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Abstract

Introduction: Obesity is a growing epidemic that causes many serious health related complications. While the causes of
obesity are complex, there is conclusive evidence that overconsumption coupled with a sedentary lifestyle is the primary
cause of this medical condition. Dietary consumption is controlled by appetite which is in turn regulated by multiple
neuronal systems, including the taste system. However, the relationship between taste and obesity has not been well
defined. Growing evidence suggests that taste perception in the brain is altered in obese animals and humans, however no
studies have determined if there are altered taste responses in the peripheral taste receptor cells, which is the initiation site
for the detection and perception of taste stimuli.

Methodology/Principal Findings: In this study, we used C57Bl/6 mice which readily become obese when placed on a high
fat diet. After ten weeks on the high fat diet, we used calcium imaging to measure how taste-evoked calcium signals were
affected in the obese mice. We found that significantly fewer taste receptor cells were responsive to some appetitive taste
stimuli while the numbers of taste cells that were sensitive to aversive taste stimuli did not change. Properties of the taste-
evoked calcium signals were also significantly altered in the obese mice. Behavioral analyses found that mice on the high fat
diet had reduced ability to detect some taste stimuli compared to their littermate controls.

Conclusions/Significance: Our findings demonstrate that diet-induced obesity significantly influences peripheral taste
receptor cell signals which likely leads to changes in the central taste system and may cause altered taste perception.
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Introduction

While obesity is a complex disease, it is fundamentally due to

overconsumption [1,2]. Our sense of taste can impact consump-

tion since it functions to identify potential food items [3,4]. Food

consumption is strongly influenced by appetite and the hormones

that regulate appetite can also affect taste [5–7]. Thus, the taste

system is a potentially important target in appetite regulation.

Taste perceptions in obese humans and rodents can be altered

which likely affects their consumption [8–10]. Previous studies

have focused on the central taste system but to date, no studies

have determined if the signals in the peripheral taste receptor cells

are altered in obese organisms. Understanding the role of the

peripheral taste system in obesity is important because detecting

potential nutrients is the first step in food consumption.

Taste determines whether prospective food items will be

ingested or rejected. Sweet and umami tastes are appetitive and

are used to detect nutrient rich foods. Bitter taste is aversive and

identifies potentially harmful compounds to avoid [11]. Multiple

studies have reported that the ability to detect these taste stimuli is

altered in obese humans and rodents [8,12–16]. While most

studies have focused on changes in the sweet preferences due to

obesity, a few studies have focused on umami and bitter perception

in obese as well [10,17]. Research on sweet and umami preference

in humans revealed that obese individuals may not taste these

stimuli as well, but have increased preferences for them compared

to their lean counterparts [8,17]. One possible explanation is that

these individuals cannot detect appetitive compounds as well and

require more to reach satiety. However, so little is known about

the cellular mechanisms that contribute to obesity that this

hypothesis has not been directly tested. Other studies have shown

no differences in sweet preferences between obese and lean

individuals [18,19]. Similarly conflicting findings also exist from

studies examining the relationship between bitter perception and

body mass [20,21]. This is likely because both taste perception and

obesity are complex processes that are regulated by multiple

systems.

If taste signals are altered, feeding behaviors could be

significantly impacted which could contribute to the development

of obesity. Using calcium imaging to measure taste-evoked signals

in peripheral taste receptor cells of obese mice, we found that

multiple taste signals are significantly reduced compared to control

littermates, suggesting that the responsiveness of the peripheral

taste receptor cells is suppressed in obese mice. Behavioral analysis

also reveals that obesity can affect some taste preferences. Since

nothing is currently known about the relationship between the

peripheral taste receptor cells and obesity, this study is the first to
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demonstrate that diet-induced obesity significantly alters the

responsiveness of the peripheral taste cells that are responsible

for the initial detection of taste stimuli and for sending that taste

information to the brain.

Materials and Methods

Weight Monitoring
All animal studies were approved by the University at Buffalo

Animal Care and Use Committee under protocol number

#BIO010174N. C57BL/6 mice were taken from litters that were

born within a week of each other. One month after weaning, half

of the mice (n = 25) from each litter were placed on high fat mouse

chow (60% high fat Kcal feed, Harlan Labs, Inc., Madison, WI,

USA; diet is comprised of 60% calories from fat, 22% calories

from carbohydrates, 18% calories from protein) while the

remaining littermates (n = 25) were kept on normal mouse chow

(Harlan labs: diet is comprised of 18% calories from fat, 58%

calories from carbohydrates, 24% calories from protein). Initial

weights of the mice were taken and mice on the high fat diet were

measured once a week for 16 weeks. Weekly measurements of the

mice on the normal chow began at week 2. Average values with

the standard error of the mean are reported.

Behavioral Procedures
To determine if diet-induced obesity affects the taste preferences

of the C57BL/6 mice, mice from each group were subjected to

two bottle preference tests using the protocol described [22]. All

solutions were prepared daily with distilled water and were

presented at room temperature. Each test concentration was

presented in conjunction with water for a total of 48 h. Test

solutions were switched with water every 24 h to ensure no side

preferences developed. Preference ratios were calculated as

volume of test solution intake/total volume intake (test solution+-
water). Five taste qualities were tested with each test condition

having 5 mice on the fat diet and 5 control mice. All behavioral

assays were performed on naı̈ve mice and two bottle preference

tests were run concurrently to minimize any potential bias due to

time differences. Thus, all behavioral experiments were completed

within two weeks.

