Overall statistical significance was also reached for the

iAUCs for 0-180 min. Pairwise comparisons revealed statistically sig-

nificant differences for 10 g erythritol versus placebo, 25 g erythritol

versus placebo, 50 g erythritol versus placebo and 25 versus 50 g

erythritol. Further, there was an overall statistically significant differ-

ence comparing the iCmax values: pairwise significant differences

were observed between 10 g erythritol versus placebo, 25 g erythritol

versus placebo and 50 g erythritol versus placebo (Figure 1B and

Table 1).

3.3 | Plasma PYY

There was an overall statistically significant difference comparing the

iAUCs for 0-60 min. Pairwise comparisons revealed statistically signif-

icant differences for 50 g erythritol versus placebo, 10 versus 50 g

erythritol and 25 versus 50 g erythritol. Overall statistical significance

was also reached for the iAUCs for 0-180 min. Pairwise comparisons

revealed statistically significant differences for 50 g erythritol versus

placebo, 10 versus 50 g erythritol and 25 versus 50 g erythritol. Fur-

ther, there was an overall statistically significant difference comparing

the iCmax values: pairwise significant differences were observed

between 50 g erythritol versus placebo, 10 versus 50 g erythritol and

25 versus 50 g erythritol (Figure 1C and Table 1).
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F IGURE 1 Effect of erythritol on plasma concentrations of gut hormones. A, cholecystokinin (CCK), B, active glucagon-like peptide-1
(aGLP-1), C, peptide tyrosine tyrosine (PYY), D, glucose-dependent insulinotropic polypeptide (GIP), E, motilin, and F, dose–response evaluation.
Data are expressed as mean ± SEM, absolute values are reported. N = 7 (placebo), n = 12 (erythritol treatments). Statistical tests: linear mixed-
effects modeling followed by Šidak post hoc test in case of overall significance. Results of the statistical analysis are shown in Table 1

3.4 | Minimum detectable difference

Based on the results of this study, the minimum detectable differences

were estimated for the iAUCs for 0-60 min for CKK, aGLP-1 and PYY.

The minimum detectable difference for CCK was 28 pmol × min/L, for

aGLP-1 it was 127 pmol × min/L and for PYY it was

1803 pmol × min/L, with a corresponding statistical power (95% confi-

dence interval) of 81.3% (78.4%-83.7%), 80.8% (78.2%-83.2%) and

1314 WÖLNERHANSSEN ET AL.



TABLE 1 Effect of erythritol on plasma concentrations of cholecystokinin (CCK), active glucagon-like peptide-1 (aGLP-1), peptide tyrosine
tyrosine (PYY), glucose-dependent insulinotropic polypeptide (GIP) and motilin

Hormones
Placebo,

n = 7

Erythritol

10 g, n = 12

Erythritol

25 g, n = 12

Erythritol

50 g, n = 12

p-values

(overall)

p-values

(post hoc)

CCK Fasting values (pmol/L) 1.1 ± 0.9 1.3 ± 0.9 1.4 ± 1.2 1.3 ± 0.8 NS

iAUC (0-60 min) (pmol x

min/L)

−1.9 ± 18.2 4.4 ± 45.3 58.9 ± 53.8 129.8 ± 101.9 .001 2).001
3).001
4).016
5).001
6).012

iAUC (0-180 min) (pmol x

min/L)

−30.6 ± 56.0 −32.4 ± 142.2 29.4 ± 101.1 92.9 ± 177.6 .004 2).028
3).007
5).048

iCmax (pmol/L) 0.6 ± 0.5 1.5 ± 1.2 3.6 ± 2.9 4.9 ± 3.7 .011 1).024
2).003
3).002
4).028
5).003

Tmax (min) 57.0 ± 62.1 21.3 ± 31.6 15.0 ± 0.0 20.0 ± 7.4 NS

aGLP-1 Fasting values (pmol/L) 4.1 ± 2.2 4.4 + 1.6 4.7 ± 2.2 5.0 ± 2.2 NS

iAUC (0-60 min) (pmol x

min/L)

