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Abstract
Context: The bitter substance quinine modulates the release of a number of gut and gluco-regulatory hormones and upper gut motility. As the 
density of bitter receptors may be higher in the duodenum than the stomach, direct delivery to the duodenum may be more potent in stimulating 
these functions. The gastrointestinal responses to bitter compounds may also be modified by sex.
Background:  We have characterized the effects of intragastric (IG) versus intraduodenal (ID) administration of quinine hydrochloride (QHCl) on 
gut and pancreatic hormones and antropyloroduodenal pressures in healthy men and women.
Methods:  14 men (26 ± 2 years, BMI: 22.2 ± 0.5 kg/m2) and 14 women (28 ± 2 years, BMI: 22.5 ± 0.5 kg/m2) received 600 mg QHCl on 2 
separate occasions, IG or ID as a 10-mL bolus, in randomized, double-blind fashion. Plasma ghrelin, cholecystokinin, peptide YY, glucagon-like 
peptide-1 (GLP-1), insulin, glucagon, and glucose concentrations and antropyloroduodenal pressures were measured at baseline and for 120 
minutes following QHCl.
Results:  Suppression of ghrelin (P = 0.006), stimulation of cholecystokinin (P = 0.030), peptide YY (P = 0.017), GLP-1 (P = 0.034), insulin 
(P = 0.024), glucagon (P = 0.030), and pyloric pressures (P = 0.050), and lowering of glucose (P = 0.001) were greater after ID-QHCl than 
IG-QHCl. Insulin stimulation (P = 0.021) and glucose reduction (P = 0.001) were greater in females than males, while no sex-associated effects 
were found for cholecystokinin, peptide YY, GLP-1, glucagon, or pyloric pressures.
Conclusion:  ID quinine has greater effects on plasma gut and pancreatic hormones and pyloric pressures than IG quinine in healthy subjects, 
consistent with the concept that stimulation of small intestinal bitter receptors is critical to these responses. Both insulin stimulation and glucose 
lowering were sex-dependent.
Key Words:  gut functions, bitter taste, appetite-regulatory hormones, glucoregulatory hormones, gut motility, human
Abbreviations:  ANOVA, analysis of variance; AUC, area under the curve; CCK, cholecystokinin; CV, coefficient of variation; GI, gastrointestinal; GLP-1, glucagon-
like peptide-1; ID, intraduodenal; IG, intragastric; IPPW, isolated pyloric pressure wave; MI, motility index; PYY, peptide YY (peptide tyrosine-tyrosine); QHCl, 
quinine hydrochloride; VAS, visual analog scale.

There is increasing interest in the gastrointestinal (GI) ef-
fects of bitter substances, stimulated by preclinical observa-
tions that a number of bitter compounds have potent effects 
to modulate gut and glucoregulatory hormones (e.g., chole-
cystokinin [CCK], glucagon-like peptide [GLP-1]) as well 
as upper GI motility, which underlies the slowing of gastric 
meal emptying (1-4). This is of particular interest, because, 
as both GI hormones and gastric emptying contribute to the 
regulation of energy intake and postprandial blood glucose 
(5), there are substantial implications for the management of 
obesity and type 2 diabetes.

Bitter substances are sensed in the GI lumen by bitter taste 
receptors, located on enteroendocrine cells (6). In both cell 
lines and experimental animals, a number of bitter agon-
ists have been shown to potently stimulate gut hormones, 

particularly ghrelin, CCK, and GLP-1 (3, 7-9). Some bitter 
substances have also been found to slow gastric emptying (1), 
possibly reflecting direct effects on smooth muscle contract-
ility (1). These preclinical observations have attracted recent 
interest to establish whether they can be replicated in humans 
and, if so, whether they are associated with reductions in en-
ergy intake and/or blood glucose (5). Quinine is probably the 
best-studied bitter substance in humans. It is used clinically 
to treat malaria, usually in a dose of 500 mg intravenously 
(10), and has the capacity to induce hypoglycemia, prob-
ably by direct stimulation of insulin (11). A small number of 
studies have reported effects of quinine on the secretion of 
gut hormones, including suppression of plasma ghrelin, and 
stimulation of CCK and GLP-1 (12-16). Intragastric (IG) 
administration of quinine hydrochloride (QHCl), in a dose 
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of 10  µmol/kg (equivalent to ~270 mg in a 70-kg human), 
suppressed ghrelin (14, 15), while a recent study from the 
same group found no effect of either intraduodenal (ID) or 
IG-QHCl, in the same dose, on plasma CCK (17). In contrast, 
an IG bolus of 18 mg QHCl was found to increase plasma 
CCK (although the effect was very small) after a standard-
ized meal (12). Both ID- and IG-QHCl, in a dose of 600 mg 
(~500 mg quinine), stimulated GLP-1 and insulin, associated 
with postprandial blood glucose lowering (13, 16). The effect 
of quinine on peptide YY (PYY) is not known.

Animal studies indicate that the density of bitter taste 
receptors is greater in the duodenum than the stomach (6, 
18), suggesting that ID administration may have more po-
tent effects than IG delivery to modulate GI hormones and 
motility. Indeed, in our recent studies, QHCl, in a dose of 
600 mg, administered either ID 30 minutes before, or IG 60 
minutes (to allow time for small intestinal exposure) before, a 
mixed-nutrient drink, had comparable effects to slow gastric 
emptying (16), while IG administration 30 minutes before the 
drink had no effect (13). The comparative effects of ID and IG 
quinine on the release of gut (ie, ghrelin, CCK, PYY, GLP-1) 
and pancreatic (ie, insulin, glucagon) hormones and upper GI 
motility in humans have not been evaluated.

Oral sensitivity to bitter substances may be higher in 
women than men, as reflected in lower detection thresholds 
for the bitter substance, 6-n-propylthiouracil (19). That their 
response to GI exposure may also be enhanced, is supported 
by a report that IG administration of denatonium benzoate 
affected the origin of phase III of fasting motility and de-
creased hunger and energy intake in women, but not men 
(20). Whether there are sex differences in the effects of bitter 
substances on gut and pancreatic hormone secretion, or the 
changes in upper GI motility that underlie the slowing of gas-
tric emptying, is not known.

The aims of this study were to determine the effects of the 
site of administration, that is, stomach or duodenum, of the 
bitter substance QHCl on gut and pancreatic hormones and 
antropyloroduodenal pressures in healthy individuals and to 
evaluate whether any effects are influenced by sex.