Five taste stimuli were tested: acesulfame K (AceK), sucrose,

saccharin, monopotassium glutamate (MPG), and denatonium

(Den). Each stimulus was presented at four concentrations in

ascending order. The concentrations used were as follows (in mM):

1) AceK 1, 2, 20, 50; 2) sucrose 5, 50, 150, 300; 3) saccharin 1, 2,

10, 20; 4) MPG 10, 30, 100, 300; 5) Den 0.1, 0.5, 1, 10. Preference

ratios for obese and control mice were compared using repeated

measures two-way ANOVA with a Bonferroni’s post-hoc analysis

and Student’s t-tests were used to determine significant differences

for each concentration. Average values are plotted with standard

deviation for each stimulus concentration. A value of p,0.05 was

determined as the limit of significance.

Calcium Imaging
All measurements of intracellular calcium were performed in

isolated taste cells. Taste receptor cells were harvested from the

circumvallate and foliate papillae from adult C57BL/6 mice and

were isolated from lingual epithelium as previously described

[22,23]. All chemicals were purchased from Sigma Chemical (St.

Louis, MO, USA) unless otherwise noted. Isolated taste receptor

cells were plated into a laminar flow chamber and loaded at room

temperature for 40 min with 2 mM fura 2-AM (Molecular Probes,

Invitrogen) containing the nonionic dispersing agent Pluronic F-

127 (Molecular Probes, Invitrogen). Loaded cells were visualized

using an Olympus IX71 microscope with a 406 oil-immersion

lens and images were captured using a SensiCam QE camera

(Cooke, Romulus, MI, USA) and Workbench 5.2 (Indec

Biosystems, Santa Clara, CA, USA). Excitation wavelengths of

340 and 380 nm were used with an emission wavelength of

510 nm.

Data Analysis
Experimental results were plotted and analyzed using OriginPro

software (OriginLab Corp., Northampton, MA, USA). An evoked

response was defined as measurable if the increase in fluorescence

was more than two standard deviations above baseline. Calcium

increases were calculated as [(peak 2 baseline)/baseline]6100 and

were reported as percentage increases over baseline to determine

the response amplitudes. We integrated the area under the curve

to obtain a proportional measure of the amount of calcium in a

response. The entire area under the curve was analyzed beginning

with the initial change in baseline calcium and measuring until the

levels returned to comparable baseline values. If the response did

not return to baseline calcium levels, it was not included in the

analysis. Only evoked responses were included in the analyses, null

responses were not included. Statistical comparisons were made

using either Student’s t-test or one-way ANOVAs with a

Bonferroni’s post-hoc analysis. Frequency values were analyzed

using a Chi-square analysis [24] to determine if there were any

significant differences in the responsiveness of taste cells isolated

from obese mice compared to control mice. For all calcium

imaging analyses, a significance level of p,0.05 was used and

standard errors of the mean were reported.

Solutions
All solutions used for calcium imaging were bath applied using a

gravity flow perfusion system (Automate Scientific, San Francisco,

CA, USA) and laminar flow perfusion chambers (RC-25F; Warner

Scientific, Hamden, CT, USA). The following tastants were

diluted into Tyrode’s and were used to stimulate the cells during

experiments: 2 mM saccharin, 5 mM denatonium benzoate,

20 mM acesulfame K, 20 mM monopotassium glutamate.

Results

Taste Receptor Cells in Obese Mice are Less Responsive
to Appetitive Taste Stimuli

C57Bl/6 mice (n = 25) were placed on a high fat (60% high fat

kcal feed) diet within one month of weaning while littermate

controls (n = 25) were kept on normal mouse chow. Weights were

measured and recorded weekly for all mice and are shown in

Figure 1. Mice on the high fat diet rapidly gained weight

compared to the control mice on normal mouse chow. After eight

weeks on the high fat food, mice were behaviorally analyzed using

two bottle preference tests to determine if there were any effects of

diet and/or weight gain on the preference ratios. All experiments

were performed on naı̈ve mice (n = 5 obese and n = 5 control mice

for each taste quality) and then these mice were used for the

subsequent calcium imaging experiments. Calcium imaging

experiments were evenly switched between obese mice and control

mice to reduce any potential bias due to differences in timing of

the imaging experiments.

After 10 weeks on the high fat diet, mice were between 30%

(males) and 40% (females) heavier than controls. Beginning at

week 10, we isolated taste receptor cells and analyzed the taste-

evoked calcium signals from both obese and control mice. We

tested three appetitive taste stimuli, including two sweet stimuli

(2 mM saccharin-SAC and 20 mM Acesulfame K-Ace K) and one
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umami stimulus (20 mM monopotassium glutamate-MPG). We

did not test any sugars since their effective concentrations could

potentially have non-specific osmotic effects on the isolated taste

cells. While the artificial sweeteners we used have been reported to

generate a bitter aftertaste at higher concentrations [25–27], our

behavioral assays demonstrate that the mice used in this study do

not avoid these sweeteners at the concentrations used in the

calcium imaging experiments. Thus, we considered these evoked

calcium responses as sweet responses. We also measured responses

to an aversive bitter compound (5 mM denatonium-Den). We

used these concentrations for each of the taste stimuli based on

earlier studies in which we determined the optimal concentration

needed to evoke a maximal calcium signal for each stimulus in

normal C57Bl/6 mice (unpublished data). Since we were

comparing evoked calcium signals to taste stimuli from both

groups, it was important to compare responses at maximal

effective concentrations to ensure that we did not confound our

data with sub-maximal evoked responses which could be more

variable.