8.0 ± 83.9 151.7 ± 114.4 235.2 ± 152.0 325.4 ± 200.8 .002 1).016
2).001
3).001
5).03

iAUC (0-180 min) (pmol x

min/L)

−43.9 ± 210.2 162.3 ± 290.0 149.9 ± 297.6 396.0 ± 342.3 .002 1).011
2).013
3).001
6).036

iCmax (pmol/L) 2.4 ± 2.0 7.2 ± 4.2 9.1 ± 3.4 11.5 ± 5.8 <.001 1).001
2)<.001
3)<.001

Tmax (min) 34.3 ± 64.6 31.3 ± 28.2 30.0 ± 47.4 27.5 ± 8.7 NS

PYY Fasting values (pmol/L) 91.7 ± 28.1 121.8 ± 35.5 124.9 ± 51.5 106.2 ± 26.2 NS

iAUC (0-60 min) (pmol x

min/L)

−238.3 ± 1200.0 568.5 ± 1550.5 1167.6 ± 1906.7 3935.0 ± 2264.0 .001 3).025
5).001
6).024

iAUC (0-180 min) (pmol x

min/L)

−3359 ± 4219 578 ± 5009 −42.7 ± 7948 15 628 ± 7773 <.001 3).002
5)<.001
6)<.001

iCmax (pmol/L) 24.0 ± 16.9 76.1 ± 81.0 58.9 ± 59.5 163.9 ± 80.8 <.001 3).004
5).001
6).010

Tmax (min) 27.9 ± 16,0 40.0 ± 28.1 42.5 ± 28.5 82.5 ± 33.5 .003 3).002
5).019
6).009

GIP Fasting values (pmol/L) 91.3 ± 45.6 115.9 ± 37.3 146.0 ± 195.3 146.0 ± 195.3 NS

iAUC (0-60 min) (pmol x

min/L)

−970.9 ± 1440.5 −1744.9 ± 1872.8 −3222.6 ± 7365.1 −1050 ± 1984.4 NS

iAUC (0-180 min) (pmol x

min/L)

−4893.9 ± 5873.0 −8033.4 ± 5893.7 −1036.5 ± 17 308.1 −7006.8 ± 7383.5 NS

iCmin (pmol/L) −47.0 ± 37.6 −69.7 ± 33.9 −95.2 ± 158.3 −63.3 ± 47.5 NS

Tmin (min) 105.0 ± 52.7 132.5 ± 37.2 133.8 ± 54.1 152.5 ± 41.4 NS

Motilin Fasting values (pg/mL) 525.9 + 151.6 473.2 + 143.2 510.2 + 191.7 503.0 + 199.5 NS

iAUC (0-60 min) (pg x

min/mL)

−750.3 ± 4302.5 881 ± 6306 2190 ± 6024 3143 ± 6268 NS

iAUC (0-180 min) (pg x

min/mL)

−5419 ± 8547 −2381 ± 17 475 −349 ± 15 857 5539 ± 19 957 NS

iCmax (pg/mL) 65.0 ± 54.4 106.2 ± 98.3 158.3 ± 144.5 157.5 ± 132.0 NS

iCmin (pg/mL) −109.6 ± 47.9 −95.5 ± 90.7 −113.1 ± 89.7 −108,1 ± 134.0 NS

(Continues)
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80.4% (77.8%-82.8%), respectively. These data correspond well with

the applied statistical tests.

3.5 | Dose–response evaluation

For CCK, aGLP-1 and PYY, the dose–response relationship was evalu-

ated and is shown in Figure 1F. On average, within the first 60 min

after administration of erythritol, all these hormones showed a mono-

tonically increasing curvilinear secretion with increasing erythritol

dose. An apparent saturation of the stimulating effect was not

observed for any of the hormones, therefore no half-maximal stimu-

lating dose (ED50) could be estimated.

3.6 | Plasma GIP, motilin, insulin and glucagon

No effect of erythritol treatment on plasma GIP, motilin, insulin and

glucagon concentrations was found: the values of iAUC 0-60 min,

iAUC 0-180 min, iCmax and iCmin did not show any overall statisti-

cally significant differences (GIP/motilin: Figure 1D,E and Table 1;

insulin/glucagon: Figure 2B,C and Table 2).

