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Abstract

Background

Research suggests that increased consumption of sweetr $atl associates with diminished
perceived taste intensity and shifted preferences faespective stimulus. It is unknown
whether a similar effect occurs with consumption of umami

Objective

The aim of the study was to investigate the influence loifiia exposure to umami taste on
umami taste perception, hedonics, and satiety.

Methods

58 healthy men (n=16) and women (n=42) participated in a payedkep, randomized
controlled study. The normal weight (BMI: 21.8 * 2.2 ké)/group of young adults (22.7 + 6.2
years) consumed vegetable broth daily for 4 weeks. The tanotine treatment group (n=28)
was supplemented with 3.8g monosodium glutamate (MSG), whilotiteol group (n=30)
consumed a sodium-matched broth without MSG. Perceivedniitaste intensity and
discrimination in MSG solutions; liking, wanting, and prefere of a variety of umami rich
foods; satiation and satiety from an ad-libitum maalj anthropometry were evaluated at
baseline and week 4. General linear models assessed thetffeatment on the change from
baseline of all outcomes and tested for effect modifinatf sex.

Results

Relative to the controls, increased consumption of MS@ feeeks diminished umami taste in
females (8.4 [95% CI: -13.8, -3.1], P=0.013). The desire fdrrstake of savory foods
decreased after MSG treatment in both sexes at abitadd meal (desire: -7.7 [-13.7, -1.7],

P=0.04; intake: -369 [-91, 19], P=0)04
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Conclusions

Our results highlight that a month-long diet high in umaimuli attenuates perceived umami
taste and appetite for savory foods in a young, healthy gapuleOur findings contribute to
understanding food choice, a factor in the developmeahtraintenance of obesity, as well as
the etiology of protein-related health conditions saslosteoporosis and kidney disease. This

study is registered at clinicaltrials.gov (NCT03010930).

Keywords. Taste; diet; appetite; sex differences; umami; psycrspsyperception; obesity;

monosodium glutamate; randomized controlled study
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Introduction

Experimental and observational studies provide evidentantr@ased dietary consumption of
sweet, salt, or fat associates with diminished percentedsityof the stimulus, shifting
preference to higher concentrations with prolonged exp¢$u8). Research suggests that
adaptive changes occur within the sensory systems withteepegposure to stimuli, decreasing
sensory responsgand ultimately requiring more intense stimulation toiethe same response
(1,2,4,5). Specific to the taste system, supplementatitre diet with highly sweetened
beverages for one month is linked with altered sweet tasd preference (3), while a low sugar
diet increases perceived sweet intensity after threghmd6). A high salt diet increases
preferred concentration of salt after just three wékswhile a low salt diet increases perceived
saltiness and decresspreferred concentrations of salt within two months (7kewise, a high
fat diet decreases fat sensitivity, while a low fat dieteases sensitivity aftarffour week

treatment (1,)possibly due to altered expression of the putative fa¢ &stsor transporter CD36

(8).

While sweet, salt and fat have been routinely stydiswmi is the least-characterized taste,
despite being highly relevant to our diet, food choiced,raetabolic health. Therglimited
research on umami taste perception and its conndctidiet (9), with epidemiological studies
investigating taste often entirely lacking an assessofamhami (10,11). Umami taste is
thought to signal the ingestion and regulation of protethaanino acids (32L4), and may be
linked to body weight maintenance, obesity, and satiafi8al@). Frequently described as
savory or meaty, umami taste is elicited stronglyngygresence of glutamate or glutamic acid

(20,21) Although glutamates are naturally abundant in many foods (19)2a,28mmon and
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powerful stimulus of umami taste in the human diet isosodium glutamate (MSG). Some
evidence suggests that the body may not effectively disshgulded MSG from dietary
glutamate (20). While high protein foods are naturally lmglmami taste (24), gustatory and

hedonic responses to MSGvkalso been linked to dietary protein (12,25).

We tested the hypothesis that repeated consumption aghamiurich, MSG-supplemented
stimulus in healthy adults would decrease perceived umaemsity and hinder the ability to
discriminate low concentrations of umami, and further wailtlek hedonics, food preferences,
and satiation. We report a randomized controlled studgravparticipants in the treatment
group supplemented their diet for 4 weeks with a broth auntathe umami-rich stimulus
MSG, while participants in the control group consumed theedaroth sodium-matched but

without the added MSG.
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M ethods
The Cornell University Institutional Review Board apprové@spects of this study. The

protocol is registered at clinicaltrials.gov (NCT03010930).