Methods
Study Participants
14 healthy males (mean age: 26 ± 2 years, body mass index 
[BMI]: 22.2 ± 0.5 kg/m2) and 14 healthy premenopausal fe-
males (mean age: 28 ± 1.9 years, BMI: 22.5 ± 0.5 kg/m2) par-
ticipated in the study. Because of a lack of suitable prior data, 
we were unable to perform power calculations. However, 
based on our recent studies, we calculated that n = 14 partici-
pants would allow detection of a difference of 5 pmol/L, with 
an SD of 6 pmol/L, for plasma GLP-1 (16), and a difference 
of 15, with a SD of 14, for the number of pyloric pressure 
waves (21), at α = 0.05 and a power of 80%. Participants 
were recruited through flyers placed around local universities 
and the Royal Adelaide Hospital, and advertisements in local 
newspapers. Each was screened before their inclusion to ex-
clude those with GI symptoms or a history of GI disease or 
surgery; vegetarians; smokers; overweight or obese individ-
uals (BMI > 25 kg/m2); an alcohol consumption of > 20 g/day 
on > 5 days/week; use of medications known to affect appe-
tite, energy intake, or GI function; high-performance athletes; 
unstable body weight (≥5% change over the last 3 months 

before participation); and restrained eaters (score > 12 on the 
restrained eating component of the 3-factor eating question-
naire) (22). Oral taste detection thresholds for QHCl were 
quantified, using the ascending-series 3-alternative forced-
choice technique (13, 23), to ensure that all participants 
detected QHCl. The study protocol was approved by The 
Human Research Ethics Committee of the Central Adelaide 
Local Health Network and performed in accordance with the 
Declaration of Helsinki. All participants provided written, in-
formed consent before their inclusion, and after enrollment 
each was assigned to a treatment order of balanced random-
ization that was generated with an online tool (www.ran-
domization.com) by a research officer who was not involved 
in data analysis. The study was registered as a clinical trial 
with the Australian and New Zealand Clinical Trials Registry 
(www.anzctr.org.au; ACTRN12619000707167) and per-
formed from May 2019 to August 2020.

Study Outline
The study evaluated the effects of IG and ID administration 
of QHCl, in a dose of 600 mg, on gut (ie, ghrelin, CCK, PYY, 
GLP-1) and pancreatic (ie, insulin and glucagon) hormones 
and antropyloroduodenal pressures in healthy lean men and 
women. Plasma glucose was also measured, primarily to en-
sure that concentrations remained within physiological levels. 
Hormone concentrations and antropyloroduodenal pres-
sures were primary, while plasma glucose and GI symptoms 
were secondary, outcomes. We employed intragastric and 
intraduodenal administration to ensure standardized and tar-
geted delivery of QHCl to the desired site.

Preparation of QHCl Solution
The QHCl solution was prepared by dissolving 600 mg QHCl 
(Sinkona Indonesia Lestari, Subang, West Java, Indonesia) 
in 10 mL distilled water. The solution was prepared on the 
morning of each study day, and filled in a syringe, by a re-
search officer who had no involvement in data analysis, and 
administered at a temperature of ~30 °C. The dose of QHCl 
was chosen based on our previous study, in which ID and 
IG administration of 600 mg QHCl were shown to stimulate 
GLP-1, slow gastric emptying, and reduce postprandial blood 
glucose (16).

Study Protocol
Each participant was studied on 2 occasions, separated by 
3 to 7 days, in randomized, double-blind fashion. Studies in 
women were performed during the follicular phase of their 
menstrual cycle (ie, days 1-8) to minimize a potential con-
founding effect (24). Participants were instructed to refrain 
from vigorous physical activity and alcohol consumption for 
24 hours prior to each study and, were provided with a stand-
ardized meal (beef lasagna; total energy content: 602 kcal; 
McCain Food, Wendouree, Victoria, Australia) to be con-
sumed between 6:30 and 7 pm on the evening prior to each 
study visit. The following morning, each participant attended 
the Clinical Research Facility at the Adelaide Medical School, 
University of Adelaide, at 8:15 am after an overnight fast 
(from both solids and liquids, with the exception of water, 
after 7 pm, and from water after 6.30 am).

Upon arrival, each participant was intubated with a mano-
metric catheter (Dentsleeve International, Mui Scientific, 
Mississauga, Ontario, Canada; total length: 100 cm; external 
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diameter: 3.5 mm), which was inserted through an anesthe-
tized nostril into the stomach and allowed to pass into the 
duodenum by peristalsis. The catheter included 6 channels 
positioned in the antrum, a 4.5-cm pyloric sleeve sensor with 
2 channels situated on its back, and 7 channels positioned 
in the duodenum, with all side-holes spaced at 1.5-cm inter-
vals, measuring pressures in the antrum, pylorus, and duo-
denum (25). The correct positioning of the catheter, with 
the sleeve sensor straddling the pylorus, was maintained by 
continuous measurement of the transmucosal potential dif-
ference between the most distal antral, and most proximal 
duodenal, channels (26). The most proximal antral channel 
was used for IG administration of quinine, and an additional 
infusion channel, located ~14.5 cm distal to the pylorus, for 
ID administration.

Once the catheter was in position (within 55 ± 10 min), an 
intravenous cannula was placed into a forearm vein, and the 
arm was kept warm with a heat pad for regular sampling 
of “arterialized” blood. Following the occurrence of phase 
III of fasting motility (a distinct motor pattern characterized 
by high-frequency, high-amplitude contractions designed to 
clear the GI lumen of food remnants), during phase I (a period 
of motor quiescence), fasting motility was monitored for 10 
minutes (t = −10 to 0 minutes), and at t = −1 minute, QHCl 
was administered, within 1 minute, into either the stomach 
or duodenum. Blood samples were taken at baseline (t = −10 
minutes) and following quinine administration, at t = 0, 10, 
20, 30, 45, 60, 75, 90, and 120 minutes, for measurement of 
plasma concentrations of ghrelin, CCK, PYY, GLP-1, insulin, 
glucagon, and glucose. Visual analog scale (VAS) ratings, to 
assess GI symptoms, ie, bloating and nausea, were collected 
at the same time points. Antropyloroduodenal pressures were 
measured continuously for 120 minutes. At t = 120 minutes, 
the catheter and the intravenous cannula were removed, each 
participant was provided with a light lunch and was then free 
to leave the laboratory.