For each taste stimulus, we generated response profiles for the

obese and control mice. The goal of these experiments was to

determine if there were any differences in the responsiveness of the

taste receptor cells to the taste stimuli as well as to detect any

differences in the taste-evoked responses between the obese and

normal mice. Thus we did not determine which taste cell type was

responding to the taste stimuli, we only measured the taste-evoked

calcium signals in each responsive taste cell. The exception to this

was the umami (20 mM MPG) responses. Since MPG could

potentially activate any neurotransmitter glutamate receptors

expressed in the Type III cells [28,29] which form conventional

synapses and express voltage-gated calcium channels [30,31], we

restricted our analysis to MPG evoked responses that were found

in the taste cells that did not respond to 50 mM KCl. Taste cells

that were sensitive to 50 mM KCl were presumed to express

voltage-gated calcium channels (VGCCs) and be Type III taste

cells. Since MPG contains potassium, it is also possible that

application of 20 mM MPG could depolarize the cell enough to

activate VGCCs and generate a calcium response. Thus taste cells

that responded to 20 mM MPG but did not express VGCCs were

designated as Type II taste cells and the calcium responses from

these cells were considered umami responses. The overall

percentages of responsive cells for each taste stimulus in the obese

and normal mice are shown in Figure 2A. We used a Chi-Square

analysis [24] to determine if the response frequencies were

significantly different between the obese mice and their littermate

controls. The percentages of responsive taste cells for the sweet

taste stimuli were significantly higher in the control mice

compared to the obese mice. We found no significant differences

for the response profiles to the umami or bitter stimuli. When the

data from the obese mice was separated into male and female

components, we found that both male and female mice had

significantly reduced response profiles for the sweet stimuli

compared to controls (Figure 2B). Individual comparisons between

the obese males and females for the taste stimuli revealed that

obese females had significantly fewer saccharin responsive

(p,0.01) taste cells compared to obese males. There were no

significant differences between the sexes for the other taste stimuli

(Figure 2B). These data indicate that the peripheral taste cells are

less responsive to sweet taste stimuli in obese mice compared to

control mice and that these effects can be more severe in the obese

female mice compared to the obese males.

Not only were the numbers of responsive taste cells reduced, but

the properties of the calcium signals were also significantly altered

in the obese mice compared to controls. Representative traces of

the different taste-evoked calcium responses are shown in Figure 3

for both control mice (A–D) and the diet-induced obese mice (E–

H). Analysis of the taste-evoked calcium responses revealed some

significant differences between the obese mice and their littermate

controls. The amplitudes of the responses were significantly

reduced in the obese mice for the sweet taste stimuli tested

(Figure 4A). Surprisingly, the amplitudes of the denatonium

responses from the obese mice were also significantly reduced

compared to controls (n = 21 for Ctl, n = 29 for obese males,

n = 13 for obese females). No differences were seen in the umami

responses (n = 24 for Ctl, n = 26 for obese males, n = 17 for obese

females). Separating out the data collected from the male and

Figure 1. Mice on a high fat diet become obese compared to control mice. After two weeks, mice on the high fat diet (black line) began to
show rapid weight gain compared to their littermate controls on normal diet (gray lines), n = 25 for each group. Weights were recorded weekly and
the average weights are reported here with standard error bars (SEM) for both female (A) and male (B). By week two, males on the high fat diet are
significantly heavier than their male littermate controls (p,0.01) and continued to be significantly heavier throughout the rest of the study. By week
three, female mice on the high fat diet were significantly heavier than their female littermate controls (p,0.01) and remained significantly heavier for
the rest of the study.
doi:10.1371/journal.pone.0079403.g001
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female mice, we found that almost all of the response amplitudes

were comparably reduced in both male and female obese mice for

the sweet and bitter stimuli (Figure 4B, SAC, n = 18 for Ctl, n = 8

for obese males, n = 16 for obese females). The only exception was

the amplitude of the obese males to the sweetener acesulfame K

which was not significantly different from control (n = 14 for Ctl,

n = 18 for obese males, n = 10 for obese females, p = 0.06). Values

for each taste stimulus were compared using one-way ANOVA

with a Bonferroni’s post-hoc analysis.

We also integrated the area under the curve to get a

proportional measurement of the overall calcium signals using

the same cells that were analyzed in Fig. 4B and found that for

sweet stimuli analyzed, obese mice had significantly smaller taste-

evoked calcium responses compared to controls. The bitter-evoked

calcium signals were not different from each other (Figure 4C).

When we separated the obese male and female responses, there

were no significant differences for the integrated areas of the taste-

evoked responses between them (Figure 4D). Values for each taste

stimulus were compared using one-way ANOVA with a

Bonferroni’s post-hoc analysis. In an effort to determine how the

peak responses of the dentatonium evoked calcium signals could

be significantly reduced in the obese mice while the overall

proportional signal was not different, we also analyzed the

response duration for these signals. We found that the denato-

nium-evoked signals were significantly longer in the obese mice

compared to controls (obese: average duration = 65.5 s; control:

average duration = 50.5 s, p,0.002).

Weight Gain Affects the Ability to Detect some Taste
Stimuli

After 8 weeks, mice on the high fat food were about 35%

heavier than their littermate controls (Figure 1). At this time, we

performed behavioral assays to determine if there were any

differences in the ability of the obese mice to detect taste stimuli

compared to the control mice. For these experiments, we tested

the same tastants that were used in the calcium imaging

experiments. We also added another sweet stimulus, sucrose. For

each taste stimulus tested, we used five mice on the high fat diet

and five mice on normal chow.

Since we used two bottle preference tests, there is potential for

post-ingestive effects in these experiments. In particular, the

nutritive sweet stimulus, sucrose is noted for having post-ingestive

effects. For some experiments, the short-exposure lickometer test is

preferred to avoid any potential post-ingestive effects [32].