Design and participants

A parallel group, single blinded randomized controlled study desith 1:1 allocation
examined habituation to umami taste in October and November B¥<®d on the variation
observed in taste after controlled dietary chang#%ige et al. (6) and research in our lab, a
power calculation suggested that a sample size of 50 would de26é6 difference in perceived

taste intensity between groups at a=0.05 with a power of 1-$=0.80.

Potential participants were recruited by contacting pristhysparticipants at the Cornell
University Sensory Evaluation Center via email and by advsgtwith flyerson campus. A
prescreening questionnaire assessed eligibility, excluding thalseiere hypertensive or on a

low sodium diet, smokers, those reporting an allergy 8GyVinuts, or dairy, those classifiedaas
restrained eater (score > 12 on the dietary ressabacale of Three Factor Eating Questionnaire
(1,26)), vegans, frequent consumers of Asian foods, tnuder the age of 18 years or over the
age of 55 years, and those outside of a healthy BMI rahty@.5-25.0 kg/rh(27) with self-
reported height and weight. These strict exclusiaeriaiwere put in place for the safety of
participants and to limit theorized external influencesastetand appetite outcomes such as

smoking, age, BMI, and degree of eating restraint.
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Participants completed a semi-quantitative food frequegnegtionnaire (Diet History
Questionnaire, DHQ, National Cancer Institute), which providgdd estimates of daily protein
and glutamic acid intakes (28). We hypothesized that glutamayeact as a proxy for habitual
consumption of umami stimuli, since dietary glutamatesaamain source of umami taste in the
diet (20). Based on the DHQ estimates, enrolled partitspaere stratified into groups via

median split based on low and high daily glutamic acid aopsion (median 12.1 g/day).

A stratified block randomization with a random allocats@guence generation (Sealed
Envelope, London, UK) balanced groups by sex (male, feraatehabitual glutamic acid
consumption (low, high) prior to the start of the intemi@n. As a single-blinded study,
participants were not aware which treatment arm they werandomly assigned numbers

identified both participants and treatment groups.

Treatments

Participants consumed one cup (237 ml) of low glutamateaklgebroth (Vegebase, Vogue
Cuisine Foods) daily for four weeks. The treatment group’s broth was supplemented with 3.8g
MSG, equivalent to increasing the average US daily dietary glteasoasumption by 20% (29).
The control groups broth contained no added MSG, but was sodium-matched with 1@igdNa
ensure both broths contained the same amount of sodath broths contained 15 kcal, 0.3g
fat, 2g carbohydrates, 1g protein, and 615 mg sodium. Bestiigteonfirmed both broths were
palatable, and that neither was out of the ordinaryhietaste of traditional brothgntensity and
liking ratingsof the broth were captured in the first and last weeke#thveek intervention

with the generalized Labeled Magnitude Scale (gLMS) and heddunS.
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To ensure adherence to the study protocol, participants wereed to pick up and consume the
prepared broth at a central location within one howr ddinch and attendance was taken daily.
Participants were provided with prepackaged powdered broth on vasekieth consumed broth
remotely. Text message reminders and brief survegssess study adheoswere sent every

day that broth was consumed remotely (TXT Signal, Incin&saille, FL).

Testing session outline

All outcomes were evaluated at baseline and immediatey thit 4-week intervention at the
Cornell University Sensory Evaluation Cent&io broth was consumed on the day of testing and
participants were directed to abstain from eating and drir&imgurs prior to the lunchtime
session (30) Testing took place between 11:00AM and 2:00PM and individuals combletied
pre- and post-intervention sessions in the same timéosiinimize any timesf-day effects.

The baseline and post-treatment testing sessions folldweshine procedure with ample breaks
throughout to minimize fatigue: anthropometric measuremeaisirtg in scale usage, basic
taste evaluations, Leeds Food Preference Questionrankang task, and hedonics and
preference of real foods, followed by a two-cowddibitum test meal. Electronic
guestionnaires captured responses during testing sessions edifaflR sensory software

(Tragon, San Francisco, CA).

