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Abstract

Cyclophosphamide (CYP), a commonly prescribed chemotherapy drug, has multiple adverse side effects including alteration
of taste. The effects on taste are a cause of concern for patients as changes in taste are often associated with loss of
appetite, malnutrition, poor recovery and reduced quality of life. Amifostine is a cytoprotective agent that was previously
shown to be effective in preventing chemotherapy-induced mucositis and nephrotoxicity. Here we determined its ability to
protect against chemotherapy-induced damage to taste buds using a mouse model of CYP injury. We conducted detection
threshold tests to measure changes in sucrose taste sensitivity and found that administration of amifostine 30 mins prior to
CYP injection protected against CYP-induced loss in taste sensitivity. Morphological studies showed that pre-treatment with
amifostine prevented CYP-induced reduction in the number of fungiform taste papillae and increased the number of taste
buds. Immunohistochemical assays for markers of the cell cycle showed that amifostine administration prevented CYP-
induced inhibition of cell proliferation and also protected against loss of mature taste cells after CYP exposure. Our results
indicate that treatment of cancer patients with amifostine prior to chemotherapy may improve their sensitivity for taste
stimuli and protect the taste system from the detrimental effects of chemotherapy.
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Introduction

Chemotherapy for cancer often has side effects such as alopecia,

nausea, nephrotoxicity and taste alterations [1,2]. Cyclophospha-

mide (CYP), a chemotherapy drug, is prescribed worldwide for

various types of cancer either by itself or in combination with other

drugs [3]. As a DNA-alkylating agent, CYP can damage the DNA

of target cells by forming intra-strand or inter-strand cross linkages

[4,5]. Proliferating cells are especially sensitive to CYP due to

conformational changes in DNA. Like many chemotherapy drugs,

CYP affects healthy normal cells undergoing division as well as

rapidly proliferating cancerous cells. Consequently, dividing

progenitor cells and cell types with rapid turnover rates such as

hair follicle cells and salivary gland cells are susceptible to the toxic

effects of CYP.

Taste cells have a short renewal time of eight to twelve days

[6,7] and therefore may also be susceptible to CYP toxicity.

Notably, about 50–80% of cancer patients who receive either

chemotherapy or radiation-based treatment experience taste

alteration in the form of reduced taste sensitivity (hypogeusia),

distorted taste perception (dysgeusia), or even complete loss of taste

(ageusia) during treatment [1,8–11]. Moreover, these deficits can

potentially last for months or years beyond the end of therapy,

resulting in a critical health problem. Alterations in taste sensation

can lead to reduced food intake, loss of appetite, malnutrition,

lower quality of life, and slower recovery, especially in older or

advanced cancer patients [1,10,12,13]. Accordingly, protecting

normal taste epithelium from the effects of chemotherapy drugs

such as CYP may have major health benefits.

Amifostine (AMF) is a candidate drug that may protect taste.

AMF is an FDA-approved sulfhydryl compound (also known as

ethyol or WR2721) that is administered to some patients as a cyto-

protective treatment before chemotherapy and radiotherapy.

AMF protects cells by scavenging free radicals and regulating

the transcription of genes involved in apoptosis, cell cycle and

DNA repair [14–16]. It selectively protects normal cells over

neoplastic cells from radiation and chemotherapy because of the

relatively higher pH, alkaline phosphatase activity, and vascular

permeability of normal tissue compared to cancerous tissue

[17,18]. It has been used to reduce or prevent xerostomia in

patients undergoing radiation therapy for head and neck cancer

[18,19] and chemotherapy-induced cytotoxicity for a wide range

of chemotherapy drugs including CYP [18]. AMF has been well-

tolerated in patients with advanced malignancies and reduced

CYP-induced hematological toxicities, granulocytopenia, nephro-

toxicities and myelosuppression [16]. However, no reports indicate

whether or not AMF can protect taste epithelium from chemo-

therapy-induced toxicity. Here we demonstrate that pretreatment

with AMF protects the peripheral taste system from the cytotoxic

effects of CYP on taste function in a mouse model. Our results

may lead to improved cancer treatment strategies.
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Results

AMF protects against CYP-induced deficits in taste
sensitivity

Existing clinical literature suggests that chemotherapy drugs

may elevate taste thresholds [8]. Our previous work with umami

taste stimuli showed that mice experienced a two-phase elevation

in MSG and IMP detection thresholds following a single IP

injection of CYP [20]. Thus, it was important to see if the

detection threshold of sucrose was affected in the same way as

MSG and IMP after an IP injection (75 mg/kg) of CYP.

The mean thresholds for sucrose taste detection in mice injected

with saline, CYP, AMF, and AMF/CYP are shown in Figure 1a.

No group differences in sucrose detection threshold were observed

during the pre-injection period. In contrast, we found significant

differences between treatment groups in the post-injection period.

Analysis of post-injection data by repeated-measures ANOVA

demonstrated a significant main effect of days post-injection [F

(14, 127) = 4.700, P,0.001], treatment group [F (3, 38) = 59.381,

P,0.001], and also a significant group by days interaction [F (42,

127) = 4.332, P,0.001]. There was no difference in the sucrose

detection thresholds pre- and post-injection in saline-injected mice

(controls). Sucrose detection thresholds in the AMF group did not

change post-injection. Furthermore, sucrose detection thresholds

did not differ between the AMF and saline groups post-injection.

Simple effects tests showed a significant elevation in sucrose

detection thresholds of CYP-injected mice compared with saline

controls on days 2–5 (P,0.001) and days 9–15 post-injection

(P,0.001 or less for all days). For example, sucrose thresholds for

CYP-injected mice on day 4 post-injection averaged

12.19663.692 mM (mean 6 SEM) whereas the thresholds for

the saline-injected mice averaged 0.97160.041 mM. The thresh-

olds of the CYP group returned to baseline by 16 days post

injection.