However, recent studies have shown that nutrient rich solutions

can generate post-ingestive effects very early after testing begins,

within 5 minutes of the testing onset [33]. Thus, even lickometer

testing can be influenced by post-ingestive effects which could

potentially confound the results. Consequently, we chose to use the

longer testing period to avoid any potential training issues

associated with the brief-access lickometer experiments and we

tested multiple types of compounds that would be unlikely to have

the same type of post-ingestive effects [34]. The obese mice were

generally less sensitive to the tested taste stimuli compared to mice

kept on normal chow. For some sweet stimuli (sucrose, AceK),

obese mice were significantly reduced in their preference for the

higher concentrations of the stimuli (Figure 5A, E) but were not

different from control at lower concentrations. However, for

saccharin (Figure 5B), obese mice were less sensitive than controls

at low concentrations but were comparable in their preferences at

higher concentrations. For the umami stimulus tested (MPG,

Figure 5C), no significant differences between obese and control

mice were detected, though the control mice did show a

preference for MPG at the highest concentration tested that was

not seen in obese mice. However, these values were not

significantly different. Obese mice did not avoid denatonium as

well as control mice at the highest concentration tested (Figure 5D).

Discussion

A High Fat Diet Significantly Changes the Rate of Weight
Gain in C57Bl/6 Mice

Our data clearly show that a high fat diet has a significant

impact on the peripheral taste system, either directly or as a

consequence of the subsequent weight gain. We placed age-

Figure 2. Fewer taste cells are sensitive to sweet taste stimuli in obese mice. Chi-square analysis was used to compare the percentage of
responsive taste receptor cells between normal and obese mice. (A) Bar graphs represent the percentages of taste-evoked calcium responses to each
taste stimuli. The number of responsive taste cells for the sweet stimuli (2 mM Sac, 20 mM AceK) were significantly reduced for the obese mice (black
bar) compared to controls (gray bar) (***, p,0.001; **, p,0.01; *, p,0.05). The numbers of taste-evoked calcium responses to the umami taste stimuli
(20 mM MPG) and the aversive bitter stimuli (5 mM Den) were not significantly different between the two groups. (B) When obese mice were
analyzed by sex, both males and females were significantly less responsive to the sweet taste stimuli tested compared to control mice (***, p,0.001;
**, p,0.01; *, p,0.05).
doi:10.1371/journal.pone.0079403.g002
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matched C57Bl/6 mice on either a high fat diet or regular mouse

chow. Regardless of the diet, all mice gained weight during the

experiment since they were relatively young (7–8 weeks old) when

the experiment began. However, the mice on the high fat diet

rapidly gained weight and became obese (Figure 1). Male mice

also gained weight at a faster rate than the females. After two

weeks on the high fat diet, male mice were significantly heavier

than the control males (p = 0.0017) while the female mice on the

high fat diet were not different from female controls (p = 0.645).

However by week three, females on the high fat diet were

significantly heavier than the controls (p = 0.004) and remained

significantly heavier throughout the study (Figure 1).

Peripheral Taste Signals are Significantly Reduced in
Obese Mice

Many studies have established that processing of taste informa-

tion in the central nervous system is altered as obesity develops

[3,9,13,15,35]. Growing evidence suggests that hormones which

regulate appetite and food intake, including glucagon-like peptide

(GLP-1), leptin, endocannabinoids, and vasoactive intestinal

peptide (VIP), also affect taste sensitivities. These studies focused

on sweet taste using knock out animals, behavioral assays, and

cranial nerve recordings to evaluate the hormonal effects on taste

responses [7,36–43] and support the hypothesis that the taste

system is significantly influenced by hormones associated with

appetite. However, none of these studies focused on the initial

taste-evoked signals in the taste receptor cells. Since this is the first

signal generated in response to a taste stimulus, it is critical to

understand how these signals are affected by obesity.

After 10 weeks on the high fat diet, we analyzed the taste-

evoked calcium signals in isolated taste receptor cells. Our data

reveal significant changes in these peripheral taste signals

associated with obesity. Isolated taste cells from obese mice were

compared to taste cells from controls to determine their overall

responsiveness to different types of taste stimuli. We also measured

the response amplitude and integrated the area under the curve to

get a measure of how the overall taste-evoked calcium signal was

impacted. What we found was quite striking. The number of taste

cells that were sensitive to the appetitive sweet taste stimuli was

significantly reduced in the obese mice but their responsiveness to

the aversive taste stimulus was unaffected. Responsiveness to the

umami stimulus tested was also unchanged in the obese mice.

Obese female mice had significantly fewer responsive cells to the

sweet stimuli compared to the obese male mice (Figure 3). Since

males were heavier than females, these data indicate sex-related

differences in their sensitivity to obesity-related effects which are

not directly due to the amount of weight gained. Thus, the

reduction in the number of responsive taste cells does not simply

correlate with weight, but appears to be the result of a multitude of

factors that are affected by obesity.