3.7 | Plasma glucose

Erythritol treatment did not lead to an increase in plasma glucose con-

centrations. There was an overall statistically significant difference

comparing the iCmin values. Pairwise comparison revealed a statisti-

cally significant stronger decrease from baseline after 50 g erythritol

compared with placebo (Figure 2A and Table 2).

3.8 | Gastric emptying

There was an overall statistically significant difference comparing the

T50% values. Pairwise comparisons revealed that the time needed to

empty 50% of the dose was significantly longer for 50 g erythritol versus

placebo (76.4 ± 12.1 vs. 55.5 ± 17.2 min) and 50 versus 10 g erythritol

(76.4 ± 12.1 vs. 59.8 ± 19.5 min). Overall statistical significance was also

reached for the iAUCs for 0-60 min. Pairwise comparisons revealed a

statistically significant slower emptying of the 10 g erythritol solution

compared with placebo, and 50 g compared with 10 g erythritol. Further,

there was an overall statistically significant difference comparing the

iAUCs for 0-180 min. Pairwise significant differences were observed

between 10 g erythritol versus placebo and 50 g erythritol versus pla-

cebo. The goodness of fit parameter R2 was between 0.990 and 0.998

for all treatments (Appendix S2, Figure S2; Table 3).

3.9 | Correlations of CCK, aGLP-1, PYY and gastric
emptying

CCK, aGLP-1 and PYY were weakly negatively correlated with gastric

emptying (R = −0.266, R = −0.145 and R = −0.427, respectively)

(Appendix S2, Figure S3).

3.10 | Appetite-related sensations

No effect of erythritol treatment on appetite-related sensations was

found: the values of iAUC 0-60 min, iAUC 0-180 min and iCmax did

not show any overall statistically significant differences (Appendix S2,

Figure S4A-D).

3.11 | Blood lipids and uric acid

There was no statistically significant increase from baseline in blood

lipids (total cholesterol, LDL, HDL and triglycerides) or uric acid within

120 min after 50 g erythritol. The mean fasting concentration of total

cholesterol was 4.3 ± 0.2 mmol/L (Cmax 4.4 ± 0.2 mmol/L), for LDL it

was 2.5 ± 0.2 mmol/L (Cmax 2.6 ± 0.1 mmol/L), for HDL it was 1.3 ±

0.1 mmol/L (Cmax 1.4 ± 0.1 mmol/L), for triglycerides it was 0.9 ±

0.1 mmol/L (Cmax 1.0 ± 0.1 mmol/L) and for uric acid it was

316.8 ± 21.2 μmol/L (Cmax 319.3 ± 21.2 μmol/L) (Appendix S2, Figure S5).

TABLE 1 (Continued)

Hormones
Placebo,

n = 7

Erythritol

10 g, n = 12

Erythritol

25 g, n = 12

Erythritol

50 g, n = 12

p-values

(overall)

p-values

(post hoc)

Tmax (min) 40.7 ± 26.5 52.5 ± 53.3 41.3 ± 35.1 45.0 ± 33.8 NS

Tmin (min) 79.3 ± 43.1 71.3 ± 50.0 113.8 ± 67.5 97.5 ± 69.9 NS

Note: Data are expressed as mean ± SD and reported from baseline (incremental). Statistical tests: linear mixed-effects modelling followed by a Šidak post hoc test in case of

overall significance.

Abbreviation: iAUC, incremental area under the curve.
1)10 g erythritol versus placebo.
2)25 g erythritol versus placebo.
3)50 g erythritol versus placebo.
4)10 g versus 25 g erythritol.
5)10 g versus 50 g erythritol.
6)25 g versus 50 g erythritol.
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3.12 | GI symptoms

There was no abdominal pain, nausea or vomiting after either dose.