The AMF/CYP-injected group had significantly elevated

sucrose detection thresholds relative to the saline group on days

9–11 (day 9 and 10, P,0.01; day 11, P,0.05; Figure 1).

Differences in sucrose detection thresholds between saline controls

and the CYP treatment groups were greatest on post-injection day

12 (Mean threshold concentration 6 SEM: saline,

0.33560.019 mM; CYP, 26.64965.693 mM; AMF/CYP,

2.34460.816 mM; Figure 1). To evaluate the efficiency of AMF

in preventing deficits in taste function, we compared the CYP-

injected group with the AMF/CYP-injected mice. The mice in the

AMF/CYP group were significantly more sensitive to sucrose than

the mice of the CYP group on days 2–3 (P,0.001) and days 11–15

after CYP exposure (days 11–13, P,0.001; days 14 and 15,

P,0.05; Figure 1). Collectively, the results indicated that AMF

treatment provided partial protection against CYP-induced

elevations in sucrose detection thresholds.

Clinical studies have revealed that patients undergoing chemo-

therapy often experiences significant weight loss [21]. Conse-

quently, we carefully monitored the body weights for all four

groups of mice (saline, AMF, CYP, AMF/CYP) throughout the

training and testing stages to see whether the changes in taste

sensitivity were due to changes in motivation. The body weights of

all groups were comparable throughout the experiment and no

drug related changes in weight in any of the groups during post-

injection days could be detected. We also compared the daily

number of trials completed by the mice in each group. Neither the

AMF-only or AMF/CYP group showed any significant decrease

in the number of trials completed each day compared to saline-

injected control mice. The CYP-injected mice completed signif-

icantly fewer trials only on day 2 post-injection compared with the

saline-injected mice (P,0.5). The mean +/2 SEM number of

trials completed on day 2 by saline-injected group was 90 +/29,

55+/211 by CYP-injected mice, 84 +/24 by AMF-injected mice,

and 88+/27 by AMF/CYP-injected mice. Thereafter, mice in all

groups typically completed between 90–110 trials per session.

AMF protects against CYP-mediated destruction of
fungiform taste papillae

Our behavioral data revealed two periods of taste deficits after

CYP administration, therefore we examined the lingual epithelium

for potential changes that might correspond to the observed

disruptions in taste function. Compared with saline controls, the

total number of fungiform papillae (with or without pores) was

sharply lower at day 4 after CYP injection and did not recover

until day 16 after injection (Figure 2A). Comparison of the number

of papillae in saline control (day 0) and CYP-injected groups (days

4, 7, 10, and 16) indicated significant differences between the drug

groups [F (3, 15) = 11.592, P,0.001] and days [F (3, 15) = 5.208,

P,0.01]. Post hoc comparisons indicated that the number of

papillae on the tongues of saline-injected mice was significantly

greater than the papillae on CYP-injected mice (P,0.01).

However, the number in saline-injected mice did not differ from

that of AMF- or AMF/CYP-injected mice (Dunnett’s test). The

data were then partitioned to compare the effect across days.

Compared with saline controls, we found that the number of

papillae in the CYP condition decreased on day 4 (P,0.01), and

remained reduced on days 7 and 10 (P,0.01 for both days). The

number of papillae in CYP-injected mice returned to normal levels

on day 16. The AMF/CYP groups had a significantly higher

number of taste papillae on days 4 and 7 compared with the CYP

groups (P,0.01 on day 4; P,0.05 on day 7). Notably, the number

of fungiform taste papillae in the AMF/CYP groups did not differ

from that of saline controls or mice treated with AMF alone

(Dunnett’s test), indicating protection by AMF treatment.

In post-natal mice, histological studies reveal approximately

32% of fungiform taste papillae are associated with a taste pore

and it is generally accepted that a pore is necessary for the taste

bud to be functional [22–25]. Compared with saline controls, the

number of taste papillae with a taste pore decreased in CYP-

injected mice and did not recover until 16 days after injection

[drug group comparison: F (3, 15) = 10.701, P,0.001; days: F (3,

15) = 2.649, P = ,0.05]. This decrease was not seen in other

groups (Figure 2B). The CYP groups significantly differed from the

saline (control) groups at days 4, 7, and 10, but returned to normal

at day 16 (P,0.01 on day 4 and 7 ; P,0.001 on day 10). The

AMF/CYP groups had a significantly higher number of papillae

with pores on days 4, 7 and 10 compared with the CYP groups

(P,0.05 on all days).

AMF improves morphological index of fungiform taste
buds

To examine further CYP-induced disruption of taste buds,

harvested tongues were sectioned and stained with hematoxylin

and eosin to examine fungiform and circumvallate taste buds. In

addition to a significant decrease in the number of fungiform taste

buds, we also observed disorganization of cells inside the

remaining taste buds of CYP-injected mice (Figure 3A). The

organization of taste cells in the central third of a fungiform

papilla, previously observed in ultrastructural studies of rodents

[24–27] was used as a criterion to define a morphological index for

fungiform taste buds [24,25,27]. The presence of a well-organized

mass of cells was judged as an intact taste bud whereas the absence

of apparent organization was considered an incomplete taste bud

Amifostine Prevents Loss of Taste
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[24]. The index for intact taste buds was calculated as a ratio of p/