Not only were fewer taste cells from the obese mice sensitive to

the sweet stimuli, but within the responsive cells, the evoked signals

were significantly reduced in both peak amplitude and overall

area. Thus, the taste receptor cells appear to lose the ability to

respond appropriately to these types of stimuli. Similar results were

seen in mice fed a high fat diet that were exposed to long chain

fatty acids. The overall calcium signal to the lipids was also

reduced in the obese mice compared to control [44], further

supporting our conclusion that the taste receptor cells in obese

mice are no longer able to respond appropriately to certain

chemical stimuli. We did not see a reduction in the umami-evoked

responses at any of the measures that we took to analyze the

Figure 3. Taste evoked calcium signals are altered in obese mice. Representative taste evoked calcium signals are shown from both control
(A–D) and obese (E–H) mice for multiple taste stimuli: umami (20 mM MPG, A, E); sweet (2 mM Saccharin, B, F and 20 mM AceK, C, G); and bitter
(5 mM denatonium, D, H).
doi:10.1371/journal.pone.0079403.g003
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sample. There was no difference in the frequency of MPG

responsive cells, the amplitude of the responses did not change and

neither did the overall calcium signal. When tested with the two

bottle preference test, we also did not detect any significant

differences in the responses to MPG between the obese and

control mice. Therefore, while umami is generally considered to

be an appetitive taste, it was not affected by the high fat diet or the

resulting obesity. What we did find surprising, was that the

amplitude of the bitter (denatonium) response in the obese mice

was significantly reduced (Figure 4) while the overall bitter-evoked

signal and the frequency of responsiveness to this stimulus was not

different from controls. Further analysis of these signals found that

the duration of the bitter response was significantly longer in the

obese mice compared to control which explains why the peak

signals were significantly reduced but the overall magnitude of the

calcium signal did not change. Thus the characteristics of the

denatonium evoked signals were significantly altered by diet-

induced obesity even though the overall calcium signal did not

change. These data suggest that some aspect of the signaling

pathway that generates the calcium signal (in this case, the PLCb
signaling pathway) is altered in the obese mice. While the exact

mechanism of change is likely a multi-faceted process which is

beyond the scope of this current study to characterize, we predict

that changes in the appetite regulating hormones which have been

shown in other studies to affect taste sensitivities [7,36–43] are

likely causing the changes in the taste evoked calcium signals that

we measured. While we cannot demonstrate a direct link between

the measured changes in the evoked calcium signals and the

alterations in the behavioral responses that we found, it is

interesting to speculate that altering the characteristics of the

evoked calcium signals is sufficient to affect the preference ratios,

even if, as seen in the denatonium responses, the overall

magnitude of the evoked calcium signal has not changed. Future

Figure 4. Calcium signals are altered in obese mice. (A) Amplitudes of the taste-evoked calcium responses were measured as a percent
increase over baseline. Amplitudes were significantly reduced in obese mice for the sweet stimuli tested (2 mM Sac, 20 mM AceK) and one aversive
stimulus, denatonium (5 mM). Response amplitudes of the measured umami (20 mM MPG) stimuli were not different between obese mice and their
littermate controls. (B) Response amplitudes were significantly lower in both obese males and obese females for the sweet and bitter stimuli tested
(***, p,0.001; **, p,0.01) with the exception of the AceK responses in obese males (p = 0.06). Average peak values (% increase over baseline) for
each stimulus as shown in B: MPG, Ctl = 18.6, males = 15.7, females = 17; SAC, Ctl = 74.2, males = 19.1, females = 8.2; ACEK, Ctl = 37.8, males = 21.1,
females = 7.9; DEN, Ctl = 59.8, males = 12.4, females = 22.1. (C) A proportional measurement of calcium signals were represented by the integrated
area under the curve. The overall calcium responses to the sweet stimuli were significantly smaller in obese mice compared to controls. There was no
difference found for the umami stimulus (20 mM MPG) or the bitter stimulus (5 mM denatonium). (D) The integrated areas of taste evoked responses
for the obese males and obese females were significantly reduced for the sweet taste stimuli tested compared to control responses (***, p,0.001; **,
p,0.01; *, p,0.05). No differences were found for the umami stimulus, MPG or the bitter stimulus, denatonium. Average AUC values (arbitrary units)
for each stimulus as shown in D: MPG, Ctl = 14.1, males = 11.9, females = 10.8; SAC, Ctl = 22.8, males = 5.9, females = 6.6; ACEK, Ctl = 29.2, males = 4,
females = 10.3; DEN, Ctl = 7.4, males = 6.4, females = 9.3.
doi:10.1371/journal.pone.0079403.g004

Obesity Affects Taste Receptor Cells

PLOS ONE | www.plosone.org 6 November 2013 | Volume 8 | Issue 11 | e79403



studies are needed to determine how these alterations in the taste

cell signaling pathways develop in response to obesity.

Thus, these data clearly illustrate that at least some of the taste-

evoked calcium signals in taste receptor cells are significantly

affected in obese mice. These findings are remarkable because the

only difference between the obese C57Bl/6 mice and their control

littermates was the high fat diet which caused significant weight

gain. It is also important to note the selectivity of the obesity effect

on the peripheral taste cells, at least for the taste stimuli that we

tested. In this study, we only analyzed one bitter compound and

one umami compound in addition to the two artificial sweeteners

that were tested. For these taste stimuli, the overall responsiveness

to bitter and umami taste stimuli was not affected, supporting the

conclusion that obesity is not generating a complete suppression of

the peripheral taste cell sensitivity but is instead having specific

effects on the ability of the cells to respond to certain appetitive

taste stimuli. Further comprehensive studies that analyze more

taste stimuli, in particular more bitter and umami stimuli, may find

different effects. Indeed, our data for denatonium suggests that

bitter stimuli can be affected by obesity. The effects were not as

severe for the bitter stimulus as was seen for the sweet stimuli

tested, but further studies are needed. Taken together, our data

demonstrate that obese mice have significant reductions in their

responsiveness for at least some taste stimuli.