Measurements
Plasma glucose and hormone analyses
Blood samples were collected into ice-chilled tubes containing 
ethylenediaminetetraacetic acid. Plasma was obtained by cen-
trifuging samples at ~1832g force for 15 minutes at 4  °C 
within 15 minutes of collection and stored at −80  °C until 
subsequent analysis. Because “total” hormone concentrations 
were measured, the addition of a protease inhibitor was not 
required.

Plasma ghrelin concentrations (pg/mL) were measured 
by an in-house radioimmunoassay using an antibody pur-
chased from Peninsula Laboratories (Cat# T-4745, RRID: 
AB_518360). The minimum detectable concentration was 40 
pg/mL, intra- and interassay coefficients of variation (CVs) 
were 8.2% and 10.6%, respectively.

Plasma CCK concentrations (pmol/L) were measured by 
an in-house radioimmunoassay, developed by Prof Rehfeld, 
using an antiserum (Cat# 92128, RRID: AB_2893008), which 
binds the circulating bioactive forms of CCK with equal po-
tency, and without cross-reactivity with homologous gastrin 
peptides (27). The minimum detectable concentration was 0.1 
pmol/L, and intra- and interassay CVs were 5% and 15%, 
respectively.

Plasma PYY concentrations (pmol/L) were measured by 
an in-house radioimmunoassay using an antiserum against 

human PYY (1-36), kindly donated by Dr Bärbel Otto, 
Ludwig-Maximilians-Universität, Munich, Germany (Cat# 
PYY, RRID: AB_2895649) (28). The minimum detectable 
concentration was 1.5 pmol/L, and intra- and interassay CVs 
were 7.9% and 12.9%, respectively.

Plasma total GLP-1 concentrations (pmol/L) were meas-
ured by a commercial radioimmunoassay (Millipore Cat# 
GLPIT-36HK, RRID: AB_2757816). The minimum detect-
able concentration was 3 pmol/L, and intra- and interassay 
CVs were 6.9% and 10.9%, respectively.

Plasma insulin concentrations (mU/L) were measured by a 
commercial ELISA immunoassay (Mercodia Cat# 10-1113, 
RRID: AB_2877672). The sensitivity of the assay was 1.0 
mU/L, and intra- and interassay CVs were 2.9% and 11.6%, 
respectively.

Plasma glucagon concentrations (pg/mL) were measured by 
a commercial radioimmunoassay (Millipore Cat# GL-32K, 
RRID: AB_2757819). The minimum detectable concentration 
was 15 pg/mL, and intra- and interassay CVs were 3.8% and 
9.3%, respectively.

Plasma glucose concentrations (mmol/L) were measured 
by the glucose oxidase method, using a glucose analyzer (YSI 
2300 Stat Plus, Yellow Springs Instruments, Yellow Springs, 
OH).

Antropyloroduodenal pressures
Antropyloroduodenal pressures were digitized and recorded 
using a computer-based system running commercially avail-
able software (MMS Data base software, version 8.17; Solar 
GI). Data were analyzed for the number and amplitude of 
antral and duodenal pressures, and isolated pyloric pres-
sure waves (IPPWs) using custom-written software modi-
fied to our requirements (A Smout, University Medical 
Centre, Amsterdam, Netherlands) as described (29). Antral 
pressure waves and IPPWs were defined by an amplitude 
of ≥ 10 mmHg with a minimum interval of 10 seconds be-
tween peaks. Duodenal pressure waves were defined by an 
amplitude of ≥ 10 mmHg with a minimum of 3 seconds be-
tween peaks (30).

GI symptoms
Bloating and nausea were evaluated using a VAS question-
naire (21). The strength of each perception was rated on a 
100-mm horizontal line, where 0  mm represented “sensa-
tion not felt at all” and 100 mm “sensation felt the greatest”. 
Subjects were asked to indicate how they were feeling at each 
time point by placing a vertical mark on the line.

Data and Statistical Analysis
Statistical analysis was performed using SPSS software (ver-
sion 27.0; IBM, Chicago, IL, USA).

Plasma CCK, PYY, GLP-1, insulin, glucagon, and VAS 
data were summarized by areas under the curve (AUC), and 
ghrelin and glucose data, whose concentrations, in contrast 
to the above hormones, were anticipated to be reduced by 
administration of quinine, using inverted incremental AUC 
(iAUCinv), calculated using the trapezoidal rule. Numbers 
and amplitudes of antral and duodenal pressure waves were 
used to calculate antral and duodenal motility indexes (MIs), 
using the following equation: MI (mmHg) = natural loga-
rithm {[sum of amplitudes × number of pressure waves] + 1} 
(31). Numbers and amplitudes of IPPWs were expressed as 
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total numbers and mean amplitudes, respectively. All data 
were summarized for both the entire study period, namely, 
AUC0-120, MI0-120, and number/amplitude0-120, as well as for 
the first 60 minutes, namely, AUC0-60, etc, and for the second 
60 minutes, namely, AUC60-120, etc, to evaluate whether ef-
fects were evident predominantly “earlier” or “later”, based 
on our previous findings (32-34). We also determined peak 
values, as well as times to peak values, for plasma CCK and 
insulin concentrations, and the number of IPPWs. These were 
not calculated for other parameters, given that it was shown 
subsequently that these did not reach a peak (or nadir, in the 
case of ghrelin), but continued to rise (or fall), throughout the 
study period.

One-way analysis of variance (ANOVA) was used to evaluate 
effects of treatments over time relative to baseline. In order to 
evaluate the potential effects of both site of administration and 
sex, data were analyzed using mixed effects maximum likelihood 
models with visit number (1 or 2), site of administration, sex, 
and the site-by-sex interaction as fixed factors, and a random 
subject effect. An unstructured covariance matrix was used to 
account for the repeated visits per subject. Prespecified contrasts 
of the model-estimated marginal means were calculated for the 
4 primary comparisons of interest: male ID vs male IG, female 
ID vs female IG, female ID vs male ID, female IG vs male IG. No 
adjustments for multiple comparisons were made, because the 4 
contrasts were prespecified (ie, before examination of the data) 
to correspond to the primary research hypotheses. They were 
interpreted independently, regardless of the significance of the 
other contrasts or the significance of the overall effects from the 
mixed models. All data are reported as mean ± standard error of 
the mean (SEM).

Results
The QHCl treatments were well tolerated, and all participants 
completed the study visits without reporting any adverse effect. 
Oral detection thresholds for QHCl were 0.10 ± 0.07 mmol/L 
in males, and 0.10 ± 0.02 mmol/L in females, with no differ-
ence between the 2 groups. No participant experienced hypo-
glycemia in response to QHCl, and glucose concentrations 
remained above 3.9  mmol/L in all participants. There were 
no differences in fasting plasma concentrations of gut hor-
mones (Table 1), pancreatic hormones and glucose (Table 2), 
or antropyloroduodenal pressures (Table 3).