Taste measures: intensity and discrimination
Participants received training on the generalized Labdighitude Scale (gLMS, (31,32)),

rating a series of broadly varying auditory and visuall aad imagined sensations. After
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136  correctly ranking the last set of remembered sensaf8#)swhole mouth suprathreshold taste
137  intensity ratings for aqueous umami, sweet, and saltyistiere captured on the gLMS, with
138 scale descriptors and values as follows: no sensation j@u@)y detectable (1.4), weak (6.0),
139 moderate (17.0), strong (34.7), very strong (52.5), and stsbigaginable sensation of any
140  kind (100.0). Aqueous taste stimuli were prepared in deionizez @atl were presented twice,
141  separately, in a series of three ascending conciemsasucrose for sweet taste at 27.0, 81.0, and
142  243.0 mmol/L; sodium chloride (NaCl) for salty taste at 13313, and 100.0 mmol/L;

143  monosodium glutamate (MSG) for umami taste at 3.0, 9.0, afch@&violL. Duplicate gLMS
144  ratings were averaged with an arithmetic mean. The ragdaurmbered solutions were served
145 in pseudo-random blocked order, with a sip and spit procedure (34)

146

147  Participants rargd four sodium-matched solutions with varying MSG content @@, 6.0, and
148 9.0 mmol/L) according to perceived umami intensity. A rankiegmsystem based on the

149 methods of Steward et al. (1) assessed the ability tardisate lower concentrations of MSG
150  with a higher score indicating greater agreement witliahcank

151

152  Test meal: satiation and satiety measures

153  An ad-libitum test meal was used to assess satiatiopadedy, consisting of two separate

154  courses (30,35,36). Pasta and sauce (spaghetti, Allegra; raaz@nae, Furmano's) was served
155 first as the savory course, while ice cream (vanillan€lbDairy) was served after as the sweet
156 course.

157
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Subjective appetite ratings were assessed throughout thetadiltest meal: before the meal,
immediately after the savory course, and immediatédr die sweet coursRatings on 100-
point visual analog scale (VAS) for six dimensions of apgehitingr (‘How hungry are you?’;
0=Not at all, 100=Extremely), fullness (‘How full are you?’; 0=Not at all, 100=Extremely),
satiety (‘How satiated are you?’; 0=Not at all, 100=Extremely), prospective consumption (‘How
much do you think you could eat right now?’: 0=Nothing at all, 100=A very large amount),
desire for savory (‘How strong is your desire to eat something savory?’; 0=Extremely low,
100=Extremely high), desire for sweet (‘How strong is your desire to eat something sweet?’;

O=Extremely low, 100=Extremely high) (30).

Liking, wanting, and preference measures

Participants consumed small samples of a varietyabffoeds (Parmesan cheese, Wegmans
brand; unsalted dry roasted almonds, Sincerely Nuts; sdndeato, California Sun Dry;
strawberry jam, Wegmans brand; dill cucumber picklesgivans brand). Hedonic ratings were
captured on the hedonic gLMS (37), a bipolar scale with siméacriptors and values to the
gLMS, ranging from greatest imaginable disliking of any Kiid0.00),to neutral (0.0), to

greatest imaginable liking of any kind (100.00).

Liking and wanting for high protein foods was evaluated for @miicomes (explicit liking,

explicit wanting, relative food preference, and implicitntwag) using the Leeds Food Preference
Questionnaire (LFPQ), as described previously483. The LFPQ is sensitive to month-long
changes in diet (38) and has been associated with faockes and intake in a free-living

environment (40). 16 foods of varying protein content (low: <7étem; high: >15% prote)n
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and taste (sweet or savory) were preseatealcomputerized program. For each outcome, mean
scores for the low protein foods were subtracted fronhitjie protein foods to provide a
measure ofhe ‘appeal’ for high protein foods (41), with a greater score signifying a greater

appeal for high protein foods

A demographic questionnaire captured information on sexaagdegthnicity. Body height (cm)
and weight (kg) were measured with a stadiometer and dsgade, following standard

procedures (42)BMI was calculated with the formula: BMI=[weight (kghéight (m)].

Statistical analysis

General linear models assessed the effect of treatmeafitamge from baseline in taste intensity,
liking, wanting, satiation, and appetite sensations. Thegehautcomes can be interpreted as an
increase (positive value) or decrease (negative) fronibaseT aste intensity models controlled
for usage of the gLMS by includingetiiemembered sensation ‘the brightness of the sun on a

sunny day’ as a covariate, as recommended previously (33). The appeal scordsefdPFQ

data (explicit wanting, explicit liking, relative food feeence, implicit wanting) were assessed
in separate models, each with a random subject effeanbk analysis of covariance analyzed the
change from baseline in umami discrimination from thkireg task scores. Including the
interactionterm of ‘sex x treatment group’ assessed effect modification of sex on outcomes; the
p-value threshold for assessing effect modification whatde<0.10. All analyses adjusted for
baseline value of the outcome, controlling for any inhegeoup differences prior to the

intervention.
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Data on figures represent mean + SEM of outcomes, adjfist baseline value and stratified by
treatment group and sex, if it was determined to be acteffedifier. Data in the text show the
main effect of treatment with the P-value, while outcstmg treatment group are presented with
outcome estimates and 95% confidence intervals (95% @hsit&ity analyses were conducted
based on adherence to the testing protocol. The analgsisamducted using SAS version 9.4

