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Abstract

Purpose Numerous studies, including our previous work with lemon juice, have reported that low-pH meals reduce the
glycemic response to starchy foods. However, the underlying mechanism is not yet understood. Tea, for its polyphenol
content, has also been investigated. The main objective of this research was to concurrently study gastric emptying, appetite
perceptions and glycemic responses to bread consumed with water, tea, or lemon juice.

Methods In this randomized, crossover intervention, ten participants consumed equal portions of bread (100 g) with 250 mL
of water, water-diluted lemon juice, or black tea at breakfast. Gastric volumes, blood glucose concentrations and appetite
perceptions were alternately assessed over 180 min using magnetic resonance imaging, the finger-prick method and visual
analogue scales, respectively.

Results Compared to water, lemon juice led to a 1.5 fold increase of the volume of gastric contents, 30 min after the meal
(454.0+18.6 vs. 298.4+19.5 mL, x + SEM P <0.00001). Gastric emptying was also 1.5 times faster (P <0.01). Conversely,
lemon juice elicited a lower glycemic response than water (blood glucose concentrations at t =55 min were 35% lower,
P=0.039). Tea had no effect. Changes in appetite perceptions and gastric volumes correlated well, but with no significant
differences between the meals.

Conclusions Lemon juice lowered the glycemic response and increased both gastric secretions and emptying rate. The results
are compatible with the hypothesis that the reduction of the glycemic response is mainly due to the interruption of starch
hydrolysis via the acid-inhibition of salivary a-amylase.
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Abbreviations

AUC  Area Under the Curve
BMI Body Mass Index

HAS Human salivary a-amylase

VAS Visual Analogue Scale

Introduction

Postprandial glycemic profiles are the net balance between
the rates of appearance of exogenous (from food) and endog-
enous glucose and the rate of disappearance of glucose due
to tissue uptake [1]. The rate of appearance of exogenous
glucose has the strongest relationship with the postprandial
glycemic response [1] but is, itself, the result of a complex
interaction between numerous factors, among which, the
glucose source, its digestion rate and the gastro-intestinal
transit time.

The main source of exogenous glucose in our diets is
starch, a polysaccharide entirely made up of glucose resi-
dues which makes up to 50% of the energy supply in human
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diets [2]. Starch digestion is initiated in the mouth by human
salivary a-amylase (HSA) [3] and continues in the stomach
[3, 4] until the pH lowers to 3.0-3.8 inactivating this enzyme
[5, 6]. The process is then resumed in the small intestine
by pancreatic a-amylase where it is completed by brush
border enzymes and the final product, glucose, is absorbed
[4]. Slowing down starch digestion through the inhibition
of digestive amylases and/or glucosidases can slow down
the uptake of starch-derived glucose, thereby lowering the
glycemic response to starch-rich meals. A practical exam-
ple is the administration of acarbose in the treatment of
type 2 diabetes [7]. The conditions of each digestive step
determine the vulnerabilities of each digestive stage. For
example, oral and gastric phases are the most exposed to
the different properties of a given food or meal, including
their composition, initial pH, macro- and micro-structural
characteristics. However, of these, only the composition and
micro-structure are likely to influence digestion in the small
intestine because at this stage the pH is rapidly neutralized
in the duodenum, and food macro-structure has already been
largely disrupted. It is important to highlight that the first
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researchers who worked on this topic had already observed
that gastric digestion seemed to play an important role in
starch breakdown. The earliest reference to this seems to
date back to 1876, when Reinhard van den Velden defended
that gastric digestion should be separated into two stages the
first being salivary (or amylolytic) digestion and the second
peptic digestion [8]. The early literature on this topic seems,
however, to have been forgotten. The emphasis is often put
on the intestinal phase and studies on the role played by the
gastric phase on starch breakdown and its implications for
the glycemic response are to be carried over. Nonetheless, a
combined analysis of later studies of the gastric environment
suggests the contribution is far from negligible. Briefly, it
has been reported that when food enters the stomach, gas-
tric pH can rise well above the inactivation threshold of
HSA (to 4.5-6.7) and that it can then take 75—107 min to
reach pH <2 [9-11]. This indicates the existence of a large
time-window during which HSA can continue hydrolyzing
starch. At the same time, lowering the initial pH of the food
shortens this period, offering an additional route for slow-
ing down the uptake of starch-derived glucose. Members of
our team have reproduced such digestive conditions in vitro
observing that up to 20% and 50% of the starch respectively
in pasta and bread was hydrolyzed during the gastric phase
[5, 12]. This is in agreement with in vivo studies of human
[13] and porcine digestion [14]. The exploitation of this
knowledge to slow down starch digestion has also been the
subject of some of our previous work. Particularly, we have
examined routes of HSA inactivation during gastric diges-
tion in vitro and observed promising results via either an
increase in acidity or polyphenol content [5, 15]. A growing
body of evidence from randomized, controlled, crossover tri-
als reinforces the viability of lowering postprandial glycemic
responses to starchy foods by 20-50% with increased meal
acidity. Previous works focused on pomegranate juice [16],
vinegar [17-25], pickled foods [26] and acid bread fermen-
tation [27-32]. Recently, we have also observed that lemon
juice can significantly reduce (by 30%) and delay (more than
35 min) average peak blood glucose concentrations [33].
Different mechanisms have been proposed but there is no
clear consensus yet [34-37]. The common denominators
of the meals resulting in lower postprandial glycemia in
these 18 independent studies were the main glucose source
(starch) and the overall lower pH of the meal. Previously,
we provided evidence that the lower glycemia could, at least
in part, be explained by a premature interruption of starch
digestion in the stomach [5, 15]. Conversely, a reduced and/
or delayed gastric emptying with acidic meals has also been
identified as another candidate explanation [21], since gas-
tric emptying rates influence the rate of nutrient absorption
into the blood stream. Using magnetic resonance imaging
(MRI), the main objective of the present work was there-
fore to study gastric emptying and blood glucose responses