Gut Hormones
Plasma ghrelin concentrations
While there were effects of time on plasma ghrelin after 
ID-QHCl, but not IG-QHCl, in both males (P = 0.034) and 
females (P = 0.035), and mean levels after ID-QHCl appeared 
to be lower compared with baseline, post hoc analysis re-
vealed no differences (Fig. 1A).

There were effects of site on plasma ghrelin (Table 1, Fig. 
1A). Ghrelin iAUCinv0-120, iAUCinv0-60, and iAUCinv60-120 
were greater after ID-QHCl compared with IG-QHCl in 
both males (iAUCinv0-120: P = 0.006, iAUCinv0-60: P = 0.019, 
iAUCinv60-120: P = 0.010) and females (iAUCinv0-120: P = 0.007, 
iAUCinv0-60: P = 0.013, iAUCinv60-120: P = 0.015).

Plasma CCK concentrations
There were effects of time on plasma CCK after ID-QHCl and 
IG-QHCl, with peak concentrations occurring within 20 to 

30 minutes (Fig. 1B). Plasma CCK was greater after ID-QHCl 
compared with baseline, from t = 10 to 120 minutes in males 
(time effect: P = 0.001), and from t = 10 to 45 minutes and at 
t = 75 minutes in females (time effect: P = 0.004). Moreover, 
plasma CCK was greater after IG-QHCl, compared with 
baseline, from t = 10 to 45 minutes and t = 75 to 90 minutes 
in males (time effect: P = 0.001), and from t = 10 to 30 min-
utes and at t = 60 and 120 minutes in females (time effect: 
P = 0.024).

There were effects of site on plasma CCK (Table 1, Fig. 1B). 
CCK AUC0-120 and AUC0-60 were greater after ID-QHCl com-
pared with IG-QHCl in males (AUC0-120: P = 0.002, AUC0-60: 
P = 0.006). Moreover, AUC0-60, but not AUC0-120 or AUC60-120, 
was greater after ID-QHCl compared with IG-QHCl in fe-
males (AUC0-60: P = 0.030). There were also effects of site on 
the peak CCK concentration, and the time to peak CCK con-
centration. Peak concentrations were greater (males: P = 0.01; 
females: P = 0.05), and times to peak concentration less (males: 
P = 0.02; females: P = 0.010), after ID-QHCl compared with 
IG-QHCl, in both males and females.

Plasma PYY concentrations
There were effects of time on plasma PYY after ID-QHCl, 
but not IG-QHCl (Fig. 1C). Plasma PYY was greater after 
ID-QHCl, compared with baseline, between t = 30 and 120 
minutes in males (time effect: P = 0.001), and at t = 60 and 
120 minutes in females (time effect: P = 0.005).

There were effects of site on plasma PYY (Table 1, Fig. 
1C). PYY AUC0-120, AUC0-60 and AUC60-120 were greater after 
ID-QHCl compared with IG-QHCl in both males (AUC0-120: 
P = 0.017, AUC0-60: P = 0.010; AUC60-120: P = 0.048) and fe-
males (AUC0-120: P = 0.013, AUC0-60: P = 0.022; AUC60-120: 
P = 0.020).

Plasma GLP-1 concentrations
There were effects of time on plasma GLP-1 after ID-QHCl, 
but not IG-QHCl (Fig. 1D). Plasma GLP-1 was greater after 
ID-QHCl, compared with baseline, between t = 45 and 120 
minutes in males (time effect: P = 0.001) and in females (time 
effect: P = 0.010).

There were effects of site on plasma GLP-1 (Table 1, Fig. 
1D). GLP-1 AUC0-120, AUC0-60, and AUC60-120 were greater after 
ID-QHCl compared with IG-QHCl in both males (AUC0-120: 
P = 0.025, AUC0-60: P = 0.028, AUC60-120: P = 0.040) and fe-
males (AUC0-120: P = 0.034, AUC0-60: P = 0.054, AUC60-120: 
P = 0.046).

There were no effects of sex on plasma ghrelin, CCK, PYY, 
or GLP-1 after either IG-QHCl or ID-QHCl (Table 1, Figs. 
1A-1D).

Pancreatic Hormones and Plasma Glucose
Plasma insulin concentrations
There were effects of time on plasma insulin after ID-QHCl 
and IG-QHCl (Fig. 2A). Plasma insulin was greater after 
ID-QHCl compared with baseline, between t = 20 and 120 
minutes in males (time effect: P = 0.001) and females (time 
effect: P = 0.001). Moreover, plasma insulin was greater after 
IG-QHCl, compared with baseline, between t = 45 and 75 
minutes in males (time effect: P = 0.001), and between t = 60 
and 120 minutes in females (time effect: P = 0.010).

There were effects of site on plasma insulin (Table 2, Fig. 2A). 
Insulin AUC0-120 and AUC0-60, but not AUC60-120, were greater after 
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Table 1.  Plasma ghrelin, CCK, PYY, and GLP-1 concentrations at baseline and following intragastric or intraduodenal administration of quinine in healthy 
men and women

 Male Female

IG-QHCl ID-QHCl P values IG-QHCl ID-QHCl P values 

Plasma ghrelin       

  Fasting concentration, pg/mL 1499 ± 160 1560 ± 163 0.243 1643 ± 214 1645 ± 200 0.989

  iAUCinv0-120min, pg/mL × min 5724 ± 5693 19894 ± 5276 0.006 15133 ± 5442 28384 ± 5412 0.007

  iAUCinv0-60min, pg/mL × min 2940 ± 1891 7550 ± 1739 0.019 4983 ± 1795 9673 ± 1795 0.013

  AUCinv60-120min, pg/mL × min 2468 ± 4189 12197 ± 3873 0.010 10292 ± 4002 19032 ± 4002 0.015

Plasma CCK       

  Fasting concentration, mmol/L 1.0 ± 0.1 1.0 ± 0.2 0.407 0.7 ± 0.2 0.7 ± 0.2 0.430