(SAS Institute Inc., Cary, NC). The threshold fotisteally significance was P<0.05.
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Results

Participant flow and baseline characteristics

A prescreening questionnaire assessed the eligibility of 24@ipants, excluding 132
participants that did not meet the eligibility criterisoa® and 42 who later declined
participation, resulting in a randomization of 66 partioiganto control and treatment groups
(Figure 1). 3 people were lost to follow-up in the control group, &/Hilpeople dropped out of
the study in the treatment group, citing time constrainiaability to meet the daily attendance
requirement. One additional participant in the treatrgesup failed to follow directions at the

testing sessions and thus was excluded from analysis dussmgnilata.

<Figure 1>

In total, data were analyzed from 58 participants, congisti 30 in the control group and 28 in
the treatment group. The study population overall repredenfairly healthy, normal weight
(21.8 + 2.2 kg/rf) group of young adults (22.7 + 6.2 years), primarily female (72 218d

Caucasian (62.1%)@ble 1).

<Table 1>

There were no significant baseline differences in agejaye dietary glutamate, protein intake,
race/ethnicity, and restrained eating score between groRpgardless of treatment group,
males tended to report a greater daily intake of proteirB@vtg+17.2; F: 65.4g+4.6) and

dietary glutamate (M: 16.99+3.1; F: 13.0g+0.9) than femaldmwayh not significantly (protein:
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P=0.08; dietary glutamate: P=0.10). While the BMI of thettnent group was slightly higher
than the control group (control: 21.3 kg/in2.2; treatment: 22.5 kghe: 2.2), both groups were
within a normal BMI range (27). To assess any potentialatinding influencgbaseline BMI
was included in the final models assessing the primary achdary outcomes. Inclusion of
BMI as a covariate did not alter regression coefficieamgl so the covariate was not included in

the analyses presented here

Controlling for baseline differences, groups did not gain weldgfgrentially across the study
period (P=0.65), although males had greater gains in BMIfgraales (M: 0.37 kg/A{0.1,

0.6]; F: -0.03 kg/fA[-0.2, 0.1]; P<0.01).

Ratings of basic taste intensity

At the start of the intervention, the broth suppleradwith MSG tended to be rated as more
intensely umami on average compared to the control lfcotitrol: 20.2 £ 2.5; treatment: 27.7 +
3.2), although not significantly (P=0.06). Hedonic ratingthefbroths were similar at baseline
(control: 2.3 £ 3.6; treatment: 10.6 + 4P=0.14). Following the intervention, liking and
intensity did not differ nor change significantly by grodpen controlling for baseline ratings
(umami intensity P=0.96; liking P=0.76), as both groups maligiperceived less umami
(control: 3.8 [95% CI: -7.7, 0.2]; treatment: 3.9 [-8.0, 0.2]) aedligibly increased in liking
(control: 1.7 [-5.8, 9.1]; treatment: 3.3 [-4.4, 11.0]). Theese no differences in hedonic ratings

by sex, either at the start or end of the interventWwh 1 P=0.53Wk 4 P=0.54).
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After consuming broth for 4 weeks, there was a margiff@rednce between treatment groups
for the highest aqueous stimuli concentration of umaiffe¢t of treatment group: 5.8 [95% CI: -
0.7, 12.4], P=0.08), but not for sweet or salty tadtegufe 2). Specifically, following the
intervention, the treatment group rated the high comagoih 5.6 units lower [-10.3, -1.0] than
the baseline rating of 25.8 £ 3.6, while the control negligiblgnged relative to baseline

(baseline: 34.4 £ 2.8; change: 0.2 [-4.3, 4.7]).