One volunteer had diarrhoea after 10 g of erythritol (max. severity

1.0). In nine participants after 10 g, seven participants after 25 g, and

eight participants after 50 g erythritol, a subjective increase in bowel

sounds was reported (max. reported severity 1.25, after 50 g), and

two volunteers described an increased feeling of bloating after 25 and

50 g erythritol (max. reported severity 1.0). One volunteer had eructa-

tion after 10 g (max. reported severity 1.0), and one volunteer

described more flatulence after placebo treatment (max. reported

severity 1.0) (Appendix S2, Table S1).

4 | DISCUSSION

The main results of the study can be summarized as follows:

(a) erythritol led to a robust, dose-dependent stimulation of CCK,

aGLP-1 and PYY release; (b) the emptying of erythritol-containing

solutions from the stomach were slower compared with placebo;

(c) erythritol had no effect on motilin or GIP release; (d) erythritol had

no effect on blood glucose, insulin or glucagon concentrations;

(e) blood lipids and uric acid were not affected by 50 g erythritol

ingestion; and (f) doses of up to 50 g erythritol administration were

well tolerated.

The GI tract plays a critical role in regulating appetite and satia-

tion. Through gut-derived signals, information regarding incoming

nutrients is conveyed to the various organ systems involved in the

regulation of energy homeostasis. Nutrient components are recog-

nized by receptors located on enteroendocrine cells, which stimulate

the release of gut hormones such as GLP-1, PYY, GIP and CCK. Medi-

ated by the release of these hormones, an entire range of satiation

mechanisms are activated, including slowing of gastric emptying.21,22

The antidiabetic effects of, for instance, GLP-1 have been described

in several trials23,24 and GLP-1 receptor agonists or GLP-1 analogues

are increasingly and successfully used as antidiabetic treatments.25

On human intestinal endocrine L-cells, co-localization of GLP-1, GIP

and PYY with the sweet taste receptor T1R2-T1R3 has been

described.26,27 Sweet taste perception might—at least in part—explain

sweetener-mediated gut hormone release. However, observations

published by Saltiel et al. suggest that sweet taste receptor activation

is not per se a driver for GIP/GLP-1 secretion.28

We have recently shown that the non-calorific, natural sweetener

erythritol can stimulate CCK and GLP-1 release and that the emptying

of erythritol-containing solutions is slower compared with placebo.10

A recent publication is in line with our findings: replacement of

sucrose by erythritol leads to equal stimulation of GLP-1 and PYY and

hunger scores and, if given as a preload to an ad libitum test meal, cal-

orie intake was equal to that after sucrose, indicating that the satiating

effect of erythritol is not different from sucrose.11 With the current

study, we substantiate that erythritol induces a marked rise in plasma

gut hormones and that the emptying of erythritol-containing solutions

is slower compared with placebo. We expand these findings by show-

ing stimulation of CCK, aGLP-1 and PYY in a dose-dependent manner.

Other LCSs have no stimulating effect on gut hormone release

in vivo.29–31 We infer from these observations that the ability of

sweeteners to stimulate gut hormone release is sweetener-specific,

irrespective of their calorific value. Whether the sweet taste receptor

F IGURE 2 Effect of erythritol on plasma concentrations of
glucose, insulin and glucagon. A, Glucose, B, insulin, and C, glucagon.
Data are expressed as mean ± SEM, absolute values are reported.
N = 7 (placebo), n = 12 (erythritol treatments). Statistical tests: linear
mixed-effects modeling followed by Šidak post hoc test in case of
overall significance. Results of the statistical analysis are shown in
Table 2
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is involved in erythritol-stimulated gut hormone release has not been

examined to date. Gastric emptying is regulated by numerous feed-

back mechanisms, including the release of gut hormones such as CCK

and GLP-1.21,22 In this trial, erythritol-containing solutions were emp-

tied slower from the stomach in a dose-dependent way, which was at

least partly mediated via the gut hormones, as we were able to show

that CCK, aGLP-1 and PYY were negatively correlated to gastric emp-

tying. One publication indicated that an increase in duodenal osmolar-

ity by administration of a hyperosmolar saline solution was associated

with an increase in CCK, GLP-1 and PYY concentrations, while GIP

and glucagon were not affected.32 A difference in osmolarity has also

been shown to impact the gastric emptying of various carbohydrate-

containing test solutions; however, differences in the rates of gastric

emptying were not entirely explained by differences in osmolality.33

Whether osmolarity also plays a role in erythritol-stimulated gut hor-

mone release, and if so, then to what extent, is not known at this

point. In our trial, the solution with the lowest concentration (10 g)