concurrently, to better understand the physiologic impact of
combining starch-rich foods with beverages characterized
by a rich polyphenol content or a low pH.

Subjects and methods

This study was the second part of a two-branch investigation
with the same test meals but with different participants and
different measurements. The characteristics of the partici-
pants, the study details and the results presented here are
exclusive to this part of the study. The clinical research pro-
tocol was approved by the ethics committee Lyon Sud-Est [V
(ethical approval code: A 17-347; Lyon, France). All partici-
pants gave their written informed consent and this study was
carried out in accordance with the Declaration of Helsinki
and registered at Clinicaltrials.gov (NCT03265392).

Participants

Men (18-60 years old), in overall good health, with a normal
body mass index (BMI) (18-25 kg/mz) were eligible for this
study. Women were not recruited for this part of the study to
minimize the influence of varying insulin sensitivity [38],
appetite control and eating behavior [39] during the men-
strual cycle in healthy women. Another eligibility criterion
was the ability to hold the breath for 25 s as this was required
for certain MRI exams. Exclusion criteria included also any
contraindications to MRI, medical interventions or surger-
ies requiring hospitalization within the previous 3 months,
history of diabetes, use of any medication known to influ-
ence glucose metabolism, food consumption and/or appetite,
allergies to any of the ingredients in the test meals, history
of eating disorders, high alcohol consumption and having
started/stopped smoking in the previous 3 months.

Recruitment was initiated through email and poster
advertisements. Interested subjects were asked to answer an
online pre-screening questionnaire and potentially eligible
respondents were invited to an information meeting where
they received oral and written information about the study.
Subjects were informed that the aim of the study was to
better understand the digestion of starch-rich meals when
ingested in combination with commonly consumed bever-
ages. Individuals who attended this meeting and expressed
interest in participating in the trial were scheduled for a med-
ical appointment at a later date, during which their physical
health and eligibility were verified after the informed con-
sent form was signed.

Test meals

Three meals were studied. Each test meal consisted of four
slices (100 g) of crustless, wheat sandwich bread (“Harry’s
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100% mie Nature”, Barilla France S.A.S, Boulogne-Bil-
lancourt, France) and two 125-mL glasses of either spring
water (Mont Roucous®, Lacaune-Les-Bains, France), black
tea or lemon juice. The water meal was the reference meal.
Tea (Lipton® Yellow Label® black tea, Unilever France,
Rueil Malmaison, France) was freshly brewed (1% w/v) with
spring water (100 °C) and infused for 15 min before the
tea bag was removed. Lemon juice was prepared by mixing
125 mL of commercial lemon juice (Lazy lemon, Polenghi,
Milan, Italy) with 125 mL of spring water. The pH of tea
was 6.7 and that of lemon juice was 2.3. Twenty frozen peas
(Petits pois extra fins surgelés, Auchan Production, Ville-
neuve-d’Ascq, France), intended to be used as motility trac-
ers in the MRI scans, were also included in each meal. The
energy and nutrient content of the meals (estimated from the
product labels) are presented in Table 1. The starch profile
of the bread used in the present study had been previously
characterized in our lab. From the total carbohydrates in
the meal, bread provided 38.72 +4.2 g of starch, of which
94.4+1.5% was digestible and 5.6+ 1.5% was resistant
starch [40].

Study design

A randomized, crossover design was used. All subjects par-
ticipated in three study sessions (separated by >?2 weeks)
in which they received the three test meals for breakfast in
a random sequence. Two volunteers requested to have two
sessions scheduled within the 2-week period due to avail-
ability constraints. The study visits took place at the Service
Hospitalier Frédéric Joliot (Orsay, France).