<Figure 2>

Importantly, further analysis revealed that the efeéd¢teatment group on change in umami
intensity differed by sex (P-interaction=0.05). Theavtsd difference between groups was
most evident in females €0.013) Figure 3). Rating the highest concentration of umamato
26.3 = 4.9 gLMS units at baseline, females rated the stimuusn@s lower on the gLMS (95%
Cl: [-13.8, -3.1]) following exposure to MSG. Meanwhile, péred umami intensity for
females in the control group remained relatively statdesdline mean + SE: 35.7 + 3.4; change:
1.3 [-3.9, 6.5]). A sensitivity analysis reveakesdimilar trend in those that were able better
identify umami sensations at baseline via the ranking t@kis relationship was not observied

males (Supplemental Table 1).

<Figure 3>

As expected, salt taste did not differ with MSG supplememtaélative to the control group

(effect of group: P=0.61). Presumably increasing sodium irdef@ss groups throughout the
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study period, both groups tended to rate the higher saltistawer on the gLMS following 4
weeks of broth consumption (Supplemental Table 1). Tleetsdf group on salt taste did not

differ by sex (P-interaction=0.98).

Umami ranking task

Both groups struggled to correctly rank umami solutions at baselith average scores of 29
0.4 for the control group and 1.9 + 0.4 for the treatmenifgrdAlthough the treatment group
appeared to decrease their ability to correctly rank multipteentrations of MSG by intensity
(estimated change in rank: -2.2 [-8.4, 4.1]), rank analysisariance controlling for baseline
rank revealed no change in umami discrimination by tre@tgmup (effect of group: P=0.35),

with neither sex drivingn effect (P-interaction=0.12).

Test meal intake and appetite ratings

At baseline, the amount of food eaten at the ad-libitual meéhe MSG treatment group was
similar compared to the control group (463439 versus 5084#3y50), as was the proportion
of sweet and savory foods (savory: 0.75+0.03 versus 0.78+0.02; P=6dl®dwing the
intervention, there were group differences in the totalmmheaten at the ad-libitum meal
relative to baseline (P=0.04), driven primarily by differenirethe savory (thus more umami-
heavy) course (P=0.04figure 4). The control group increased in consumption of safaogs
relative to baseline (42g [-11, 96]), while the treatment groupedsed intake (-369g [-91, 19]).
This effect was also reflected in the total amount ofifeaten, and did not differ by sex (P-
interaction=0.15). There were negligible changes inrttake of the sweet second course

(Supplemental Table 2).
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<Figure 4>

Subjective appetite sensations rated throughout the &dliltheal were similar by treatment
group at baseline (Supplemental Table 3). After the iatéion, groups ratedie ‘desire to eat
something savory’ differently (Figure 5) following the savory course (P=0.0Desire for savory
foods decreased relative to baseline in the treatment gmridgmeal at baseline: 27.9 + 4.6;
change: -7.7 [-13.7, -1.7]) but not in the control group (base29.7 + 4.6; change: 1.2 [-4.5,

7.0]), even after adjusting for the amount of food eate¢he meal.

<Figure 5>

Exploratory analysis across the sample showed a poaga@ciation between change in umami
perception at lower concentrations and rated desire e@thing savory, especially after the
savory course (0.76 [0.27, 1.25]; P<0.01). Changes in iatiathe test meal were partially
explained by changes in reported ‘desire to eat something savory’, as our data show an
association between decreased ratings and decreasedwhiakeontrolling for baseline intake
(2.29 [0.49, 4.08]; P=0.01)Differing palatability of the study broth did not appear to inflleenc
test meal intake following the intervention, since g&min broth liking across the study period

did not correlate with the amount of savory food e&@eB0 [-1.15, 2.15]; P=0.55).

Liking, wanting, and preferences
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There were no significant effects of the intervenborthe LPFQ measureslowever, relative
food choice (P=0.07) and implicit wanting (P=0.08) of high proteods displayed a trend
towards a significant change with treatment, but not pliekliking (P=0.21) or explicit

wanting (P=0.68)Kigure 6).

<Figure 6>

Hedonic evaluations for parmesan cheese, roasted almacidespand jam were generally
favorable at baseline, with average ratings ranging leetWi@&.7+4.2 and 27.0+3.2 on the
hedonic gLMS for both groups, while sundried tomatoes were relstively neutrdl (-

1.0+4.0). The treatment did not change hedonic ratinganipof the real foods hypothesized to
be predominantly umami (effect of group: P=0.81 for parmd3a.20 for sundried tomato;
P=0.62 for roasted almond), sweet (P=0.88 for jam), or @&it§.86 for pickles), and did not
differ by sex(P-interaction=0.97 for parmesan, P-interaction=0.43 dmdsied tomato, P-

interaction=0.67 for almond, P-interaction=0.86 for j@&¥interaction=0.90 for pickles).
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338 Discussion