P where p = the number of normal taste buds with a well-defined

full complement of cells (as indicated in saline-injected mice of

Figure 3A), and P = the total number of taste buds (both normal

and incomplete taste buds lacking cells). The p/P ratio was

intended to determine whether fungiform papillae had recogniz-

able taste buds and was used to compare the morphology of

fungiform taste buds across days and groups (Figure 3B). The

morphological index of taste buds decreased in CYP-injected mice

on days 4, 7 and 10 but not in AMF/CYP-injected mice or AMF

only controls. For example, the morphological index of fungiform

taste buds was 0.54+/20.05 in saline injected mice and 0.46+/

20.015 in day 4 AMF/CYP-injected mice. However, the ratio

dropped to 0.32+/20.03 in day 4 CYP-injected mice. There was a

significant difference between drug groups across days post-

injection [F (12, 50) = 5.336, P,0.001]. The morphological index

was significantly greater in saline-injected mice than CYP-injected

mice on days 4, 7 and 10 (P,0.01 on days 4 and 7; P,0.05 on day

10, Figure 3B), but did not differ from the AMF-injected mice.

The morphological index for AMF/CYP-injected mice was

significantly lower than saline-injected mice only on day 7

(P,0.05). However, the morphological index of AMF/CYP-

injected mice was significantly higher on days 4 and 7 compared

with CYP-injected mice (P,0.05 for both days, Figure 3B),

indicating that the proportion of intact taste buds was significantly

greater in the mice injected with AMF prior to the CYP injection

compared to those mice receiving only the CYP injection.

Detectable drug-induced changes in circumvallate papillae

appeared to follow a different temporal pattern. Comparison of

hematoxylin and eosin-stained sections of taste buds of circum-

vallate papillae did not reveal observable differences between

groups on day 4 (Figure 4). However, at later time points there

were apparent ‘‘open spaces’’ in taste buds of the CYP group,

indicating missing cells. To evaluate these observations, Image J

was used to compare the area of open space in these taste buds.

The average maximum area observed between adjacent taste cells

in each of the saline control tongues (n = 5) was averaged, and then

the average was used as a baseline value. If the area between

adjacent cells was greater than the baseline value, the area was

considered as ‘‘open space’’. In CYP groups, ‘‘open spaces’’ in

taste buds were readily detected on days 7 and 10, similar to effects

of CYP on circumvallate taste buds described in a previous study

[20]. Of note, we observed little or no open spaces in the taste

buds of saline control mice or in the mice that received AMF alone

(AMF groups). In the AMF/CYP groups we observed taste buds

with open spaces on day 7, but not on day 10. A simple effects test

comparing the open space measures of CYP- and AMF/CYP-

injected mice at days 7 and 10, and the day 0 mice revealed

detectable differences between groups across days [F (8,

36) = 9.183, P,0.001]. Post hoc testing found the ‘‘open spaces’’

in the CYP-injected groups were significantly greater than those of

saline control mice on day 7 (P,0.01) and day 10 (P,0.001) and

AMF/CYP group on day 7 (P,0.01).

Figure 1. AMF protects against the CYP-induced decreases in taste sensitivity and the number of fungiform papillae with and
without pore, and improves overall morphological index of fungiform taste buds. (A) Sucrose detection thresholds, before and after
saline, CYP, AMF or AMF/CYP injection. The graph shows the mean (6 SEM) threshold concentration of sucrose (Y-axis, log scale) across days (X-axis)
post-injection. Days 21, 22 indicate thresholds before the injection. CYP-injected mice showed significant elevations of sucrose detection thresholds
on days 2–5 and 9–15 after injection, while AMF/CYP-injected mice showed significant elevation in sucrose detection threshold on days 9–11 post-
injection. (B) Mean (6 SEM) number of all fungiform papillae across days post-injection. CYP injection significantly decreased the total number of
fungiform taste papillae on post-injection days 4, 7 and 10 compared with saline control mice. AMF/CYP-injected mice had significantly higher
number of papillae compared to CYP-injected mice on days 4 and 7. (C) Mean (6 SEM) number of fungiform papillae with a taste pore across days
post-injection. There was also a significant drop in the number of fungiform taste papillae with pores on days 4, 7 and 10 compared with saline
controls. AMF/CYP groups had significantly higher number of papillae with pores on days 4, 7 and 10 compared to CYP groups. To the right of the
graph are examples of a fungiform papilla without (upper image) and with a pore (lower image). The red arrow identified the opening of a pore. (D)
Morphological index of fungiform papillae across days in saline-, CYP- or AMF/CYP-injected mice. The morphological index is expressed as p/P, where
p = proper taste buds and P = Total number of taste buds. There was a significant decrease in the morphological index for CYP-injected mice on days
4, 7 and 10 compared to saline controls. AMF/CYP mice revealed a protective effect of AMF on days 4 and 7 (*** P,0.001;** P,0.01;* P,0.05).
doi:10.1371/journal.pone.0061607.g001
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AMF protects against CYP-induced inhibition of cell
proliferation

BrdU, a thymidine analogue, is commonly used in the detection

of cell proliferation [28]. BrdU is incorporated into DNA during

the S-phase of the cell-cycle. We used BrdU as a marker to study

cell proliferation in the basal layer of taste papillae, taste buds and

lingual epithelium. We first examined the basal layer of both

fungiform papillae as well taste buds, and observed a reduction in

the number of BrdU-labeled cells on day 4 post-injection in CYP-

injected mice but not in AMF/CYP-injected mice (Figure S1A).