An overview of the protocol followed during the test days
is provided in Fig. 1A. Participants were asked to refrain
from excessive alcohol consumption and intensive physical
activity the evening before the study sessions. They arrived

Table 1 Energy and nutrient content of the meals

Water Tea Lemon juice

Energy content (kcal) 265.4 265.4 299.1
Energy density (kcal/g) 0.75 0.75 0.84
Energy content (kJ) 1110 1110 1251
Total fat (g) 39 39 39
Total carbohydrate (g) 48.6 48.6 51.1

Bread starch” (g) 38.7+4.2

Sugar (g) 6.2 6.2 8.7
Fibre (g) 23 2.3 23
Total protein (g) 7.8 7.8 8.3

Each meal contained 100 g of white-wheat-bread, 20 peas and
250 mL of either water, tea or water diluted lemon juice

“In the meal, bread provided 38.7+4.2 g of total starch, includ-
ing 36.6+0.6 g (94.4+1.5%) of digestible starch and 2.2+0.6 g
(5.6 +1.5%) of resistant starch (i.e. as previously reported [40])

@ Springer

at the study site at 7:30 a.m., after an overnight fast of at
least 10 hours. After verifying participants’ compliance with
pre-session requirements, they were asked to answer an MRI
safety form and to fill a Visual Analogue Scale (VAS) to
evaluate appetite perceptions. A baseline capillary blood
glucose concentration measurement was performed twice
and followed by a first MRI exam at 8:30 a.m.

Participants were asked to eat the bread and drink one
125 mL glass of the beverage first, and to swallow the peas at
the end, without chewing, with the second 125 mL glass of
beverage. Meals were always consumed in less than 15 min,
between 8:45 and 9:00 a.m. MRI exams, blood glucose
measurements and VAS were performed at pre-defined time-
points over a period of 3 hours after the start of breakfast,
as presented in Fig. 1 A. The primary outcome of this study
was the gastric emptying rate as determined from the gastric
volumes assessed by the analysis of the 3D MRI exams.

Measurements
MRI acquisition

All MRI acquisitions were performed in a clinical, whole-
body 1.5 T system using a 32-channel SENSE torso/cardiac
coil (Phillips Healthcare, Best, The Netherlands). Partici-
pants were provided with earplugs for noise reduction. A
respiratory sensor (Phillips Healthcare, Best, The Nether-
lands) was secured under the anterior coil array, on the epi-
gastric region, with a Velcro strap. This sensor, connected
to a wireless transmitter, was used to monitor respiratory
movements. All subjects were examined in the right decu-
bitus position, feet-in-first, following previous observations
that this position adequately reflects the kinetics of gastric
emptying in the seated position [41].

Each MRI exam was composed of a series of six acquisi-
tions, each covering the complete gastric region (volume
scans): one survey, one anatomic scan (25 s, breath-hold),
three static motility scans (22 s, breath hold) and one free-
movement motility scan (1 min 25 s, free breathing). An
overview of the scans performed within each MRI exam is
presented in Fig. 1B, and the corresponding MRI parameters
are presented in Table 2.

The first MRI exam was conducted before meal consump-
tion, and six others were performed 30, 45, 75, 105, 135, and
165 min after the start of the meal (Fig. 1A). Participants
exited the MRI after each exam (except between the 30-
and 45-min exams) for blood glucose measurements and/
or answering a VAS to evaluate appetite perceptions, after
which they had a 15-20-min break. The coils were removed
from their bodies for at least two of these breaks, unless
participants preferred to keep them. During the breaks, par-
ticipants were free to stand and take short walks within the
facilities of the study center but were asked to refrain from
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Fig. 1 Overviews of the study protocol (A) and of the sequence of the scans performed during each Magnetic Resonance Imaging (MRI) exam

Table 2 Parameters of the MRI

. Imaging parameters
sequences used for static and

Anatomic volume scan breath hold

Motility volume scans breath

. . . hold and free breathing
dynamic imaging of the gastric
region Weighting 12 Tl
Repetition time TR 345 ms 2.8 ms
Echo time TE 60 ms 0.89 ms
Matrix (RL x AP X FH) 192x 148 x 72 108 x 86 %36
Voxel size (1.7%x1.7x3) mm® ~ 8.6 uL (3.0x3.0x6.0) mm® ~ 54 uL
Scan time 24.8 s 3.5 s/dynamic
Flip angle 90° 5°

smoking, eating, drinking and any activities related to food
or exercise.

Anatomic volume scan—breath hold A set of contigu-
ous 2D slices of the abdominal region of the subject,
with a high spatial resolution, was acquired to enable a
3D volume reconstruction of the stomach using a single-
shot turbo spin echo (TSE) sequence. The echo time, TE,
was 60 ms, the repetition time, TR, was 345 ms and the
acquisition bandwidth, BW, was 702 Hz/pixel. Interleaved
acquisition mode was used to acquire a total of 72 axial

slices covering a field of view of (320x253x216) mm?
(right- left X anterior—posterior X feet-head), with no gap.
The acquisition matrix size was 192 x 148, hence a native
in-plane resolution (pixel size) of 1.67x1.71 mm? and
slice thickness of 3 mm. Following interpolation, recon-
structed voxel size was 0.83 x0.83 x3 mm>. The acquisi-
tion time was reduced with an acceleration SENSE factor
of 2 in the anterior—posterior direction and with a partial
coverage, 71%, of the Fourier plane to fit into a single 25 s
breath hold.
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Motility volume scan—breath hold A dynamic series of
six consecutive 3D images of the abdominal region of
the subject was acquired to assess gastric motility. The
matrix size was 108 X86x36 and the acquisition voxel
size was of (2.96x3.03 x6) mm? before interpolation to
(1.4x 1.4%x3) mm>. A multi-shot turbo field echo (TFE)
fast imaging mode was used with a TFE factor of 18,
TE=0.89 ms, TR=2.8 ms, and BW =500 Hz/pixel. The
acquisition was accelerated by a SENSE factor of two in
both anterior—posterior and feet-head directions. Each 3D
set covered a field of view of 320 x 261 x 216 mm? (right-
left X anterior—posterior X feet-head), with no gap. Each
3D image was scanned in 3.5 s, leading to a total dura-
tion of 22 s for the whole dynamic series, within a single
breath hold.