was close to being iso-osmolar (272.7 mOsmol/L), yet clearly stimu-

lated CCK and GLP-1 release. We, therefore, assume that osmolarity

alone is not responsible for the erythritol-stimulated release of gut

hormones. More research is needed to explore the exact mechanism

underlying erythritol-stimulated gut hormone release. In addition to

the erythritol-induced secretion of CCK, aGLP-1 and PYY—all known

as GI satiation hormones—we investigated the effect of erythritol on

plasma motilin concentrations, a further emerging player in the GI

control of appetite and food intake. Motilin is secreted by M-cells

found in the upper GI tract and plasma concentrations fluctuate in

synchrony with the phases of the migrating motor complex, to reach a

peak just before the occurrence of gastric phase III.34–36 Deloose

et al. have shown that motilin-induced gastric phase III contractions

signal hunger and that motilin plasma concentrations are closely asso-

ciated with interdigestive hunger ratings.37 In a recent study, we

investigated the effect of the calorific sweeteners, glucose and fruc-

tose, versus the LCS acesulfam-K on plasma motilin concentrations,

and showed that glucose and fructose, but not acesulfam-K, inhibited

motilin secretion.31 In the current study, the effect of erythritol on

motilin concentrations did not differ from that of tap water. This leads

us to the assumption that erythritol occupies a kind of intermediate

TABLE 2 Effect of erythritol on plasma concentrations of glucose, insulin and glucagon

Variables
Placebo,

n = 7

Erythritol

10 g, n = 12

Erythritol

25 g, n = 12

Erythritol

50 g, n = 12

p-values

(overall)

p-values

(post hoc)

Glucose

fasting values (mmol/L) 4.9 ± 0.4 4.9 ± 0.4 5.2 ± 0.7 4.9 ± 0.4 NS

iAUC (0-60 min) (mmol × min/L) −3.32 ± 4.56 −6.56 ± 17.18 −13.38 ± 29.66 −8.13 ± 9.99 NS

iAUC (0-180 min) (mmol × min/L) −8.46 ± 6.72 −14.3 ± 45.6 −48.1 ± 93.8 −29.5 ± 37.2 NS

iCmax (mmol/L) 0.06 ± 0.1 0.22 ± 0.22 0.15 ± 0.28 0.10 ± 0.14 NS

iCmin (mmol/L] −0.17 ± 0.08 −0.41 ± 0.53 −0.54 ± 0.76 −0.38 ± 0.24 .015 1).042

Tmax (min) 38.6 ± 48.9 52.2 ± 60.5 20.0 ± 29.5 25.0 ± 41.6 NS

Tmin (min) 91.1 ± 68.4 76.3 ± 65.4 78.8 ± 77.8 55.0 ± 62.1 NS

Insulin

fasting values (μmol/L) 4.6 ± 1.3 5.5 ± 1.8 5.8 ± 2.1 6.1 ± 1.5 NS

iAUC (0-60 min) (μmol × min/L) 0.75 ± 68.0 −40.5 ± 63.4 −33.6 ± 72.4 0.84 ± 89.4 NS

iAUC (0-180 min) (μmol × min/L) −31.8 ± 169.8 −86.5 ± 165.4 −122.8 ± 197.6 −80.8 ± 261.7 NS

iCmax (μmol/L) 1.06 ± 1.32 1.27 ± 1.46 1.45 ± 2.62 1.52 ± 1.57 NS

iCmin (μmol/L) −1.46 ± 0.82 −1.92 ± 1.17 −2.07 ± 1.16 −1.78 ± 1.22 NS

Tmax (min) 15.0 ± 21.2 60.0 ± 65.9 50.5 ± 46.4 28.8 ± 32.9 NS

Tmin (min) 92.1 ± 84.2 66.3 ± 50.1 81.8 ± 56.3 86.3 ± 69.2 NS

Glucagon

fasting values (pmol/L) 5.3 ± 1.6 5.9 ± 1.9 5.1 ± 1.8 5.8 ± 2.0 NS

iAUC (0-60 min) (pmol × min/L] 8.6 ± 83.6 10.0 ± 53.8 16.1 ± 105.3 11.3 ± 67.4 NS