  AUC0-120min, pmol/L × min 174 ± 20 261 ± 20 0.002 199 ± 20 234 ± 20 0.147

  AUC0-60min, pmol/L × min 85 ± 13 148 ± 13 0.006 105 ± 13 151 ± 13 0.030

  AUC60-120min, pmol/L × min 91 ± 9 107 ± 9 0.134 92 ± 9 85 ± 9 0.538

  Peak concentration, pmol/L 2.4 ± 0.4 3.8 ± 0.4 0.010 3.1 ± 0.4 4.2 ± 0.4 0.050

  Time to peak concentration, min 33 ± 5 18 ± 5 0.020 42 ± 5 25 ± 5 0.010

Plasma PYY       

  Fasting concentration, pmol/L 32.2 ± 3.6 33.9 ± 2.6 0.199 29.9 ± 3.9 29.4 ± 4.3 0.920

  AUC0-120min, pmol/L × min 4215 ± 239 5068 ± 232 0.017 3983 ± 235 4879 ± 239 0.013

  AUC0-60min, pmol/L × min 1973 ± 102 2390 ± 99 0.010 1902 ± 100 2268 ± 101 0.022

  AUC60-120min, pmol/L × min 2242 ± 154 2669 ± 149 0.048 2090 ± 151 2609 ± 154 0.020

Plasma GLP-1       

  Fasting concentration, pmol/L 11.5 ± 1.3 12.0 ± 1.5 0.283 9.8 ± 1.10 9.7 ± 1.0 0.458

  AUC0-120min, pmol/L × min 1480 ± 99 1808 ± 99 0.025 1377 ± 98 1685 ± 99 0.034

  AUC0-60min, pmol/L × min 675 ± 43 819 ± 43 0.028 623 ± 43 746 ± 43 0.054

  AUC60-120min, pmol/L × min 791 ± 66 985 ± 66 0.040 739 ± 66 926 ± 66 0.046

Data are means ± SEMs. n = 14 in each group, except for ghrelin (n = 12).
Abbreviations: AUC, area under the curve; CCK, cholecystokinin; GLP-1, glucagon-like peptide-1; iAUCinv, inverted incremental AUC; ID-QHCl, 
intraduodenal quinine hydrochloride; IG-QHCl, intragastric quinine hydrochloride; PYY, peptide-YY. There were no effects of sex on plasma ghrelin, CCK, 
PYY, or GLP-1 after either IG-QHCl or ID-QHCl.

ID-QHCl compared with IG-QHCl in both males (AUC0-120: 
P = 0.024, AUC0-60: P = 0.006) and females (AUC0-120: P = 0.004, 
AUC0-60: P = 0.001). There were also effects of site on peak in-
sulin, and the time to peak insulin concentration. Peak concen-
trations were greater (males: P = 0.040; females: P = 0.002), 
and time to peak concentration less (males: P = 0.001; females: 
P = 0.012), after ID-QHCl compared with IG-QHCl in both 
males and females.

There were effects of sex on plasma insulin (Table 2, Fig. 
2A). Insulin AUC0-60, but not AUC0-120 or AUC60-120, was 
greater in females than in males after ID-QHCl (AUC0-60: 
P = 0.021), but not IG-QHCl. There was also an effect of 
sex on peak insulin, but not time to peak insulin concentra-
tion, after ID-QHCl, but not IG-QHCl. Peak concentration 
after ID-QHCl was greater in females compared with males 
(P = 0.01).

Plasma glucagon concentrations
There were effects of time on plasma glucagon after ID-QHCl 
and IG-QHCl (Fig. 2B). Plasma glucagon was greater after 
ID-QHCl between t = 60 and 120 minutes in males (time ef-
fect: P = 0.001) and females (time effect: P = 0.001), and after 
IG-QHCl in males (time effect: P = 0.001) and females (time 
effect: P = 0.002).

There were effects of site on plasma glucagon (Table 2, Fig. 
2B). Glucagon AUC0-120, AUC0-60, and AUC60-120 were greater 
after ID-QHCl compared with IG-QHCl in both males 

(AUC0-120: P = 0.030, AUC0-60: P = 0.023, AUC60-120: P = 0.043) 
and females (AUC0-120: P = 0.020, AUC0-60: P = 0.081, AUC60-120: 
P = 0.015).

There were no effects of sex on plasma glucagon after 
IG-QHCl or ID-QHCl (Table 2, Fig. 2B).

Plasma glucose concentrations
There were effects of time on plasma glucose after ID-QHCl 
and IG-QHCl (Fig. 2C). Plasma glucose was less after 
ID-QHCl, compared with baseline, between t = 45 and 75 
minutes in males (time effect: P = 0.001) and between t = 30 
and 120 minutes in females (time effect: P = 0.001). Moreover, 
plasma glucose was less after IG-QHCl, compared with base-
line, between t = 60 and 120 minutes in males (time effect: 
P = 0.016) and between t = 75 and 120 minutes in females 
(time effect: P = 0.001).

There were effects of site on plasma glucose (Table 2, 
Fig. 2C). Plasma glucose iAUCinv0-120, iAUCinv0-60, and 
iAUCinv60-120, were greater after ID-QHCl compared with 
IG-QHCl in females (iAUCinv0-120: P = 0.001, iAUCinv0-60: 
P = 0.001, iAUCinv60-120: P = 0.036). In contrast, there were 
no differences after ID-QHCl compared with IG-QHCl 
in males.

There were effects of sex on plasma glucose (Table 2, 
Fig. 2C). Plasma glucose iAUCinv0-120, iAUCinv0-60, and 
iAUCinv60-120 were greater in females than in males after 
ID-QHCl (iAUCinv0-120: P = 0.001, iAUCinv0-60: P = 0.011, 
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iAUCinv60-120: P = 0.003), while iAUCinv0-60, but not 
iAUCinv0-120 or iAUCinv60-120, was less in females than in 
males after IG-QHCl (iAUCinv0-60: P = 0.04).

Antropyloroduodenal Pressures
Antral pressures
There was an effect, albeit modest, of site on antral MI. Antral 
MI0-60, but not MI0-120 or MI60-120, was greater after IG-QHCl 
compared with ID-QHCl in males (P = 0.014), but not in fe-
males (Table 3).

There were effects, albeit modest, of sex on antral MI. 
Antral MI0-60 (P = 0.011) and MI60-120 (P = 0.045), but not 
MI0-120, were greater in females than in males after ID-QHCl 
but not IG-QHCl (Table 3).

Isolated pyloric pressure waves
There were no effects of time on the number, or amplitude, of 
IPPWs after IG-QHCl or ID-QHCl in males or females (Fig. 3). The 
IPPW response to ID-QHCl peaked between 15 and 45 minutes.