Different taste stimuli activate distinct signaling pathways in

taste cells. Regardless of the signaling mechanism, however, an

increase in cytosolic calcium is needed to cause neurotransmitter

release and is a critical component in the stimulus response from

all taste cells. Recent studies have shown that cytosolic calcium

changes in taste receptor cells are directly responsible for

transducing all five taste qualities and directly affect the

subsequent cranial nerve response [45,46]. Earlier studies have

shown that cranial nerve responses from genetically-induced obese

mice are significantly impacted in their ability to transmit evoked

taste responses [47,48] but our findings suggest that the initial

peripheral calcium response may be the proximal cause for these

observed changes. Thus, some of the obesity-induced changes in

the central processing of taste stimuli [3,9,13,35] may be due to

the changes in the peripheral taste cell properties. Future studies

are needed to directly answer this question.

Preference Ratios are Significantly Affected by Obesity
After the mice had been on the high fat food for 8 weeks, we

performed a two bottle preference test to determine if the ability of

the mice to detect different tastants was affected by their obesity.

Obese mice had less preference for the sweet stimuli tested (AceK,

sucrose and saccharin) compared to controls. In another study,

diet-induced obese rats were also less sensitive to saccharin at

higher concentrations when compared to control rats [49]. In the

same study, rats that were on a calorie restricted diet had a greater

preference for saccharin than both the obese and control rats.

Other sweet stimuli were not tested. Real time PCR analysis of

Figure 5. Preference ratios for taste stimuli are altered in obese mice. (A) For the sweet stimulus AceK, the ability to detect this sweetener at
higher concentrations was impaired in obese mice compared to controls (**, p,0.01). (B) For saccharin, obese mice were significantly impaired in
their ability to detect this sweet stimulus at the lower concentrations tested (*, p,0.05) but were not significantly different in their preferences from
controls at higher saccharin concentrations. (C) Control mice showed an increased preference for the umami stimulus, MPG, at the highest
concentration but no significant differences between normal and obese mice were measured (p = 0.056). (D) The ability to avoid denatonium at the
highest concentration was compromised in obese mice (*, p,0.05) compared to littermate controls. (E) Obese mice were comparable to wild type
control mice in their preference for sucrose except for the highest concentration of sucrose tested (300 mM). At this concentration, control mice had
a very strong significantly higher preference for sucrose compared to the obese mice.
doi:10.1371/journal.pone.0079403.g005
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known sweet receptors (T1R2 and T1R3) and signaling compo-

nents of the Type II cells from these three groups found that only

T1R3 was significantly reduced in the rats on the high fat diet

[49]. While the reduced T1R3 mRNA levels in the obese rats were

only correlative with the reduced saccharin preference in this study

and potential changes in protein levels were not measured, it is

interesting to speculate that a reduction in this component of the

sweet receptor could be causing the reduction in the saccharin

preference by the obese rats. Indeed, T1R3-KO mice are

insensitive to saccharin in two bottle preference tests [50] which

lends further support to that hypothesis. Further studies are

needed to determine if T1R3 levels are also reduced in diet-

induced obese mice. These findings are in contrast to another

study which found that obese rats have a greater preference for

sugars compared to their lean counterparts. This study was done

in OLETF rats which lack a functional cholescystokinin receptor

that affects satiety [51]. In addition, genetically obese mice also

showed an increased preference for sweet stimuli and a stronger

aversive response to a bitter stimulus compared to controls. These

mice lacked a functional bombesin receptor which is normally

expressed in the hypothalamus region that regulates taste

perception and feeding behavior [52]. Interestingly, gustatory

nerve responses in rats that have developed obesity as a result of

ventromedial hypothalamus lesions were also enhanced in

response to sugars compared to controls [15]. Taken together,

these data suggest that diet-induced obesity and genetically

induced obesity may have different effects on the functions of

the taste system.

In our study, obese mice were generally insensitive to the

umami stimulus tested (MPG) but these values were not

significantly different from controls. These findings agree with

earlier studies that reveal a general indifference to MSG in naı̈ve

mice [53]. Interestingly, the obese mice did not avoid high

concentrations of bitter (denatonium) as well as control mice. Thus

we conclude that diet-induced obesity causes significant changes in

the behavioral preferences of mice, primarily but not exclusively,

for appetitive stimuli.

While we cannot conclude that these behavioral changes are

directly due to the changes in the taste-evoked calcium signals that

we measured in the obese mice compared to controls, our findings

do reveal a strong correlative relationship between the respon-

siveness of the peripheral taste receptor cells and the behavioral

responses. The behavioral differences we found between the obese

and control mice for the different taste stimuli correlate with the

concentrations of those tastants that we used in the calcium

imaging experiments. While future studies are required to

determine if a causative relationship exists, we can conclude that

diet-induced obesity causes a significant repression of the

peripheral taste system’s ability to respond to sweet stimuli and

that behavioral preferences to these sweet stimuli are also

significantly reduced. Thus future studies on the effects of obesity

on central taste processing should consider that the initial

peripheral taste signals are impacted by obesity which are likely

affecting those central pathways and may ultimately be affecting

taste perception.

Acknowledgments

The authors wish to thank Dr. Sue Kinnamon for her insightful comments.

Author Contributions

Conceived and designed the experiments: KM. Performed the experi-

ments: AM DG KM. Analyzed the data: AM DG KM. Contributed

reagents/materials/analysis tools: KM. Wrote the paper: AM DG KM.

References

1. Hill JO, Catenacci V, Wyatt HR (2005) Obesity: overview of an epidemic.

Psychiatr Clin North Am 28: 1–23, vii.