iAUC (0-180 min) (pmol × min/L] −45.0 ± 294.3 −73,8 ± 204.3 −13.4 ± 279.0 42.4 ± 237.1 NS

iCmax (pmol/L) 1.43 ± 1.38 1.96 ± 1.75 1.74 ± 1.04 1.54 ± 1.12 NS

iCmin (pmol/L) −1.50 ± 1.32 −1.96 ± 1.37 −1.79 ± 1.51 −1.62 ± 1.72 NS

Tmax (min) 21.4 ± 17.0 43.8 ± 53.3 17.5 ± 12.5 45.0 ± 56.5 NS

Tmin (min) 64.3 ± 46.4 118.8 ± 62.8 81.3 ± 79.0 46.3 ± 60.8 NS

Note: Data are expressed as mean ± SD and reported from baseline (incremental). Statistical tests: linear mixed-effects modelling followed by a Šidak post

hoc test in case of overall significance.

Abbreviations: iAUC, incremental area under the curve; iCmax, maximum deviation from baseline; iCmin, minimum deviation from baseline.
1)50 g erythritol versus placebo.
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position between calorific and non-calorific sweeteners: on one hand,

the release of satiating hormones such as GLP-1, PYY and CCK was

stimulated by erythritol ingestion; on the other hand, there was no

effect on motilin. Of note, with the current study design, it was not pos-

sible to perform gastroduodenal manometry recording to adjust motilin

measurements around phase III of the migrating motor complex to

ensure high motilin concentrations right before the administration of

erythritol. Whether an inhibitory effect on motilin release is absent after

the administration of erythritol needs to be addressed further.

In the current study, we only studied the acute effects of

erythritol and did not administer a subsequent test meal. It is pro-

posed that the ability observed for erythritol to stimulate gut hormone

secretion and to slow gastric emptying might also improve the

glycaemic response to a subsequent carbohydrate-containing meal

when erythritol is given as a preload, as has already been shown for

several other sweet-tasting substances such as D-xylose, 3-OMG and

tagatose/isomalt.38,39 Future studies could address this issue.

A number of studies indicate that sweeteners—whether calorific

or non-calorific—can influence glycaemic control both positively and

negatively.40,41 Animal studies conducted with erythritol showed that,

when given over a longer period, erythritol exerts antihyperglycaemic

effects, possibly by enhancing insulin-mediated glucose uptake and

reducing intestinal glucose absorption in diabetic rats.42 Another

important player in glycaemic control is the pancreatic hormone

glucagon—a hormone produced in the α-cells of the pancreatic islets—

which stimulates hepatic glycogenolysis and gluconeogenesis in hyp-

oglycaemic states to restore glucose homeostasis, and in this way

counterbalances insulin. The effects of an acute or chronic intake of

erythritol on glucagon secretion have not been studied to date. In the

current trial, we found no statistically significant effects of different

doses of erythritol on plasma glucose, insulin or glucagon concentra-

tions in this group of lean, healthy volunteers. Thus, at least after

acute consumption, the ingestion of erythritol does not affect sugar

metabolism and therefore could be a helpful sugar alternative for

patients with diabetes.