Motility volume scan—free breathing The gastric motil-
ity was additionally assessed while the participant was
freely breathing over 1 min and 25 s with 24 consecutive
3D dynamic images with the same acquisition parameters
as above (Table 2).

Image processing MRI scans were anonymized before
processing with the participants’ number and visit date.
The correspondence with the consumed test meal was
established only at the end. First, the gastric volumes
were determined based on the anatomic volume scan. The
region of interest (ROI) in each slice was manually drawn
around the gastric contents with Matlab (MathWorks,
Massachusetts, United States). The areas of the ROIs in
all slices were then multiplied by the slice thickness and
added up to determine the total volume of gastric contents.
The chime and the air within the stomach were deline-
ated and 3D reconstructions were created to illustrate their
relative position and proportion. An example is provided
in supplementary Figure S-1. Second, visual observations
were performed onto the acquired motility volume scans.

Blood glucose Capillary blood samples obtained by finger
prick were used to measure plasma glucose concentrations
with a glucose meter (Accu-Chek Performa Blood glucose
Meter, Roche Diabetes Care France, Meylan, France). Two
consecutive measurements were performed in the fasted
state to establish a baseline, and single measurements were
then repeated 15, 55, 85, 145 and 180 min after the start
of the test meal. Time-response curves were constructed
and the area under the curve (AUC) (mmol-min/L) was
calculated using the trapezoidal rule with fasting values
as baseline. Negative areas (below the fasting baseline
value) were ignored. Peak values (mmol/L) and time-to-
peak (min) were also determined.
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Appetite perceptions

Perceptions of hunger, satiety, fullness and prospective food
consumption were quantified with validated VAS question-
naires [42]. Thirst and nausea were also assessed. VAS were
composed of 100-mm lines with descriptors anchored at
each end describing the extremes (e.g. “How hungry are
you? Not at all/Extremely”). Participants rated each char-
acteristic by placing a mark across each line on paper. They
had no access to their previous ratings when completing a
new VAS. Analysis of the VAS was conducted by measuring
the horizontal distance from the left-hand end of the line to
the mark indicated by the participant.

Statistical analysis

The number of subjects was determined using power calcu-
lations on the basis of previous work [43—-47]. We calculated
that a sample size of seven participants would allow us to
detect a minimum difference of 15 min in the half-gastric
emptying time with a 5% level of significance and a power
of 90%, assuming a standard deviation (SD) of 7 min. We
increased the sample size to 10 to allow for a 25% dropout
rate. This sample size is also in agreement with the interna-
tional standard for the determination of the glycaemic index
(GI) (ISO 26642:2010, a minimum of ten participants is
recommended).

All data are presented as means + SEMs unless otherwise
specified. All statistical analyses were performed in R (ver-
sion 3.5.1) [48] with statistically significant effects accepted
at the 95% level. The volumes of gastric content were ana-
lyzed using a mixed linear model for repeated measures
(nlme package) with “time” (six levels: 30, 45, 75, 105,
135, and 165 min), and “meal” (three levels: water, tea, and
lemon juice) as fixed factors, and replicates as random factor.
Residual normality and variance homogeneity for each fac-
tor were verified using the Shapiro—Wilk test and the Levene
test, respectively (lawstat package). Significant effects were
observed for “time”, “meal” and their interaction. Pairwise
multiple comparisons of the means were therefore car-
ried out using Tukey’s test (Ismeans package) at each time
point to determine which meal induced a significant effect.
The residuals for the “time” variable in the blood glucose
data set was heteroscedastic, and hence did not conform to
the necessary conditions to use a mixed linear model for
repeated measures. Therefore, blood glucose concentra-
tions were analyzed similarly to other data (total emptying
rate, t50¢, and AUCs in Table 3, VAS scores), using single-
factor ANOVASs at each time point to compare the effect
of the meals, after verification of the normality of the data
and of the residuals using the Shapiro-Wilk test, and the
homoscedasticity using the Bartlett’s test. When statistically
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Table 3 Gastric emptying and glucose responses for the water, tea
and lemon juice meals

Water Tea Lemon juice

Volume of gastric  mL 298 +20 30726 454%*+19

contents at Change %2 _ 3 52
t=30 min
Total emptying mL/min 1.84+0.2 2.0+0.2 2.7%+0.1
rate Change %> - 12 50
1500 min 84+5 78+x5 85%5
Change %* - -7 1
Glucose AUC mmol - min/L. 14018 150+13 82+11
(0-85 min)
Change %> - 7 —41
Glucose AUC mmol - min/L. 198 +23 232431 159+21
(0-165 min) Change %* - 17 -31

Volume of gastric contents at t=30 min, estimated gastric empty-
ing rate (up to blood glucose peak and total) and half emptying time
(t509), postprandial glucose areas under the curve (AUC) from 0O to
85 min and 0 to 165 min, for the three studied meals

All values are X+SEM (n=10 healthy adults). Values followed by
an asterisk (*) are significantly different from that obtained with
water in the same row. Volume of gastric contents at =30 min, total
emptying rate and AUCs (0-85 min) for the lemon juice meal were
significantly different than for the water meal (P <0.00001,<0.01
and =0.03, respectively)

4Change as a percentage of the bread + water reference meal

significant differences were detected, post hoc analysis was
conducted using pairwise Tukey’s test.