The observation was confirmed by statistical analysis of BrdU-

positive cell counts [F (12, 68) = 6.794, P,0.001; Figure 5A]. Four

days after CYP injection, the number of BrdU-positive cells in the

CYP group was significantly less than the number in saline

controls (P,0.001, Figure 5A). By contrast, the number of BrdU-

positive cells in AMF/CYP-injected mice did not differ from that

in saline controls or AMF-injected mice at any time point

examined (Figure 5A). There were significantly more BrdU-

labeled cells in fungiform papillae of the AMF/CYP group

compared with the CYP group on day 4 after injection (P,0.01),

indicating that AMF protected at least some of the cells that

proliferate during normal cellular turn-over of the taste bud from

the toxic effects of CYP.

Figure 2. Representative bright field images of H and E stained fungiform and circumvallate taste buds at Days 4, 7, 10 and 16 post-
injection of saline, CYP or AMF/CYP-injected mice. (a) Images of fungiform taste buds. Morphologically intact taste buds with organized mass
of taste cells (indicated by black arrow) are abundant in saline-injected (control) mice. There was a disruption in the organization of taste buds, seen
as an absence of organized mass of taste cells (indicated by green arrow) in CYP-injected mice on day 4 which does not recover until day 16 post-
injection. AMF/CYP-injected mice do not show this disruption except on day 7. (b) Trench of a circumvallate papilla with taste buds. The red-boxed
area shows the region which is magnified to observe detailed morphology. (c) Images of circumvallate taste buds. There was no morphological
change in the circumvallate taste buds of saline and AMF mice across days. However there were open-spaces (red arrow) inside the taste buds on
days 7 and 10 in CYP-injected mice. AMF/CYP–injected mice showed such ‘‘open spaces’’ (red arrow) only on day 7. Scale bar = 25 mm.
doi:10.1371/journal.pone.0061607.g002
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Figure 3. Mean (± SEM) number of BrdU-positive cells in the basal layer of fungiform papillae and taste buds, one wall of each
circumvallate trench, and a sample area of the lingual epithelium in Saline, CYP and AMF/CYP mice on days 4, 7, 10 and 16 post–
injection. (a) BrdU-positive cells in the basal layer of fungiform taste papillae and taste buds of each drug condition. (b) BrdU-positive cells in the
basal layer of one wall of a circumvallate trench for each drug condition. (c) BrdU-positive cells in lingual epithelium of each drug condition
(*** P,0.001;** P,0.01;* P,0.05).
doi:10.1371/journal.pone.0061607.g003
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Figure 4. Representative images of Ki67-positive cells (red) in fungiform taste papillae with taste buds and in taste buds in
circumvallate trenches on days 4, 7, 10 and 16 post-injection of saline-, CYP- or AMF/CYP-injected mice. Sytox green was used as a
nuclear marker. There was a reduction in the number of Ki67-positive cells in the basal layer of fungiform taste papillae and the basal layer of
circumvallate taste buds on day 4 in CYP-injected mice but not in AMF/CYP-injected mice. The bar graphs illustrate the mean (6 SEM) number of
Ki67-positive cells in fungiform papillae (upper graph) and the basal layer of one wall of each circumvallate trench (lower graph) across days in each

Amifostine Prevents Loss of Taste
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The number of BrdU-positive cells in the circumvallate papillae,

like the fungiform papillae, also decreased in response to CYP

injection [F (12, 65) = 8.459, P,0.001]. There was a significant

reduction in the number of proliferating cells 4 days after CYP

injection relative to the number in saline controls (P,0.001). In

contrast, a decrease in BrdU-labeled cells was not observed in mice

treated with AMF before CYP (Figure 5B and Figure S1B).

The AMF/CYP groups had a significantly higher number of

proliferating cells in the circumvallate papillae compared with the

CYP groups on day 4 (P,0.01) and 10 (P,0.05) after CYP

injection (Figure 5B).

The number of BrdU-labeled cells in the non-taste lingual

epithelium was also evaluated. This analysis showed a similar

pattern in response to CYP and AMF as that observed in the

fungiform and circumvallate papillae. The comparison of CYP-

injected mice to AMF/CYP-injected mice demonstrated a

significant protective effect of AMF treatment on proliferating

cells on day 4 after CYP injection (P,0.01, Figure 5C and Figure

S1C). The significant elevation of BrdU-positive cells (P,0.01) in

the CYP group compared with the AMF/CYP group on day 7

indicated a rebound effect on non-lingual cell proliferation

following CYP injection.

To verify the effects of CYP and AMF on cell proliferation, we

stained tissue sections for Ki67, a marker that labels all but G0

phase of cell cycle activity. We examined the number of Ki67-

positive cells in the basal layer of both the fungiform papillae and

taste buds. There was no difference in the number of Ki67-positive

cells between saline controls and AMF-injected mice at any time

point examined. However, there were differences in the number of

Ki67-positive cells between the saline control and CYP-injected

mice across days [F (12, 56) = 10.830, P,0.001, Figure 6A and

6B]. Compared to saline control mice, there was a decrease in the

number of Ki67-positive cells in fungiform taste buds of CYP-

injected mice on day 4 (P,0.001), followed by an increase on day

7 and 10 (Figure 6A and 6B). In CYP-treated mice, the number of

Ki67-positive cells exceeded the number observed in saline

controls at day 10 (P,0.05), and returned to control levels by

day 16 (Figure 6A and 6B). AMF treatment prior to CYP exposure

prevented the decrease in Ki67-positive cells at day 4 (P,0.001)

and also the rise above control numbers at day 10 (Figure 6A and

6B). These data also suggest a rebound effect in cell proliferation in

the CYP-injected mice.