It was not the main objective of this study to examine GI toler-

ance and establish a threshold value. However, as the only side

effects described for erythritol consumption in the literature to date

are GI symptoms, we recorded them in detail. In our previous trial, a

rather high dose of erythritol (75 g) was used, which led to GI side

effects (such as diarrhoea) in about 50% of participants.10 In the cur-

rent trial, doses of up to 50 g erythritol in 300 mL were very well tol-

erated, with subjective increases in bowel sounds being the most

common finding (while there was no pain, vomiting or nausea and

only one case of mild diarrhoea), which is in line with findings in previ-

ous trials recommending doses of up to 0.6-0.8 g/kg body weight in

adults and children.43–45 In the current trial—as well as in our previous

trial with 75 g erythritol—the volunteers were unaccustomed to sugar

alcohols and the dose was rapidly applied (over 2 min) in a solution

directly into the stomach, which probably causes the greatest possible

strain on the GI system. In subjects accustomed to erythritol intake,

slower administration, or consumption in solid food, the GI tolerance

is even higher.46 Other potential side effects associated with sweet-

ener consumption are alterations in blood lipids and uric acid, which

have been associated with obesity and metabolic syndrome,15 and

nutrients leading to an increase should be avoided. In the current

study, we examined uric acid and blood lipid profile after administra-

tion of the highest dose of erythritol (50 g) and did not find any

changes from baseline values.

Some potential limitations of the present study require consider-

ation. First, we studied acute effects of single bolus doses of erythritol

applied in a liquid in normal-weight subjects who were not used to

these substances. Differential effects of long-term exposure on gastric

emptying and stimulation of gut hormone release need to be

TABLE 3 Effect of erythritol on gastric emptying

Placebo,

n = 7

Erythritol 10 g,

n = 12

Erythritol 25 g,

n = 12

Erythritol 50 g,

n = 12

p-values,

(overall)

p-values

(post hoc)

AUC (0-60 min) (dose*min/h) 896.9 ± 128.1 1103.2 ± 185.6 1036.9 ± 190.4 921.5 ± 107.3 .009 1).026
4).027

AUC (0-180 min) (dose*min/h) 1595.6 ± 252.1 2048.4 ± 434.1 2052.7 ± 485.3 2102.5 ± 259.8 .001 1).035
2).061
3).002

Tmax (min) 19.29 ± 7.3 21.25 ± 7.7 25.00 ± 7.4 41.25 ± 15.8 .005 3).003
4).005
5).019

T50% (time 50% emptied) (min) 55. 5 ± 17.2 59.8 ± 19.5 68.1 ± 16.1 76.4 ± 12.1 .005 3).038
4).026

Abbreviation: AUC, area under the curve.

Data are expressed as mean ± SD and reported from baseline (incremental). Linear mixed-effects modelling followed by a Šidak post hoc test in case of

overall significance.
1)10 g erythritol versus placebo.
2)25 g erythritol versus placebo.
3)50 g erythritol versus placebo.
4)10 g versus 50 g erythritol.
5)25 g versus 50 g erythritol.
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investigated, as adaptive processes cannot be ruled out. Also, there

could be different effects if the substance is administered with a solid

meal rather than in a solution. Second, given the lack of previous data

investigating the effect of the administered doses of erythritol, no for-

mal estimate of sample size could be obtained and the study was con-

ducted as a pilot, hypothesis-generating trial. In future trials, a sample

size estimation can now be based on the data obtained in the current

study. Third, study days in females were not controlled for the influ-

ence of the menstrual cycle. Previous studies have shown differences

in gastric emptying and in the release of GLP-1 and PYY (but not

CCK) when comparing the follicular and luteal phases.47,48 Finally,

while we did not find any impact on blood lipids or uric acid, and only

mild GI symptoms even when applying the highest dose of erythritol

in normal-weight healthy volunteers, future trials should probably

include the target audience (obese patients with metabolic syndrome)

studied over a longer period (chronic intake).

In conclusion, the findings of this trial show that in lean volun-

teers ingestion of doses between 10 and 50 g of the natural sweet-

ener erythritol stimulated GI hormone release (CCK, aGLP-1 and

PYY) and slowed gastric emptying, both in a dose-dependent man-

ner. Meanwhile, there was no effect of erythritol ingestion on blood

glucose, insulin, glucagon, motilin or GIP release, blood lipids or uric

acid concentrations. Given as a single bolus dose in a liquid, doses of

up to 50 g erythritol were well tolerated in this trial. This combina-

tion of properties makes erythritol an attractive candidate for sugar

replacement, in particular in a metabolically vulnerable population—

obese and diabetic patients—who are the target group for sugar

substitution.
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