There was an effect of site on the number, but not the 
amplitude, of IPPWs (Table 3, Fig. 3). In females, IPPW 
number0-120, number0-60, and number60-120 were greater after 
ID-QHCl compared with IG-QHCl (number0-120: P = 0.002, 
number0-60: P = 0.013, number60-120: P = 0.039). In males, 
IPPW number0-60, but not number0-120 or number60-120, was 
greater after ID-QHCl compared with IG-QHCl (number0-60: 
P = 0.050). There were also effects of site on the peak number 
and the time to peak number of IPPWs. Peak number was 

greater (P = 0.001), and time to peak number less (P = 0.008), 
after ID-QHCl than IG-QHCl in females, but not males.

There were no effects of sex on the number or amplitude 
of IPPWs after IG-QHCl or ID-QHCl, although mean values 
appeared to be greater in females than males (Table 3, Fig. 3).

Duodenal pressures
There were effects, albeit modest, of site on duodenal MI. In 
females, duodenal MI0-120 and MI0-60, but not MI60-120, were 
greater after ID-QHCl compared with IG-QHCl (MI0-120: 
P = 0.032, MI0-60: P = 0.007). In males, the duodenal MI0-60, 
but not MI0-120 and MI60-120, was greater after ID-QHCl com-
pared with IG-QHCl (P = 0.042) (Table 3).

There were effects, albeit modest, of sex on duodenal MI. 
The duodenal MI0-60 was greater in females than in males 
after ID-QHCl (P = 0.017), and after IG-QHCl (P = 0.075). 
The duodenal MI60-120 was also greater in females than in 
males after ID-QHCl (P = 0.061), but not IG-QHCl (Table 3).

GI Symptoms
Bloating
There were no effects of time, site, or sex on ratings of 
bloating after either IG-QHCl or ID-QHCl in males or fe-
males (Fig. 4A).

Nausea
There were no effects of time on nausea after either IG-QHCl 
or ID-QHCl in males or females (Fig. 4B).

Table 2.  Plasma insulin, glucagon, and glucose concentrations at baseline and following intragastric or intraduodenal administration of quinine in 
healthy, normal-weight men and women

 Male Female

IG-QHCl ID-QHCl P values IG-QHCl ID-QHCl P values 

Plasma insulin       

  Fasting concentration, mU/L 2.7 ± 0.5 2.4 ± 0.4 0.288 3.6 ± 0.5 3.3 ± 0.2 0.463

  AUC0-120min, mU/L × min 648 ± 77 865 ± 79 0.024 754 ± 79 1042 ± 77 0.004

  AUC0-60min, mU/L × min 261 ± 52 485 ± 53 0.006 344 ± 53 663 ± 52a 0.001

  AUC60-120min, mU/L × min 370 ± 41 368 ± 42 0.956 423 ± 42 394 ± 41 0.462

  Peak concentration, mU/L 8.5 ± 1.5 13.2 ± 1.5 0.040 11.7 ± 1.5 19 ± 1.5b 0.002

  Time to peak concentration, min 71 ± 5 39 ± 5 0.001 60 ± 5 39 ± 5 0.012

Plasma glucagon       

  Fasting concentration, pg/mL 41 ± 4 43 ± 4 0.941 40 ± 2 41 ± 4 0.777

  AUC0-120min, pg/mL × min 5044 ± 371 6189 ± 362 0.030 5401 ± 362 6607 ± 362 0.021

  AUC0-60min, pg/mL × min 2193 ± 138 2710 ± 139 0.023 2427 ± 137 2800 ± 137 0.081

  AUC60-120min, pg/mL × min 2842 ± 250 3497 ± 244 0.043 2990 ± 245 3780 ± 245 0.015

Plasma glucose       

  Fasting concentration, mmol/L 4.8 ± 0.1 4.5 ± 0.1 0.251 5.3 ± 0.1 5.4 ± 0.1 0.487

  iAUCinv0-120min, mmol/L × min 57 ± 9 58 ± 8 0.947 50 ± 8 99 ± 8c 0.001

  iAUCinv0-60min, mmol/L × min 21 ± 4 25 ± 4 0.505 9 ± 4d 39 ± 4e 0.001

  iAUCinv60-120min, mmol/L × min 36 ± 6 33 ± 6 0.634 41 ± 6 59 ± 6f 0.036

Data are means ± SEMs. n = 14 in each group, except for glucagon (n = 12).
Abbreviations: AUC, area under the curve; iAUCinv, inverted incremental AUC; ID-QHCl, intraduodenal quinine hydrochloride; IG-QHCl, intragastric 
quinine hydrochloride.
Differences from respective values in males: 
aP = 0.021, 
bP = 0.010, 
cP = 0.001, 
dP = 0.040, 
eP = 0.011, 
fP = 0.003.
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Table 3.  Motility index of antral and duodenal pressure waves, and number, peak, and the time to peak number of isolated pyloric pressure following 
intragastric or intraduodenal administration of quinine in healthy men and women

 Male Female

IG-QHCl ID-QHCl P values IG-QHCl ID-QHCl P values 

Antral pressure waves       

  MI0-120min, mmHg 11 ± 1 10 ± 1 0.625 11 ± 1 11 ± 1 0.999

  MI0-60min, mmHg 10 ± 1 8 ± 1 0.014 11 ± 1 11 ± 1a 0.703

  MI60-120min, mmHg 7 ± 1 7 ± 1 0.687 10 ± 1 9 ± 1b 0.420

Isolated pyloric pressure waves       

  Total number0-120min 25 ± 10 36 ± 11 0.426 16 ± 6 56 ± 15 0.002

  Total number0-60min 11 ± 4 22 ± 8 0.050 6 ± 2 30 ± 9 0.013

  Total number60-120min 14 ± 6 14 ± 4 0.451 9 ± 4 26 ± 9 0.039

  Peak number 7 ± 2 10 ± 2 0.356 6 ± 2 16 ± 3 0.001

  Time to peak number, min 70 ± 9 47 ± 10 0.173 90 ± 5 50 ± 8 0.008

  Mean amplitude0-120min, mmHg 18 ± 4 18 ± 3 0.345 21 ± 3 20 ± 2 0.333

  Mean amplitude0-60min, mmHg 21 ± 3 21 ± 4 0.533 20 ± 3 22 ± 3 0.451

  Mean amplitude60-120min, mmHg 21 ± 5 20 ± 3 0.613 24 ± 3 23 ± 3 0.517

Duodenal pressure waves       

  MI0-120min, mmHg 15 ± 0 16 ± 0 0.404 15 ± 0 16 ± 0 0.032

  MI0-60min, mmHg 13 ± 0 14 ± 0 0.042 14 ± 0 15 ± 0c 0.007

  MI60-120min, mmHg 14 ± 0 14 ± 0 0.835 15 ± 0 15 ± 0 0.242

Data are means ± SEMs. n = 14 in each group.
Abbreviations: ID-QHCl, intraduodenal quinine hydrochloride; IG-QHCl, intragastric quinine hydrochloride; MI, motility index (calculated as MI 
(mmHg) = natural logarithm {[sum of amplitudes × number of pressure waves] + 1}).
Differences from respective values in males: 
aP = 0.011, 
bP = 0.045, 
cP = 0.017.