339 Perceived umami intensity after a diet high in MSG

340 Our data show that repeated exposure to umami taste dimipistesved umami intensity.

341 However, this effect was limited to females in our study. $eisdependence may be partially
342 explained by a lower number of males in our study. Pe¥desalt ta® also tended to decrease
343  across the study period, regardless of treatment group e Tésgts are in line with previous
344 literature suggesting that the appetitive tastes of swaletand fat may be attenuated, or

345 preferences shifted to more intense stimuli with a dgdt m the respective taste stim(ili-3).
346  Equivalent associations have been reported for diets lsugar, salt, and fat (1,6,7), suggesting
347  an adaptive relationship that is plastic with either lglow exposure to stimuli, although a diet
348 low in umami was not assessed here

349

350 We speculate that our results could be attributed to a deguriation in expression of either the
351 T1R1 or T1R3 subunit of the umami-sensing G-protein coupled redqg@pranalogous to that
352 demonstrated for CD36 with repeated dietary exposure to faie@(8). In our study, sweet
353 taste intensity (sensed by a T1R2 and T1R3 receptor heterddiimmved a similar downward
354 trend in th@eexposed to dietary glutamate compared to contibiss raises the possibility that
355 repeated umami exposure influences the expression or fundtibe T1R3 subunit, since

356 umami and sweet tastes both act partially through this rec@®pr Preliminary research in our
357 group supports the hypothesis of decreased expression of TttReng-term exposure to MSG
358 in mice (unpublished). Similarly, earlier work revealed avamtion between increased

359 consumption of umami-rich foods and impaired umami peraejia free-living human

360 population (44).
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Our results display notable sex differences, which fewiestudvestigating tastant exposure
report testing for. Sartor et al (3) found no differalgex effect on sweet taste after one month
of soft drink supplementation. Regardlesesx differences are regularly observed in taste
(3,11,45,46)although many studies lack an assessment of umami (10,1C#c)lating sex
hormones such as estrogen have been hypothesized tontiiffityenfluence taste perception
between sexes (46), particularly during pregnancy and certaseplof the menstrual cycle
(48,49). Despite this, baseline and post-treatment testingrsesgere separated by 28 days, the
approximate length of a typical menstrual cycle (50), lmgitany effect of menstrual cycle on
taste Sex differences have been previously reported in studiesahutaste (9,44pnd may
modify associations between taste and BMI (9) and weligdmge (44). This may explain some
of our results since weight was gained differentially betwkersexes across the study period,

although any linkage is speculative in nature.

It is possible that dietary differences between segakl@alter the effect of our intervention on
taste In line with previous accounts (51), males tended to repugheer intake of protein at
baseline compared to females, as well as greater habiairgite consumptiorHowever,
differences in protein or glutamate intake at baselidendt explain differences in umami taste
perception Due to the small sample size of males in the treatgrenip (n=8), we lacked power
to assess whether males differed in taste responseedtenged dietary exposure to MSG
according to relative protein intake. Even so, we re#isatnif males regularly consume a diet
higher in glutamate, any added exposure via our treatment would resveflan effect on taste

compared to that observed in females. Previous reportsdiiggdisimilar phenomena, where a
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high fat diet had no effect on fat sensitivity in a grofindividuals that were overweighinlike
a low fat diet. Another study revealed an association between habituipiotake and
reported pleasantness of MSG stimuli, but only when ppatits were in a state of protein

deprivation (25)

Intake and desire for savory food with repeated exposure to umami taste

Our data suggests that desire for and intake of savory fedlitminished with repeated dietary
exposure to MSG. There is mixed evidence detailing a link betw®ami taste, appetite, and
satiation In two studies, preloadsps with added MSG/IMP were rated as having a stronger
flavor compared to soup without additional umami stimuli, wéultant consumption of the
preload with MSG decreasing subsequent intake at a test18¢82). It should be noted that
such an effeds not consistently supported in the literat(8). While one study reported
increased appetite following intake of soup with MSG (13), lerateported a decrease (53)
with a third reporting no influenaen the motivation to eat (52)Consistently higher hedonic
ratings are given to foods supplemented with umami, usuadiguaed to enhanced flavor (52
54), with heightened positive emotions and satisfactism @ported following consumption
(54). Based on these results, we initially hypothesized that thgmest group in our study
would perceive lower umami taste in the savory coursedhbaseline, and thus would display a
diminished appetite compared to the control group, presumablpdower perceived
palatabilityin the test mealHowever, we observed no group differences for hunger, fglles
prospective food consumption ratings at any point imtbal in this study, and we have no data
on the palatability of the meal. Alternatively, the tneant group could perceive less umami, be

less satiated, and be driven to eat more compared tedimént group. However, this was not
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supported in our data. We can also rule out any demaradsediie appetite due to varying liking
of'the two group’s broths since analyses reveal no significant group differences in hedonic

ratings of the broth following the 4-week treatment.