In the case of circumvallate taste buds, there was a similar

pattern of change in the number of Ki67-positive cells [F (12,

56) = 5.576, P,0.001, Figure 6C and 6D]. There was no

difference in the number of Ki67-positive cells between the

saline-injected (control) and AMF-injected mice. Compared with

controls, the number of Ki67-positive cells in CYP-injected mice

decreased at day 4 (P,0.001), and returned to normal numbers on

day 16 (Figure 6C and 6D). In contrast, at day 4 the number of

Ki67-positive cells in AMF/CYP mice did not decrease relative to

saline controls (Figure 6C and 6D). The comparison between the

CYP-injected and AMF/CYP-injected mice indicated that AMF

also protected against the CYP-induced decrease in the number of

Ki67-positive cells on day 4 in circumvallate papillae (P,0.001,

Figure 6C and 6D).

AMF partially protects against CYP-induced loss of
mature taste cells

A taste bud is comprised of several cell types important for

normal taste functioning. Type II (receptor) cells are G-protein

coupled receptor cells that detect bitter, sweet or umami [29].

These cells utilize a second messenger transduction pathway in

which PLCb2 is a key component of the signaling pathway [30].

Since CYP and AMF treatments altered taste sensitivity to sucrose,

we examined potential post-injection changes in Type II cells

using PLCb2 as a marker.

We observed a two-phase loss of PLCb2-positive cells after CYP

injection compared with staining patterns in saline controls

(Figure 7A and 7B) in fungiform papillae, suggesting an apparent

biphasic decrease in Type II cells following CYP administration.

There was no difference in the mean number of PLCb2-positive

cells per fungiform taste bud profile between the saline controls

and AMF-injected mice at any time point. In contrast with control

mice, the number of PLCb2-positive cells in CYP-injected mice

decreased on days 4, 7 and 10 after CYP injection (P,0.001 on

days 4 and 10, and P,0.05 on day 7), returning to control levels

by day 16 (Figure 7A and 7B). In the case of AMF/CYP group,

there was a decrease in the number of PLCb2-positive cells on day

7 (P,0.05, Figure 7A and 7B). By day 10 after CYP injection, the

number of PLCb2-positive cells in fungiform taste buds of AMF/

CYP group was similar to that in saline controls and significantly

higher than that in CYP-injected mice (P,0.05, Figure 7A and

7B). Thus AMF partially protected Type II cells in fungiform taste

buds from the second phase of taste disturbance.

In terms of PLCb2 staining, the circumvallate papillae were

affected by CYP and AMF in a different manner than the

fungiform papillae. At day 4 after injection, there was no reduction

in the mean number of PLCb2-positive cells per circumvallate

taste bud profile in the CYP group compared with saline controls.

However, there was a reduction in the number of PLCb2-positive

cells on days 7 and 10 after CYP injection (P,0.001), with a

return to control cell numbers by day 16 (Figure 7C and 7D). In

the circumvallate taste buds of the AMF/CYP mice, there was a

decrease in the number of PLCb2-positive cells at day 7 compared

with controls (P,0.01) but not at day 10 (Figure 7C and 7D). The

number of PLCb2-positive cells in the AMF/CYP group was

significantly higher than that in the CYP group at day 10

(P,0.001; Figure 7C and 7D). There was no difference in the

number of PLCb2-positive cells between saline controls and AMF-

injected mice at any time point examined.

Discussion

Using a mouse model, we previously demonstrated a two-phase

disruption in umami taste function following a single IP injection

of CYP [20]. The first phase of taste disruption occurred at 2–4

days and the second phase occurred at 9–12 days after CYP-

injection. Further evidence suggested that the first phase may be

due to the cytotoxic effects of CYP on fungiform papillae, taste

buds, von-Ebner glands, and motivational status of mice, while the

second phase may be due to the disturbance in taste cell kinetics

[20]. In the present work, we determined whether the cytotoxic

effects of CYP on taste function could be alleviated by AMF

treatment. To our knowledge, this is the first report to test the

potential of AMF in reducing CYP-induced taste deficits. Our

results indicate that pre-treatment with AMF ameliorated CYP-

drug group. (a) Ki67-positive cells in the basal layer of fungiform taste papilla and taste bud. Scale bar = 25 mm. (b) Ki67-positive cells in the basal
layer of one wall of each circumvallate trench. Scale bar = 50 mm (*** P,0.001;** P,0.01;* P,0.05).
doi:10.1371/journal.pone.0061607.g004
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Figure 5. Representative images of PLCb2-positive cells (red) in fungiform and circumvallate taste buds on days 4, 7, 10 and 16
post-injection in saline-, CYP- or AMF/CYP-injected mice. Sytox green was used as a nuclear marker. There was a reduction in the number of
PLCb2-positive cells in fungiform and circumvallate taste buds on day 4 in CYP-injected mice but not in AMF/CYP-injected mice. The bar graphs
illustrate the mean (6 SEM) number of PLCb2-positive cells in fungiform (upper graph) and circumvallate (lower graph) taste buds across days in each
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induced taste deficits by reducing the loss of fungiform taste

papillae, increasing the number of morphologically-intact taste

buds (morphological index), reducing CYP-induced inhibition of

cell proliferation, and protecting against loss of mature taste cells

after CYP exposure.

In preclinical studies, AMF (200–400 mg/kg, s.c.) showed

significant protection of hematopoietic progenitor cells from a

broad range of chemotherapeutics, including CYP. AMF was

found to be effective in reducing CYP-induced hematological

toxicities in both ex vivo and in vivo studies [31,32]. When

administered one hour prior to irradiation, AMF (200 mg/kg,

s.c.) provided complete protection against radiation-induced

mucositis in rat [33]. Similarly, it was shown to protect rat

salivary gland, oral mucosa, and hair follicles from the side effects

of irradiation [34,35]. In addition, AMF injection (200 mg/kg,

i.p.) protected against cisplatin-induced nephrotoxicity [36–38]

and CYP-induced pulmonary toxicity [39].