2. Ackroff K, Bonacchi K, Magee M, Yiin YM, Graves JV, et al. (2007) Obesity by

choice revisited: effects of food availability, flavor variety and nutrient

composition on energy intake. Physiol Behav 92: 468–478.

3. Norgren R, Hajnal A, Mungarndee SS (2006) Gustatory reward and the nucleus

accumbens. Physiol Behav 89: 531–535.

4. Duffy VB (2007) Variation in oral sensation: implications for diet and health.

Curr Opin Gastroenterol 23: 171–177.

5. Martin B, Shin YK, White CM, Ji S, Kim W, et al. (2010) Vasoactive intestinal

peptide-null mice demonstrate enhanced sweet taste preference, dysglycemia,

and reduced taste bud leptin receptor expression. Diabetes 59: 1143–1152.

6. Horio N, Jyotaki M, Yoshida R, Sanematsu K, Shigemura N, et al. (2010) New

frontiers in gut nutrient sensor research: nutrient sensors in the gastrointestinal

tract: modulation of sweet taste sensitivity by leptin. J Pharmacol Sci 112: 8–12.

7. Shin YK, Martin B, Golden E, Dotson CD, Maudsley S, et al. (2008)

Modulation of taste sensitivity by GLP-1 signaling. J Neurochem 106: 455–463.

8. Bartoshuk LM, Duffy VB, Hayes JE, Moskowitz HR, Snyder DJ (2006)

Psychophysics of sweet and fat perception in obesity: problems, solutions and

new perspectives. Philos Trans R Soc Lond B Biol Sci 361: 1137–1148.

9. Kovacs P, Hajnal A (2008) Altered pontine taste processing in a rat model of

obesity. J Neurophysiol 100: 2145–2157.

10. Donaldson LF, Bennett L, Baic S, Melichar JK (2009) Taste and weight: is there

a link? Am J Clin Nutr 90: 800S–803S.

11. Lindemann B (1996) Taste reception. Physiol Rev 76: 718–766.

12. Bi S, Chen J, Behles RR, Hyun J, Kopin AS, et al. (2007) Differential body

weight and feeding responses to high-fat diets in rats and mice lacking

cholecystokinin 1 receptors. Am J Physiol Regul Integr Comp Physiol 293: R55–

63.

13. Hajnal A, Covasa M, Bello NT (2005) Altered taste sensitivity in obese,

prediabetic OLETF rats lacking CCK-1 receptors. Am J Physiol Regul Integr

Comp Physiol 289: R1675–1686.

14. Hellstrom PM, Geliebter A, Naslund E, Schmidt PT, Yahav EK, et al. (2004)

Peripheral and central signals in the control of eating in normal, obese and

binge-eating human subjects. Br J Nutr 92 Suppl 1: S47–57.

15. Shimizu Y, Yamazaki M, Nakanishi K, Sakurai M, Sanada A, et al. (2003)

Enhanced responses of the chorda tympani nerve to sugars in the ventromedial

hypothalamic obese rat. J Neurophysiol 90: 128–133.

16. Overberg J, Hummel T, Krude H, Wiegand S (2012) Differences in taste
sensitivity between obese and non-obese children and adolescents. Arch Dis

Child 97: 1048–1052.

17. Pepino MY, Finkbeiner S, Beauchamp GK, Mennella JA (2010) Obese women

have lower monosodium glutamate taste sensitivity and prefer higher
concentrations than do normal-weight women. Obesity (Silver Spring) 18:

959–965.

18. Anderson GH (1995) Sugars, sweetness, and food intake. Am J Clin Nutr 62:

195S–201S; discussion 201S–202S.

19. Grinker J (1978) Obesity and sweet taste. Am J Clin Nutr 31: 1078–1087.

20. Simchen U, Koebnick C, Hoyer S, Issanchou S, Zunft HJ (2006) Odour and

taste sensitivity is associated with body weight and extent of misreporting of body
weight. Eur J Clin Nutr 60: 698–705.

21. Mennella JA, Pepino MY, Reed DR (2005) Genetic and environmental

determinants of bitter perception and sweet preferences. Pediatrics 115: e216–

222.

22. Hacker K, Laskowski A, Feng L, Restrepo D, Medler K (2008) Evidence for two
populations of bitter responsive taste cells in mice. J Neurophysiol 99: 1503–

1514.

23. Rebello MR, Medler KF (2010) Ryanodine receptors selectively contribute to

the formation of taste-evoked calcium signals in mouse taste cells. Eur J Neurosci
32: 1825–1835.

24. Preacher KJ (2001) Calculation for the chi-square test: An interactive calculation
tool for chi-square tests of goodness of fit and independence [Computer

software]. Available from http://www.quantpsy.org.

25. Kuhn C, Bufe B, Winnig M, Hofmann T, Frank O, et al. (2004) Bitter taste
receptors for saccharin and acesulfame K. J Neurosci 24: 10260–10265.

26. Horne J, Lawless HT, Speirs W, Sposato D (2002) Bitter taste of saccharin and
acesulfame-K. Chem Senses 27: 31–38.

27. Schiffman SS, Reilly DA, Clark TB (1979) Qualitative Differences among

Sweeteners. Physiology & Behavior 23: 1–9.

28. Vandenbeuch A, Tizzano M, Anderson CB, Stone LM, Goldberg D, et al.

(2010) Evidence for a role of glutamate as an efferent transmitter in taste buds.
BMC Neurosci 11: 77.

29. Huang YA, Grant J, Roper S (2012) Glutamate may be an efferent transmitter
that elicits inhibition in mouse taste buds. PLoS One 7: e30662.