Exploratory data analyses suggest that irrespectiveatitent, attenuated umami taste at lower
concentrations may associate with decreased desisavory foods. Since females primarily
decreased in perceived umami intensity with repeated expmsM®8G, whereas both sexes
reported decreased desire for and intake of savory foockiped umami intensity may not
entirely explain observed behavior associated with appdtite. possible that intake of MSG
may have postingestive appetite effects beyond the peaptaste system, as suggested by

previous literature (55,56)

Alternatively, our results could be explained with decreasidke in the test meal attributed to a
diminished desire for savory food. Indeed, thisupported in our data, where a decreased
desire for savory food correlates with decreased intakiaei savory course of the test meal,
especially evident prior to the beginning of the meal. &ebehas shown that exposure to
savory has an especially strong effect on ensuing appatitéood choices (57,58). We
speculate that the treatment group may have become tovetated with umami taste during

the treatment period and were simply less driven tswme savory, in line with sensory specific

satiety theory (59)

Desire for high protein foods with a diet high in MSG
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The implicit measures of liking and wanting suggested a shghtase in desire for high protein
foods relative to baseline, with little change in thatoals, although this did not reach the
statistical threshold between groups. Those consuming olie with MSG tended to be more
likely to choose high protein foods over low in forced chaneasures, and showed greater
implicit wanting for high protein foods following the intert@m. Assuming that umami taste
simulates amino acid consumption, this result isomti@st to previous reports of increased
implicit wanting for high protein foods after a low proteietdiwith no change after a high
protein diet (38) Alternatively, as with our stugyrevious results have demonstrated that
decreased perception of umami associates with decreasedfdeprotein (12) Meanwhile,
rated liking of real foods in this study did not differ witeatment, which could imply that
implicit measures are more susceptible to change with ex@tsumami taste than explicit

measures.

Limitations and future work

Results from this study are limited to relatively young nmalrweight, non-smoking, and non-
restrained eaters. Our randomized controlled study désither limits confounding factors on
the outcomes. It should be noted however, that even thoegfiment groups in our study were
randomized and balanced on sex and habitual glutamate quisunand thus any influence of
sex hormones or diet should be considered non-difiatdids, it is possible that our sample
was not large enough to truly limit other confounding factorgthérmore, this study was
powered to detect differences between treatment groups inyeatdaste intensity, as opposed
to other secondary measuré&hile it has been suggested that satiation and satietlgeca

guantified with a single ad-libitum meal (30), future studiesuld duplicate our findings with
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more than one test meal. Replication in a larger papuolavith adjustment for multiple
comparisons would also serve to remedy any concerns stthgdor numerous secondary
outcome measures, as well as the smaller sample sizeroin our studyAlthough our study
begins to unravel the relationship between diet, umana,tastl health, umami taste remains
relatively poorly studied Further studies examining umami taste to understand additional
environmental or genetic factors that may contribute t@atians in perception and food

preference, and how sex may modify these relationshipsid be valuable

Conclusion

Our results highlight a complex relationship between diegmi taste, food preference, and
appetite. Relative to controls, increased dietary expdsuvSG diminished umami taste
response (selectively in females) and decreased the dadiiatake of savory foods at an ad-
libitum meal Findings from this research can be applied to the stubodfchoice, a critical
factor in the development and maintenance of dieta@ldiseases including obesity

osteoporosis, and kidney disease.
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TABLES

Table 1. Baseline characteristics of treatment gréups

Control Treatment
(n=30) (n=28)
Age (years) 22647 229+7.6
Sex
Male 8 (26.7%) 8 (28.6%)
Female 22 (73.3%) 20 (71.4%)
Dietary glutamate (g/da¥) 135+6.4 145+97
Protein (g/day) 68.6 +33.1 75.1+54.8
Race/Ethnicity
Caucasian 19 (63.3%) 17 (60.7%)
Asian/Pacific Islander 10 (33.3%) 6 (21.4%)
OtheP 1(3.3%) 5 (17.9%)
BMI (kg/m?) 21.3+22* 225+22
Restrained eating score (TFBQ 6.9+3.8 6.6 +2.9

lvalues are mean + SD or count (percentage of categado@satine session

2 Assessed via Diet History Questionnaire (National Cancéture
3 African American, Hispanic, and mixed races
4 Three Factor Eating Questionnaire

* Different from Control, P < 0.05.