The encouraging results in pre-clinical studies led to clinical

trials to test the efficacy of drug after its approval by the FDA in

1996 [17]. Phase I clinical trials indicated that AMF was well-

tolerated in patients with advanced malignancies, and that it

reduced CYP-induced hematological toxicities [40,41]. Phase II

clinical trials showed that AMF reduced both the degree and

duration of granulocytopenia during CYP therapy [42]. Phase III

clinical trials have found AMF to be protective against CYP and

cisplatin-induced hematological toxicity and neutropenia [43],

nephrotoxicities [44], and cyclophosphamide-induced myelo-

suppression [45].

Thus, an extensive amount of work has been done towards

evaluating the effects of AMF in cancer treatment, but its efficacy

has never been tested in chemotherapy drug-induced taste

disorders. Our results indicate that AMF provides at least partial

protection again CYP-induced taste deficits. Notably, compared

with many of the studies cited above, we used a dose of 100 mg/

kg, half the dose used in other studies that reported complete

protection. Although the drug is well-tolerated, its use comes with

dose-dependent side effects of hypotension, nausea, metallic taste

and asthenia [46]. Since emesis and metallic taste can influence

taste functions, we chose a lower dose of AMF to minimize these

side effects and avoid their confounding effects on taste. At the

higher doses typically used in clinical applications, we would

expect AMF to provide even more protection for the taste system.

drug group. (a) In fungiform taste buds, there was a reduction in the number of PLCb2-positive cells on day 4, 7 and 10 in CYP-injected mice and on
day 7 in AMF/CYP-injected mice. Scale bar = 25 mm. (b) In circumvallate taste buds, there was a reduction in the number of PLCb2-positive cells on
day 7 and 10 in CYP-injected mice and on day 7 in AMF/CYP-injected mice. Scale bar = 50 mm. (*** P,0.001;** P,0.01;* P,0.05).
doi:10.1371/journal.pone.0061607.g005

Figure 6. Ki67-positive cells.
doi:10.1371/journal.pone.0061607.g006

Amifostine Prevents Loss of Taste

PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e61607



The effects of CYP or other chemotherapy drugs on thresholds

for basic tastes of patients have been obtained primarily through

clinical interviews or self-report. One of the larger scale clinical

studies reported that out of 518 patients undergoing a chemo-

therapy regime, 347 (67%) self-reported changes in taste. Of these,

changes in salt (41%) and sweet (36%) tastes were reported more

often than sour (21%) or bitter (24%), indicating that some tastes

may be more susceptible to chemotherapy drugs than others [12].

Another report indicated that patients experience decreased

sensitivity for sweet and sour tastes, but increased sensitivity for

bitter [47,48]. However, the effects of chemotherapy drugs need to

be assessed in clinical populations with more rigorous psycho-

physical methods. Based on our findings, we hypothesize that all

taste modalities will be affected by CYP administration. We would

predict that thresholds would be elevated for all basic tastes, except

possibly bitter. Ongoing research in our laboratory is exploring

whether all the subtypes of taste cells are being affected in the same

way.

The biphasic temporal pattern of taste disruption observed in

this study is not predicted by learning theory or by CTA because

of our experimental design. Optimal conditioned taste aversion

learning occurs when the taste of a novel stimulus is temporally

proximal to the sensations of an upset stomach [49]. In this and

our previous experiments, the CYP injection was administered

almost 24 hours after the last presentation of very familiar taste

stimuli, thus preventing the temporal contiguity between nausea

and a familiar taste stimulus. In addition, we routinely monitor

several measures i.e., body weight and number of trials/session,

for motivational changes related to drug injections. There was no

significant difference in the weight of the mice across days in any

of the groups in the pre- or post-injection days and the trials per

day were adversely affected by CYP only the first day (day 2) after

the mice were restarted on the threshold study compared with the

saline-injected (control) mice. Collectively these data suggest that

even though motivational levels may have been affected within 1–

2 days after injection, motivational levels were similar for the rest

of the experiment and confirm our previous report [20]. Even so,

the AMF-only or AMF/CYP group did not show any significant

decrease in the number of trials compared to control mice. With

regard to other modalities, we do not have evidence from these

experiments whether CYP has a direct effect on the olfactory

system. This study also does not address the issue of whether CYP

can have direct effects on higher levels of the taste system within

the central nervous system. However, this possibility would seem

unlikely as none of the central structures within the taste system is

known to have a cell population highly susceptible to the

molecular effects of CYP.

We found that when proliferation resumes in taste epithelium

(e.g., as indicated by Ki67-positive cells), the proportion of cells in

S phase (BrdU-positive cells) increases to levels significantly higher

than controls. This observation is comparable to the finding of

Nguyen et al. [50] where they found a rebound effect in the taste

Figure 7. PLCb2-positive cells.
doi:10.1371/journal.pone.0061607.g007
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epithelium after irradiation. This result is similar to the

regenerative response of other tissues (like skin and gut) to

irradiation. The increased numbers of proliferative cells are either

due to production of additional taste bud stem cells via symmetric

divisions, and/or a shortened cell cycle of transit amplifying cells

[51] to make up for the cell cycle arrest.

Interestingly, our data indicate that fungiform and circumvallate

taste papillae are differentially sensitive to the effects of CYP.

Fungiform taste papillae are affected immediately after CYP

injection on day 4 while the circumvallate papillae are not affected

until day 8 post-CYP injection. However the reason behind the

greater susceptibility of fungiform taste papillae remains elusive.