There was an effect of site on nausea (Fig. 4B). In males, 
mean nausea was greater after ID-QHCl compared with 
IG-QHCl (P = 0.004). The slight increase in nausea was due 
to the ratings in 2 participants, which increased by ~40 mm, 
while no other participants reported any nausea.

There was an effect of sex on nausea (Fig. 4B), which was 
greater in males than in females after ID-QHCl (P = 0.010), 
but not IG-QHCl.

Discussion
Our study provides a comprehensive evaluation of the com-
parative effects of IG and ID administration of QHCl, in 
a dose of 600 mg, on GI functions that are integral to the 
regulation of energy intake and blood glucose in healthy men 
and women, including gut and pancreatic hormones and pyl-
oric pressures; the latter underlie the regulation of gastric 
emptying. Key findings are that (1) the effects of QHCl on 
gut and pancreatic hormones, glucose, and pyloric pressures 
were affected markedly by the site of its administration, with 
ID quinine being much more potent, and (2) the majority of 
these effects, with the exception of those relating to insulin 
and glucose, were not influenced by sex. These insights have 
important implications for an understanding of the factors 
modulating the effects of quinine, and probably other bitter 
substances, on GI functions.

That ID-QHCl had greater effects to modulate gut and pan-
creatic hormones, reduce glucose and stimulate pyloric pres-
sures, suggests that the regulation of these effects originates 
primarily in the small intestine. We have shown previously 

that ID- and IG-QHCl, when administered 30 minutes and 
60 minutes, respectively, before a mixed-nutrient drink, have 
comparable effects to stimulate plasma GLP-1 (16), sug-
gesting that, in both situations, sufficient interaction of QHCl 
with small intestinal bitter receptors was achieved. Our cur-
rent findings support this hypothesis and are also consistent 
with animal studies showing a greater density of bitter taste 
receptors in the duodenum than the stomach (6, 18). Because 
quinine appears to be absorbed primarily in the small intes-
tine (35, 36), IG-QHCl also reaches the small intestine, al-
though with a delay, and due to dilution, almost certainly 
in lower concentration than ID-QHCl. Moreover, a shorter 
length of intestine may be exposed following IG-QHCl. Both 
concentration and length of intestine exposed are known de-
terminants of the effects of dietary nutrients on gut hormone 
release, gastric emptying, and energy intake (37-39), and may 
underlie the more potent effects of ID vs IG-QHCl.

Bitter taste receptors are present throughout the GI tract on 
enteroendocrine cells (1, 3, 6, 39).

CCK is produced primarily in the proximal small intestine, 
in contrast to GLP-1 and PYY, which are released predom-
inantly more distally (40, 41). Hence, the patterns of plasma 
concentrations of these hormones in response to quinine in 
the GI lumen would also be expected to vary. Accordingly, 
the rise in plasma CCK occurred within ~10 minutes and 
peaked within ~20-30 minutes. In contrast, the rises in GLP-1 
and PYY were gradual and sustained for at least 120 min-
utes. These patterns of release are consistent with the effects 
of nutrients, such as fatty acids and protein (34, 42). Of note, 
CCK, but not GLP-1 or PYY, was stimulated by IG-QHCl, 
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albeit less than ID-QHCl, underscoring the importance of the 
length of exposure and that IG-QHCl may not readily reach 
the distal small intestine, the major site of release for GLP-1 
and PYY. While ghrelin is primarily secreted from the stomach 
(41), the observed greater suppression of plasma ghrelin after 
ID-QHCl, compared with IG-QHCl (which was ineffective), 
is indicative of an important contribution emanating from the 
small intestine. This is supported by the finding that small 
intestinal, but not gastric, exposure to nutrient (glucose) is 
sufficient to suppress plasma ghrelin (43). The recent report 
of a lack of effect of ID- or IG-QHCl on either plasma CCK 
or ghrelin may reflect the lower dose used (17), indicating 
dose-dependency. The suppressive effect of small intestinal 
nutrients or quinine on ghrelin release may, at least in part, 
be mediated by hormones. Intravenous infusions of CCK or 
PYY (3-36) reduce plasma ghrelin levels in humans (44-46); 
moreover, involvement of PYY may potentially underlie the 
continued suppression after 60 minutes.

Both ID and IG-QHCl stimulated insulin; however, 
ID-QHCl was much more potent. While the mechanisms 
underlying quinine-induced stimulation of insulin remain 
to be elucidated, GLP-1 may potentially have played a role, 
which could be clarified by studies using a specific GLP-1 
receptor antagonist. GLP-1-induced insulin secretion is 
known to be glucose-dependent—below a plasma glucose of 
4.3  mmol/L, the insulinotropic effect of intravenous GLP-1, 
even at supraphysiological concentrations, is negligible (47). 
Alternatively, quinine may stimulate insulin following absorp-
tion into the bloodstream by activating receptors on pancreatic 

beta cells directly. Preclinical studies have demonstrated quinine-
induced insulin secretion from isolated pancreatic beta cells 
(48). In our study, the rise in insulin was associated with sub-
sequent reduction in plasma glucose by up to ~1.5 mmol/L, as 
well as stimulation of glucagon. Whether the observed rise in 
glucagon was a direct effect of quinine or triggered in response 
to glucose lowering, is uncertain, although the observed time 
course is more consistent with the concept that glucagon release 
followed the stimulation of insulin.