Results
Participants’ characteristics

Ten participants have been recruited and completed the
study. Their mean age was 26.8 +6.7 (range 18—-47). All
participants were healthy, with no history of diabetes and
did not use any medications known to affect energy intake,
appetite, gastrointestinal function or blood glucose, as con-
firmed by means of a full medical history and examination.
All subjects had normal fasting glucose (4.9 +0.1 mmol/L;
X+ SEM) and normal body mass indexes (20.7 + 18.3 kg/
m%; X+ SD).

Gastric digestion

All meals were consumed in a similar amount of time.
Consumption times (X + SEM) for the water tea and lemon
juice meals were 12+ 1, 13+ 1 and 13 + 1 min, respec-
tively. Slice-images extracted from anatomic scans—breath
hold of different participants and after different meals,
are presented in Fig. 2A—C and show that gastric contents

(contoured areas) provided enough contrast without the
need for a contrast agent. The fact that similar contrast
ranges were observed for all meals allowed image analysis
to be performed without distinguishing between meals.
Because the subjects were lying down in the right decu-
bitus position, the chime was on their right and the air
was confined into “pockets” above, on their left as mir-
rored in the MRI images (by convention). As explicit in
the 3D segmented volumes of Fig. 2D, images show that
the chime (red), as expected, remained confined to the
lower gastric region while air (blue) filled the upper one
throughout the MRI monitoring.

Intragastric chime distribution

Figures 2A—C and 3 show that intragastric chime was het-
erogeneous, with distinctive darker and brighter regions.
Darker regions resulted from lower hydration (hence shorter
T,). They appeared either as separated, relatively scattered,
single food boli (Fig. 3A), or in the form of bolus agglom-
erates (Fig. 3B and C). In some cases, boli retained their
round shape until 165 min after breakfast (Fig. 3). As diges-
tion proceeded, separated boli tended to cluster, forming
larger agglomerates of increasingly lighter grey contrast
(Fig. 3). Because lighter grey and white areas are indicative
of higher moisture levels, this evolution can be attributed
to an increasing proportion of digestive secretions in the
chime. Between the first (30 min) and last (165 min) scans,
the total volume of the chime had been reduced by approxi-
mately 80% for all meals and contained mostly secretions
(as indicated by the bright white contrasted regions). During
this period, the ratio of air to chime also seemed to increase
(Fig. 3).

Mixing

Typical dynamic images obtained with the motility volume
scans are presented in Fig. 4.

Under breath hold, images were neat, allowing for a clear
contrast of the peas consumed at the end of the meal that
appeared bright white within the grey chime. At 30 min (i.e.
15-20 min after the meal ended), most peas seemed to be
concentrated in the lower-mid region of the stomach and
some were frequently observed in the bottom half of the
stomach (in Fig. 4, this is indicated at 30 and 75 min by the
white arrows). Because the peas were consumed last, their
positioning reflects the efficiency of gastric movements in
mixing gastric contents for this meal, as no layering effects
were observed. It is also worth noting that some peas still
retained their integrity (and also their contrast properties)
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Fig.2 A-C Typical MRI axial slice of the abdominal region of
healthy adults during digestion of the bread meal, with 20 peas and
250 mL of either of water (A), lemon juice (B) or tea (C). The images
were extracted from scans conducted 30—45 min after the start of the
meal. In the MRI scanner, participants were lying in right decubitus,
hence, within the stomach, the chime was positioned towards that
side (in different levels of grey) and the air was confined to a pocket

after exposure to the gastric environment for over 2.5 h
(Fig. 4, 135 min and 165 min).

Under free breathing conditions, the acquired motility
volume scans turned out to be extremely blurry. Therefore,
these data were discarded.

Volumes of gastric content. Average gastric volumes,
over all participants, for each meal are presented as a func-
tion of time in Fig. SA and summarized in Table 3 (the
results obtained for each participant can be found in supple-
mentary Figure S-2). There were no significant differences
between the gastric volumes at baseline. During digestion,
no statistically significant differences were found between
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above it. The thick blue arrow on the top left indicates de direction
of gravity. The chime presented different nuances of grey. Bread
boli were discernable as they appeared darker than the surrounding
matter, they were scattered or in agglomerates. D Examples of 3D
reconstructions of the stomach from MRI exams performed 30 and
165 min after the meal started. Blue and red colors illustrate the posi-
tion and relative volumes of chime and air, correspondingly

the meals consumed with water or tea, while some clear
differences were found with lemon juice. The volume of
gastric contents 30 min after the start of the meal was about
1.5 times higher when bread was consumed with lemon
juice than with water (454.0+18.6 mL vs. 298.4 +19.5 mL,
X+ SEM, with P <0.0001) and remained significantly higher
until 135 min after breakfast started (P <0.0001 from 45
to 105 min, and P=0.0167 at 135 min). Accordingly, the
overall gastric emptying rate (estimated from the differ-
ence between the volume of gastric contents at t=30 and
165 min) was also about higher with lemon juice than with
water by the same 1.5 times factor (2.7 +0.1 mL/min vs.
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T(min) 30