One possible reason may be the anatomical location of the

fungiform taste buds on the surface of the tongue. It is possible that

metabolites of CYP might have entered the mouth with crevicular

fluid. This fluid originates in the plasma and come to the mouth

during chewing [1]. Since the fungiform papillae are more

exposed on the surface of the tongue and are located more

proximal to the gum, they might be a more susceptible target than

the circumvallate. Another potential reason might be related to the

differential configuration of galactosyl residues in the two types of

taste buds and the presence of mannose in circumvallate taste buds

but not in fungiform taste buds [52] . It is also possible that the

mucins and N-linked glycoproteins (with a hormone-like para-

neuronal function) [52] present in the circumvallate and not in

fungiform provide protective effects against cytotoxicity in

circumvallate taste buds. Other potential explanations for the

differences in susceptibility to CYP between circumvallate and

fungiform papillae may be due to differences in their embryonic

origins [53], or to possible differences in vascularization [25].

Nguyen and Barlow [54] have also found differential expression of

BMP4 in fungiform and circumvallate taste buds of adult mice and

thus may play an important role in response to cytotoxic

challenges. In addition, the taste pore keratinocytes, with a fast

renewal rate, are highly affected by the cytotoxicity of CYP. This

might be one of the causes of the sharp drop in the number of

fungiform papillae both with and without pores on day 4. All these

reports indicate that there are subtle differences between the two

kinds of taste papillae and one or more of these factors may

contribute to the differential effects of CYP. The reasons for this

interesting difference in CYP-susceptibility are currently being

explored.

In summary, our results indicate that the deficits in taste

functions observed in these experiments are mostly due to the

cytotoxic effects of CYP and disruptions in the taste cell

replacement cycle. The ability of AMF to protect taste function

after CYP exposure is promising in terms of future design of

treatment strategies for cancer patients. Further experiments could

examine a dose-response relationship to determine if AMF is able

to provide complete rather than partial protect against taste deficit

after chemotherapy.

Materials and Methods

Subjects
Male C57BL/6J mice, obtained from Jackson Laboratory (Bar

Harbor, ME), were housed in groups of 2–4 mice. They were at

least 2 months old and typically weighed between 25–30 gm at the

start of the experiment. The mouse colony was maintained on a

12/12 hr light-dark cycle with lights turned on at 7 a.m. Purina

Mouse Chow (Prolab RMH 3000) and water (except in the

behavioral experiment) were available ad libitum. The mice in

behavioral experiments were adapted to a 22-hr water deprivation

schedule beginning one week prior to the start of training. These

mice were tested at the same time each day between 9 a.m.-2 p.m.

All procedures were approved by the Institutional Animal Care

and Use Committee at the University of Vermont.

Chemical reagents
CYP (Cyclophosphamide monohydrate, 97%) was obtained

from Acros Organics (New Jersey, USA). AMF [Amifostine-2-(3-

Aminopropyl) aminoethyl phosphorothioate, 97%] was obtained

from Sigma-Aldrich (Missouri, USA). All taste solutions were

prepared daily with Millipore-filtered water (Millipore, Billerica,

MA, USA).

Behavioral test
The detection threshold experiment was carried out in five

computer-controlled gustometers (Knosys Inc., Lutz, FL, USA)

fitted in individual bench top stations and followed procedures

used previously [20]. Briefly, 19 (5 saline-injected, 5 CYP-injected,

4 AMF-injected, and 5 AMF/CYP-injected) mice were used to

evaluate sucrose thresholds by training them to responding

differentially when they detected water (S+) or several concentra-

tions of sucrose (S2). Details of the procedure are described in our

previous paper [20]. Once sucrose detection thresholds were

established, all animals were rehydrated and 24 hrs later the

animals were injected with the assigned drugs. After another

24 hrs, all mice were returned to the water deprivation schedule.

Threshold testing of mice in all groups resumed the next day and

continued until 16 days after injection. Detection thresholds,

determined each day, were defined as minimum concentration at

which a mouse can detect sucrose at least 50% of the time on that

day.

Morphological analysis
The cellular morphology of taste papillae and taste buds of the

tongue were examined at days 0 (no injection), 4, 7, 10, and 16

after the assigned drug injection. All perfusions were done with

PBS-heparin followed by 4% paraformaldehyde (Electron Micros-

copy Sciences, PA USA) in PBS and the tongues were harvested

for analysis. Details of the protocol are described in the previous

published work of the lab [20]. Briefly, after fixation of the tongues

for 4 hrs at room temperature, the tongues were washed with PBS,

and the water soluble dye fast green was used as a stain to observe

and count the number of papillae with and without pores using a

dissecting microscope. The tongue was first laid flat and all the

visible papillae were counted. A cactus-thorn was inserted in the

non-gustatory region just posterior to the last papilla that was

counted. Then the tongue was placed upright to count the number

of papillae on tip, and thorns were used to mark the counted

region. The papillae at the back and side of the tongue were

counted in the same manner and cactus thorns were again used to

delineate the boundaries and avoid double counting. All counting

was done by two observers and both were blind to the injection

conditions. To ensure that this method enabled the observers to

correctly identify papillae with and without pores, papillae were

identified and marked with cactus thorns, then frozen-sectioned to

verify their status with hemotoxylin and eosin (Richa Chemical

Co., Arlington, TX). For each drug condition, a total of six mice

per time point were evaluated for fungiform papillae with and

without pores at days 0, 4, 7, 10, and 16 post injections.