34
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FIGURE LEGENDS

Figurel.

Flow diagram summarizing participant recruitment, screenarglamization, and study
completion? Did not meet inclusion criteria (n=132); Declined to parti@p@=42). ° Lost to
follow-up (n=3), due to time constraints and/or failing congkudy requirements (i.e. missed
multiple days of broth consumptionj.Lost to follow-up (n=4), due to time constraints and/or
failing complete study requirements (i.e. missed mulialgs of broth consumption); Missing

data (n=1), due to failure to follow directions at testingisess

Figure 2.

Perceived umami (monosodium glutamaig, sweet (sucros®), and salty (sodium chloride;
C) taste intensity of solutions by healthy young adullisiong daily consumption of broth
(control) or broth with MSG (treatment) for 4 wk. Valuee meang SEMs n=30 control or 28
treatment, adjusted for baseline rating and scale usailpe generalized Labeled Magnitude
Scale (gLMS). Left y-axis shows rating on gLMS, while rigkaxis shows the corresponding
scale descriptors on the gLMS: no sensation (NS), weaknidferate (M), strong (S), very
strong (VS).P>0.05 for main effect of treatment from general linear models in all

tastes/concentrations.

Figure 3.
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Change in umami taste intensity rating from baselingeafthy young men (A) and women (B)
following daily consumption of vegetable broth (contiml)vegetable broth with MSG
(treatment) for 4 wk. Values are mean changes + SEMS (beth groups) for men and 22
(control) or 20 (treatment) for women, adjusted for aseating and scale usage and stratified
by sex (P-interaction=0.05jated on the generalized Labeled Magnitude Scale (QLMS).
positive value indicates an increase from baseline axegjative value a decrease, shown on

right y-axis. P-values represent main effect of treatrfrem general linear models

Figure4.

Change in total, savory, and sweet food consumed frontirmage healthy young adults at ad-
libitum meal consisting of pasta (savory) and ice cré&ameet) following daily consumption of
broth (control) or broth with MSG (treatment) for 4 wialues are mean changyé&SEMs in

grams n=30 (control) or 28 (treatmengdjusted for baseline amount of food eaten. A positive
value indicates an increase in food eaten compared tiaiedine session and a negative value a
decrease, shown on the right y-axis. * P < 0.05 for ratigtt of treatment from general linear

models.

Figureb.

Subjective appetite sensations by healthy young adutitaghout ad-libitum meal consisting of
pasta (savory) and ice cream (sweet) following daily coypsion of broth (control) or broth
with MSG (treatment) for 4 wk, rated on visual analoges&V/AS) pre-meal, between sweet
and savory courses (Mid), and post-medhlues are meansSEMs, n=30 (control) or 28

(treatment), adjusted for baseline session rating. gxatiere made on 100-point VAS for six
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dimensions of appetite: (Aunger (‘How hungry are you?’; 0=Not at all, 100=Extremely), (B)
fullness (‘How full are you?’; 0=Not at all, 100=Extremely), (C) satiety (‘How satiated are
you?’; 0=Not at all, 100=Extremely), (D) prospective consumption (‘How much do you think

you could eat right now?’: 0=Nothing at all, 100=A very large amount), (E) desire for sweet
(‘How strong is your desire to eat something sweet?’; 0=Extremely low, 100=Extremely high),
(F) desire for savory (‘How strong is your desire to eat something savory?’; 0=Extremely low,
100=Extremely high)Left y-axis shows rating on VAS, while right y-axis shows th
corresponding scale descriptors. *P-value<0.05 for maictedfareatment from general linear

models.

Figure6.

Changein protein appeal scores from baseline in healthy young adléging daily
consumption of broth (control) or broth with MSG (treatit), assessed via the Leeds Food
Preference Questionnair&/alues are mean changeSEMs n=30 (control) or n=28
(treatment), adjusted for baseline score. A positiveevaddicates an increased wanting or
liking of high protein foods from baseline and a negative valdecreaseshownonthe right y-

axis. P-values represent main effect of treatment §eneral linear models.