Fig.3 Central axial slice of typical anatomic volume scans of the
gastric region performed 30, 45, 75, 105, 135 and 165 min after the
start of the water meal on one participant. The chime appears on the
left in the stomach with visible boli or bolus agglomerates that appear

1.8 +0.2 mL/min, X+ SEM, P <0.01). Due to that, the half-
gastric emptying times, calculated using the gastric vol-
ume at 30 min as reference, were not significantly different
between all meals, including lemon juice meals. They ranged
between 78 and 85 min on average (Table 3). This is a cen-
tral fact which will be discussed below.

Blood glucose responses

Average postprandial blood glucose responses elicited by the
water, tea and lemon juice meals are presented in Fig. 5B.
There were no significant differences in baseline blood glu-
cose concentrations between the three test-meals (P=0.21).
Conversely, differences were clear on the evolution of the
curve: lemon juice elicited a lower response in comparison
with water, with statistically significant lower blood glu-
cose concentrations observed at t=55 min (P =0.039). No
significant differences were found between water and tea.
The mean area under the blood glucose curve (AUC) and
the equivalent changes as percentage of the correspond-
ing results obtained with the water meal are presented in
Table 3. The AUC for the lemon juice meal was signifi-
cantly lower between 0 and 85 min than for the water meal
(P=0.03) with a reduction of about 40%. The AUC between
0 and 165 min tended to be 30% lower for the lemon juice
meal but this was not statistically significant (P=0.14).

Appetite perceptions

The results of the participants’ ratings for hunger, satiety,
fullness, prospective food consumption, thirst and nausea are
presented in Fig. 6A. There were no statistically significant
differences in baseline ratings nor between the test meals at
any given time-point. Hunger, thirst and prospective food
consumption scores lowered immediately after the meal,
increasing steadily afterwards. The opposite was observed

105 135 165

darker than the surrounding. The air appears black on the left side of
the stomach (to the right of the image). The subject was lying in right
decubitus. The blue arrow on the top left indicates the direction of
gravity

with the satiety and fullness ratings, which increased imme-
diately after the meal and declined progressively after. As
shown in Fig. 6B, the relationship between hunger, satiety,
fullness, and prospective food consumption as a function
of the volume of gastric contents tended to be linear, with
slopes that tended to be slighter for the lemon meal in com-
parison with both water and tea meals.

Discussion

In this work, we have studied gastric digestion patterns and
blood glucose responses after the consumption of meals con-
taining equal servings of bread, peas, and an equal volume of
either water, tea or lemon juice. The gastric phase of diges-
tion was studied by MRI. This allowed to monitor stomach
contents at a high level of detail including overall volumes,
food bolus and individual food (pea) particles. Blood glu-
cose concentration measurements were alternated with MRI
scans and performed using the finger-prick method.

Water and tea led to undistinguishable results in terms of
gastric emptying, blood glucose concentrations, and appe-
tite perceptions. Significant differences were undoubtedly
observed with lemon juice: higher gastric volumes during
the first 135 min, a higher gastric emptying rate, and an
attenuation of the peak blood glucose concentration. This
lower glycemic peak response with lemon juice is in full
agreement with the results of the first part of this clinical
study [33]. In that first part of the study, conducted with dif-
ferent participants and not involving MRI, the same meals
were tested in a larger group (17 participants compared to
10 here) and more data points have been obtained (8 vs. 6
in the current study) during the same postprandial period.
The glycemic peak could be identified for both water and
tea, at around 30 min and 45 min after the start of the meal,
i.e. at time-points that we did not cover in the present study

@ Springer



European Journal of Nutrition

30 min =

75 min T

135 min—

165 min—

Fig.4 Typical MR images of the motility volume dynamic scans per-
formed 30, 75, 135 and 165 min after the start of the water meal on
one participant. Slices shown in the two left columns correspond to
the lower-mid region of the stomach, those in the right column cor-
respond to the mid-upper part of the stomach. The chime appears in

part. The outcomes unambiguously showed that lemon
juice decreased and delayed the glucose peak (by 30% and
35 min, respectively) [33]. Both present and former results
are thus in agreement.
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grey with white dots that correspond to peas. The air appears in black
and is visible on the left side of the stomach (right on the images) in
the slices presented on the right column. White arrows (|) indicate
the position of the peas. The thick blue arrow on the top left indicates
the direction of gravity