30. Medler KF, Margolskee RF, Kinnamon SC (2003) Electrophysiological

characterization of voltage-gated currents in defined taste cell types of mice.
J Neurosci 23: 2608–2617.

Obesity Affects Taste Receptor Cells

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e79403



31. Yee CL, Yang R, Bottger B, Finger TE, Kinnamon JC (2001) ‘‘Type III’’ cells of

rat taste buds: immunohistochemical and ultrastructural studies of neuron-
specific enolase, protein gene product 9.5, and serotonin. J Comp Neurol 440:

97–108.

32. Boughter JD, Jr., St John SJ, Noel DT, Ndubuizu O, Smith DV (2002) A brief-
access test for bitter taste in mice. Chem Senses 27: 133–142.

33. Zukerman S, Ackroff K, Sclafani A (2011) Rapid post-oral stimulation of intake
and flavor conditioning by glucose and fat in the mouse. Am J Physiol Regul

Integr Comp Physiol 301: R1635–1647.

34. Bachmanov AA, Tordoff MG, Beauchamp GK (2001) Sweetener preference of
C57BL/6ByJ and 129P3/J mice. Chem Senses 26: 905–913.

35. Hajnal A, Norgren R (2005) Taste pathways that mediate accumbens dopamine
release by sapid sucrose. Physiol Behav 84: 363–369.

36. Martin B, Dotson CD, Shin YK, Ji S, Drucker DJ, et al. (2009) Modulation of
taste sensitivity by GLP-1 signaling in taste buds. Ann N Y Acad Sci 1170: 98–

101.

37. Martin B, Shin YK, White CM, Ji S, Kim W, et al. (2010) Vasoactive intestinal
peptide null mice demonstrate enhanced sweet taste preference, dysglycemia and

reduced taste bud leptin receptor expression. Diabetes.
38. Yoshida R, Ohkuri T, Jyotaki M, Yasuo T, Horio N, et al. (2010)

Endocannabinoids selectively enhance sweet taste. Proc Natl Acad Sci U S A

107: 935–939.
39. Sanematsu K, Horio N, Murata Y, Yoshida R, Ohkuri T, et al. (2009)

Modulation and transmission of sweet taste information for energy homeostasis.
Ann N Y Acad Sci 1170: 102–106.

40. Kawai K, Sugimoto K, Nakashima K, Miura H, Ninomiya Y (2000) Leptin as a
modulator of sweet taste sensitivities in mice. Proc Natl Acad Sci U S A 97:

11044–11049.

41. Ninomiya Y, Shigemura N, Yasumatsu K, Ohta R, Sugimoto K, et al. (2002)
Leptin and sweet taste. Vitam Horm 64: 221–248.

42. Ohta R, Shigemura N, Sasamoto K, Koyano K, Ninomiya Y (2003)
Conditioned taste aversion learning in leptin-receptor-deficient db/db mice.

Neurobiol Learn Mem 80: 105–112.

43. Shigemura N, Ohta R, Kusakabe Y, Miura H, Hino A, et al. (2004) Leptin

modulates behavioral responses to sweet substances by influencing peripheral

taste structures. Endocrinology 145: 839–847.

44. Chevrot M, Bernard A, Ancel D, Buttet M, Martin C, et al. (2013) Obesity alters

the gustatory perception of lipids in the mouse: plausible involvement of the

lingual CD36. J Lipid Res.

45. Desimone JA, Phan TH, Ren Z, Mummalaneni S, Lyall V (2012) Changes in

taste receptor cell [Ca2+]i modulate chorda tympani responses to bitter, sweet,

and umami taste stimuli. J Neurophysiol 108: 3221–3232.

46. Desimone JA, Ren Z, Phan TH, Heck GL, Mummalaneni S, et al. (2012)

Changes in taste receptor cell [Ca2+]i modulate chorda tympani responses to

salty and sour taste stimuli. J Neurophysiol 108: 3206–3220.

47. Ninomiya Y, Imoto T, Yatabe A, Kawamura S, Nakashima K, et al. (1998)

Enhanced responses of the chorda tympani nerve to nonsugar sweeteners in the

diabetic db/db mouse. Am J Physiol 274: R1324–1330.

48. Ninomiya Y, Sako N, Imai Y (1995) Enhanced gustatory neural responses to

sugars in the diabetic db/db mouse. Am J Physiol 269: R930–937.

49. Chen K, Yan J, Suo Y, Li J, Wang Q, et al. (2010) Nutritional status alters

saccharin intake and sweet receptor mRNA expression in rat taste buds. Brain

Res 1325: 53–62.

50. Zukerman S, Glendinning JI, Margolskee RF, Sclafani A (2009) T1R3 taste

receptor is critical for sucrose but not Polycose taste. Am J Physiol Regul Integr

Comp Physiol 296: R866–876.

51. Hajnal A, Kovacs P, Ahmed T, Meirelles K, Lynch CJ, et al. (2010) Gastric

bypass surgery alters behavioral and neural taste functions for sweet taste in

obese rats. Am J Physiol Gastrointest Liver Physiol 299: G967–979.

52. Yamada K, Wada E, Imaki J, Ohki-Hamazaki H, Wada K (1999)

Hyperresponsiveness to palatable and aversive taste stimuli in genetically obese

(bombesin receptor subtype-3-deficient) mice. Physiol Behav 66: 863–867.

53. Ackroff K, Weintraub R, Sclafani A (2012) MSG intake and preference in mice

are influenced by prior testing experience. Physiol Behav 107: 207–217.

Obesity Affects Taste Receptor Cells

PLOS ONE | www.plosone.org 9 November 2013 | Volume 8 | Issue 11 | e79403