The effect of quinine on pyloric pressures was also site-
dependent, with ID more potent than IG administration. 
Given the key role of pyloric pressures in the regulation of gas-
tric emptying (49), this finding is consistent with our previous 
observations that IG quinine only slowed gastric emptying 
when it was given 60 minutes (16), but not 30 minutes (13), 
before a drink. Thus, these data provide compelling evidence 
for a key role of the small intestine in mediating the effects 
of quinine on pyloric motility. The pattern of pyloric pres-
sures, with peak stimulation occurring during the first 15 to 
45 minutes, reflected the pattern of CCK release. Since CCK 
receptors are located on pyloric smooth muscle cells (50), the 
effect of quinine on pyloric pressures was likely mediated, at 
least in part, by endogenous CCK. Site-dependency of effects 
on antral and duodenal pressures was also evident, with a 
greater effect of IG quinine on antral, and a greater effect 
of ID quinine on duodenal, pressures, consistent with direct 
local effects of quinine on smooth muscle cells. Indeed, some 
bitter substances (e.g., denatonium benzoate, chloroquine) 
enhance motility by stimulating bitter taste receptors located 

Figure 1.  Plasma concentrations of (A) ghrelin, (B) cholecystokinin (CCK), (C) peptide-YY (PYY) and (D) glucagon-like peptide-1 (GLP-1) following quinine 
hydrochloride (QHCl), administered (at t = −1 min) either intraduodenally (ID) or intragastrically (IG), in a dose of 600 mg, in 14 healthy men and 14 
healthy women. One-way ANOVA was used to evaluate effects of treatments over time relative to baseline. (A) Time effects in * males (P = 0.034) and 
# females (P = 0.035) after ID-QHCl, (B) time effects in * males (P = 0.001) and # females (P = 0.004) after ID-QHCl, time effects in § males (P = 0.001) 
and α females (P = 0.024) after IG-QHCl, (C) time effects in * males (P = 0.001) and # females (P = 0.005) after ID-QHCl, (D) time effects in * males 
(P = 0.001) and # females (P = 0.010) after ID-QHCl. Data are means ± SEM at each sampling time point and expressed as changes from baseline.
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Figure 2.  Plasma concentrations of (A) insulin, (B) glucagon and (C) 
glucose following quinine hydrochloride (QHCl), administered (at 
t = −1 min) either intraduodenally (ID) or intragastrically (IG), in a dose 
of 600 mg, in 14 healthy men and 14 healthy women. One-way ANOVA 
was used to evaluate effects of treatments over time relative to baseline. 
(A) Time effects in * males (P = 0.001) and # females (P = 0.001) 
after ID-QHCl, time effects in § males (P = 0.001) and α females 
(P = 0.010) after IG-QHCl, (B) time effects in * males (P = 0.001) and # 
females (P = 0.001) after ID-QHCl, time effects in § males (P = 0.001) 
and α females (P = 0.002) after IG-QHCl, (C) time effects in * males 
(P = 0.001) and # females (P = 0.001) after ID-QHCl, time effects in § 
males (P = 0.016) and α females (P = 0.001) after IG-QHCl. Data are 
means ± SEM at each sampling time point and expressed as changes 
from baseline.

Figure 3.  Number of isolated pyloric pressure waves following quinine 
hydrochloride (QHCl), administered (at t = −1 min) either intraduodenally 
(ID) or intragastrically (IG), in a dose of 600 mg, in 14 healthy men and 
14 healthy women. One-way ANOVA was used to evaluate effects 
of treatments over time relative to baseline. Data are means ± SEM 
for baseline (t = -1 to 0 min) and 15-min intervals following QHCl 
administration and expressed as changes from baseline.

Figure 4.  Scores for bloating (A) and nausea (B) following quinine 
hydrochloride (QHCl), administered (at t = -1 min) either intraduodenally 
(ID) or intragastrically (IG), in a dose of 600 mg, in 14 healthy men and 
14 healthy women. One-way ANOVA was used to evaluate effects of 
treatments over time relative to baseline. Data are means ± SEM at each 
time point and expressed as changes from baseline.

on muscle strips of mouse antrum directly (1). However, the 
magnitude of effects on antral and duodenal pressures in our 
study was small.

The GI effects of bitter substances have been suggested to 
be sex-dependent, based on reports of greater perception of a 

bitter lingual stimulus (6-n-propylthiouracil) in females than 
males (19, 51), although we did not find any differences in 
oral detection thresholds in our study. We have found inverse 
relationships between the oral perception of fatty acids and 
the magnitude of stimulation of pyloric pressures, CCK, and 
PYY in healthy individuals (52). We observed greater effects 
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in females than in males for quinine to stimulate insulin and 
lower plasma glucose, and modest effects to increase antral 
and duodenal motility, while no effects of sex on pyloric pres-
sures or ghrelin were evident. Interestingly, a greater insulin 
response during an oral glucose tolerance test in healthy fe-
males, compared with males, has been reported, although in 
that study, and in contrast to the current findings, glucagon 
was suppressed more in males (53). Since we found no sig-
nificant evidence of sex effects on any of the GI hormones or 
pyloric pressures, our observations do not support the notion 
of major sex-dependent GI effects of quinine.

Some limitations of our study should be noted. We only evalu-
ated one dose of quinine, which was not adjusted for differences 
in body weight between men and women. We did not include a 
control condition and, thus, determined effects of quinine rela-
tive to baseline. However, infusion of isotonic saline is known 
to not affect the parameters we assessed (29, 33, 34, 42). While 
ID or IG administration cannot be used routinely, the insights 
may be pivotal for the design of formulations for targeted de-
livery. We did not measure plasma motilin, which is modulated 
by bitter substances (14, 15), although IG, but not ID, QHCl 
appears to suppress motilin (17). We only assessed effects of 
quinine on fasting glucose; whether quinine lowers postpran-
dial glucose in females more than in males warrants evaluation. 
Our findings should also be assessed as a function of age, body 
weight, race/ethnicity, and glucose tolerance status. The study 
was not powered for analysis of site of administration-by-sex 
interactions, so, potential synergistic effects between these fac-
tors were not assessed. Finally, it is important to recognize that 
quinine in higher doses may be associated with adverse effects, 
particularly in the longer-term, and also engage mechanisms 
other than bitter receptors, including sodium channel blockade. 
It is, therefore, important to determine whether the observed ef-
fects of quinine are also evident at lower doses.

In conclusion, administration of quinine directly into the duo-
denum has much greater effects to modulate plasma gut and 
pancreatic hormones and pyloric pressures than intragastric 
administration, indicating the importance of the interaction of 
quinine with small intestinal bitter receptors. While our find-
ings do not support the generalized concept of sex-dependent 
GI effects of quinine, the glucose-lowering effects of quinine 
appear to be enhanced in females. Taken together, our observa-
tions have implications for the use of targeted delivery options 
and potential for more personalized approaches for the admin-
istration of quinine, and possibly broadly, bitter substances, to 
optimize their potency to stimulate GI functions that modulate 
energy intake and blood glucose.
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