Lemon juice influences gastric volume
and emptying rate

The ratio between the rates of gastric emptying with lemon
juice and water (emptying rate about 1.5 times higher with
lemon juice) was equivalent to the ratio between the ini-
tial gastric volumes (1.5 times higher for lemon juice).
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This led to similar gastric volumes at t=165 min, with
no statistically significant differences observed (Fig. SA).
Formerly, a slower gastric emptying rate has been pro-
posed as one of the driving mechanisms for the lower gly-
cemic response to acidic foods when compared with their
neutral-pH counterparts. This reasoning was supported by
pioneering studies of Hunt and coworkers who attributed
higher gastric volumes observed in response to various
acids to a slower gastric emptying [49-51]. However, these
observations were based on indirect measurements of gas-
tric emptying and a single time point (all gastric contents
were aspirated once, 9-19 min after the test-meal). Our
results over the full digestion period do confirm that an
increased meal acidity leads to an initially higher gastric
volume, but they further show that a faster emptying rate
compensates for this, leading to the same overall emptying
times. The higher initial gastric volume with lemon juice
is thus more likely due to increased digestive secretions. A

first reason can be an increased salivary secretion, as acids,
in particular citric acid, are among the most potent gusta-
tory stimulus [52]. Previous studies have reported that the
salivary flow during the chewing of bread is between 0.6
and 0.75 mL/min [53, 54], whereas flow rates ranging
from 4 to 7 mL/min have been reported after exposure
to different concentrations of citric acid [52]. Addition-
ally, a potential increase of gastric secretions cannot be
ruled out either. It has been demonstrated that infusion of
100 mM HCl resulted in a threefold stimulation of pepsin
secretion [55], though there is a lack of comparable stud-
ies in the fed state. Concerning the gastric emptying rate,
our MRI results are very similar to the ones obtained by
Goetze et al. [56], who showed that higher gastric secre-
tions, as stimulated by intravenous infusion of pentagas-
trin, increased gastric volume at half-emptying time, but
with no effect on the rate of gastric emptying per se. Note
that in this study, they even questioned if there could be
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Fig 6 Appetite perceptions and relationships with gastric volumes in
response to equal amounts of starch from a white-wheat-bread con-
sumed with either water (filled square), tea (filled triangle) or lemon
juice (filled circle) (n = 10 healthy adults). A Mean (+SEM) incre-
mental changes in ratings of hunger, satiety, fullness, prospective
food consumption, thirst and nausea. B Relationships between appe-
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tite perceptions plotted against volume of gastric contents. Data were
grouped by time point of measurement with a 5-10 min difference
between acquisition times of VAS and of volume of gastric contents.
The sense of hunger and prospective food consumption decreased lin-
early, the senses of satiety and fullness increased linearly
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different effects on gastric physiology by endogenous acid
production and exogenous administered acids.

Moreover, regarding the different emptying rates, it is
important to note that subsequent work by Hunt’s team [57]
along with that of other research groups [43, 58, 59] has
pointed out the major importance of caloric density and how
the stomach adapts to the physical and chemical properties
of the meals to maintain a constant rate of calorie delivery
to the small bowel.

Siegel and colleagues used scintigraphy to study the gas-
tric emptying patterns of the solid and liquid components of
a meal somewhat similar to that in our study [59]. In their
study, the meal was composed of an egg sandwich (solid)
and water (liquid). The egg and water were labelled differ-
ently and monitoring was initiated immediately after the
meal was consumed. They observed that emptying of water
started straightaway and at a fast rate, while the solid phase
had an initial 31-min-long lag phase. After 30 min, at least
90% of the solid phase was still in the stomach, while only
about 50% of the liquid phase remained [59]. Although we
had no MRI exams during the first 30 min, considering the
similarities between the composition of our meals and those
in Siegel’s article as well as the intra-gastric inhomogene-
ity observed here (Fig. 2A-C), it seems safe to assume a
similar pattern in our study. Assuming equal lag phases for
the solid fraction of all meals, if the caloric density of gas-
tric contents is estimated from the gastric volume at 30 min,
the caloric density of the chime for the lemon juice meal
would have been approximately 30% lower than with water
(Table 4). Interestingly, gastric emptying appeared to have
been adjusted accordingly as its higher rate with lemon
juice (Table 3) led to similar gastric emptying rates in terms
of kcal/min (1.7 to 1.9 kcal/min) (Table 4). In absence of
solid phase, a recent MRI study also reported that grape-
fruit juice (pH=13.3) and a glucose solution (pH=7.8) with
equal caloric density were emptied out of the stomach at the
same rate [60].

Numerous studies have reported the effect of low-pH
meals on attenuating the glycemic response in healthy adults,
but only three of them assessed gastric emptying and blood
glucose concentrations concurrently [17, 21, 29]. In two of
those, no differences were observed in the gastric emptying

Table 4 Estimated caloric density of the meal at 30 min and gastric
emptying rate as a function of caloric density

Water Tea Lemon juice
Caloric density of the chime 1.0+0.1 0.9+0.1 0.7+0.1
at 30 min (kcal)®
Emptying rate (kcal/min)® 1.7 1.9 1.8

*Estimated mean (+ SEM) considering a 30-min lag phase n=10

PEstimated according to caloric density at 30 min and the total gastric
emptying rate (Table 3)

rates, while a lower glycemic response for the lower pH
meals was confirmed [17, 29]. In the third study [21] (in the
presence of acetic acid), the glycemic response was low-
ered, by 36%, but gastric emptying also appeared to have
been 20% lower. However, this observation resulted from an
indirect evaluation, based on monitoring blood paracetamol
concentrations after participants consumed bread containing
paracetamol: this opens the question as to whether the lower
paracetamol concentrations derived from a slower release of
paracetamol out of the bread (possibly induced by the slower
enzymatic digestion due to the presence of acetic acid).

In summary, assuming equal lag phases for the solid
fraction of all meals, the caloric density of gastric contents
seemed to determine the gastric emptying rate leading to the
delivery of nutrients to the small intestine at approximately
the same rate.

Can lemon juice reduce the glycemic response
via an acid-induced inhibition of salivary
a-amylase?

The higher gastric volumes and emptying rate observed with
the lemon juice meal imply that the chime emptied from
the stomach had a lower carbohydrate concentration than
with the water and tea meals. A dilution effect on the rate
of glucose uptake in the small intestine could thus be a can-
didate explanation for the lower glycemic response in the
presence of lemon juice. However, it has been shown that
the glycemic response to various sugars, including glucose,
rather tends to be higher for more diluted solutions [61]. The
results and observations described above lead us to support a
mechanism related with the premature acid-induced inhibi-
tion of salivary amylase, which we have previously put for-
ward, and that can be recapitulated as follows. It is expected
that lemon juice caused a premature (faster) acidification
of the gastric contents, resulting in an earlier inactivation
of salivary a-amylase (the only amylolytic enzyme present
during gastric digestion). Consequently, nutrient delivery
to the small intestine, although quantitatively equivalent in
terms of caloric potential, would likely have been qualita-
tively different because the extent to which nutrients had
been digested was not the same. This is indeed possible, as
shown in vitro: according to previous studies of ours, after
20-30 min of gastric digestion, as much as 70% of starch
from the same bread and water meal can be released, with
45% thereof in the form of oligosaccharides (i.e. already
resulting from hydrolysis). Conversely, for the lemon juice
meal, only about 40% of the starch was released in vitro, with
only approximately 10% thereof in the form of oligosaccha-
rides at the gastric stage [15]. Controversial to the fact that in
the many recent reviews on the attenuation of the glycemic
response by low-pH meals, such effect is hardly addressed
[34-37], our results support our previous hypothesis that the
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acid-inhibition of starch amylolysis by salivary a-amylase
is a key element in the lower glycemic response to low-pH,
starch-rich meals. Due to their low palatability, lemon juice-
based beverages at the concentration used in this study might
not be readily accepted by most consumers. However, the
findings of this study illustrate the impact that food com-
bination can have on postprandial glycemic responses and
provide scientific grounds for future studies based on more
easily acceptable equivalent approaches.

Similar appetite perceptions despite different
gastric processing and glycemic response

It has been suggested that slower starch digestion leading
to lower blood glucose concentrations could prolong satiety
[62]. Satiety perceptions were also evaluated in four of the
aforementioned studies reporting lower glycemic responses
to acidic meals. The results were contradictory: two studies
reported an increase in satiety [22, 27], and two others found
no effect [29, 30]. Here, despite differences in the blood glu-
cose response, we did not observe any effect of the test meals
on satiety perceptions. It could be that we failed to observe
an effect because this part of our work was not powered for
this parameter. However, it should be noted that the first
part of this study was adequately powered to investigate this
parameter and has also shown no effect [33]. This agrees
with the fact that in the literature, research on the effect of
the glycemic response per se on appetite and satiety has been
inconclusive [62]. More precisely, as explained by Wolever
and colleagues [63], it is difficult to conceive test meals that
elicit distinct glycemic responses and are, at the same time,
controlled on all the other factors that could also influence
satiety. Hence, results are often confounded by lack of con-
trol of the variables that could lead to an increased satiety.
The authors [63] compared the effect of different glycemic
responses to the exact same meal on satiety perceptions and
also found no relationship. This is in agreement with our
results.

Conclusion

We have studied the gastric phase of digestion, blood
glucose response and appetite perceptions following the
consumption of equal portions of bread with water, tea
or lemon juice at breakfast. We had previously observed
that black tea had no effect on the glycemic response to
bread, but that lemon juice can attenuate it significantly.
The present study, using MRI, corroborates these find-
ings and further demonstrates that lemon juice can lead
to a higher initial gastric volume that is compensated by

@ Springer

a higher gastric emptying volumetric flux. The higher
gastric volumes induced by lemon juice can be explained
by an increase in the amount of digestive secretions. The
compensation can result from the fact that similar rates of
nutrient delivery to the small intestine took place with all
meals, as also observed elsewhere. The kinetics of gastric
emptying was well correlated with the appetite percep-
tions. However, despite important differences in the gastric
volumes after the water and the lemon juice meals, there
were no significant differences in appetite perceptions
during their digestion. In summary, the reduction of the
glycemic response by low-pH meals does not derive from
a slower gastric emptying. It is better explained by faster
inhibition of intra-gastric starch hydrolysis by salivary
a-amylase, due to faster pH decrease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-021-02762-2.
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