Following this procedure, each tongue was cryo-protected with

a gradient of sucrose solutions (0.5–1.5 M) and cryo-sectioned at a

thickness of 20 mm. Every third section was selected from the

anterior 1 mm of the tongue and then stained with hematoxylin

and eosin to look at the morphology of the tissue (see our previous

publication [20] for a detailed protocol). Every third section from
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the caudal part of the tongue starting from anterior foliate papillae

was stained to examine the morphology of circumvallate taste

buds. Fungiform or circumvallate taste buds were evaluated only if

the section was obviously of the central third of the papilla. Image

J was used to evaluate the details of the taste buds.

Cell proliferation study
BrdU-labeling was used to identify the proliferating pool of cells

in the lingual epithelium, fungiform and circumvallate taste buds.

For this, the mice were injected twice with BrdU (5-Bromo-29-

deoxyuridine, Sigma-Aldrich, Missouri, USA). The first injection

was given at 24 hrs prior to perfusion and a second injection was

given 18 hrs prior to perfusion. The tongue was harvested and

sectioned as described above. Tissue processing was done on slide.

The primary monoclonal antibody was diluted to 1:500 (catalog #
G3G4, Developmental Studies Hybridoma Bank) and applied to

the tissue overnight at 4uC. The secondary antibody (biotinylated-

anti-Mouse IgG) was used at 1:1000 dilution (Vector Labs,

California, USA) and the signal was amplified with AB solution

(ABC Kit, Vector Labs, California, USA). The signal was

visualized using nickel-intensified DAB (Diaminobenzidine Kit,

Vector Labs, California, USA). All slides were counterstained

lightly with hematoxylin as a nuclear marker.

For Ki67-labeling, the Ki67 primary antibody (SP6, Thermo

Scientific) was used at 1:200 dilution for incubation overnight at

4uC. The secondary antibody used was Alexa 546 goat anti-rabbit

at 1:1000 dilution and the incubation was done at room

temperature for 2 hrs. All the slides were counterstained with

Sytox green (S7020, Molecular Probes) as a nuclear marker.

Immunohistochemistry for PLCb2-labeling
PLC b2 primary antibody (H-255, Santa Cruz Biotechnology)

was used at 1:200 dilution for incubation overnight at 4uC and the

secondary was Alexa 546 goat anti-rabbit at 1:1000 dilution. All

the slides were counterstained with Sytox green (S7020, Molecular

Probes) as a nuclear marker.

Statistical analysis
The behavioral data were analyzed by Repeated Measures

ANOVA followed by simple effect tests on threshold data for each

day. The papillae count data were analyzed by a two-way

ANOVA followed by simple effect tests on each group and day.

The BrdU-, Ki67- and PLCb2-positive cell counts were analyzed

by ANOVA procedures followed by post-hoc simple effect tests

constructed such that each group and day combination was

analyzed as a separate treatment group.

All statistical analysis and figures were done using SPSS

software (IBM SPSS Statistics, Version 19, IBM Corporation,

Chicago, IL) or Graph Pad Prism software, Version 5.0

(Graphpad software Inc., La Jolla,CA, USA).

Image analysis
The images were captured using a Nikon Eclipse E600 Scope

fitted with a color camera (Spot RT KE Diagnostic Instruments

Inc.) and Spot acquisition (Spot Advanced, Version 4.6) software.

For cell proliferation studies, basal cells for all treatment

conditions and on all days were counted (identified and quantified

via hematoxylin or Sytox labeling) and analyzed to see whether

there was any difference in total number of cells. No significant

difference was found between any of the treatment groups across

days.

Supporting Information

Figure S1 Representative images of BrdU-labeled-cells
in different areas of tongue on days 4, 7, 10 and 16 post-
injection in saline-, CYP- or AMF/CYP- injected mice.
BrdU-positive cells are stained in black (indicated by red arrow)

and the sections are counterstained lightly with hematoxylin. Any

brown staining outside the trench is non-specific staining. There

was a reduction in the number of BrdU-positive cells in fungiform

taste buds, circumvallate taste papillae and lingual epithelium on

day 4 in CYP-injected mice but not in AMF/CYP-injected mice.

(a) BrdU-positive cells in fungiform taste buds (indicated by red

arrow). Scale bar = 25 mm. (b) BrdU-positive cells in circumvallate

taste papillae (indicated by red arrow). Scale bar = 50 mm. (c)

BrdU-positive cells in lingual epithelium (indicated by red arrow).

Scale bar = 50 mm.

(PDF)

Acknowledgments

We are thankful to David C. Harris for his help during the initial phase of

behavioral training sessions of mice and to Dr. Rona J. Delay for her

participation in evaluating the morphology of taste epithelium and

capturing images of fungiform papillae. This work was performed in

partial fulfillment of a Ph.D. degree (N.M.).

Author Contributions

Conceived and designed the experiments: NM BLC JLS ERD. Performed

the experiments: NM BLC. Analyzed the data: NM EDR JLS.

Contributed reagents/materials/analysis tools: EDR JLS. Wrote the

paper: NM EDR JLS.

References

1. Comeau TB, Epstein JB, Migas C (2001) Taste and smell dysfunction in patients
receiving chemotherapy: a review of current knowledge. Support Care Cancer 9:

575–580.

2. Hong JH, Omur-Ozbek P, Stanek BT, Dietrich AM, Duncan SE, et al. (2009)
Taste and odor abnormalities in cancer patients. J Support Oncol 7: 58–65.

3. de Jonge ME, Huitema AD, Rodenhuis S, Beijnen JH (2005) Clinical

pharmacokinetics of cyclophosphamide. Clin Pharmacokinet 44: 1135–1164.

4. Cohen JL, Jao JY (1970) Enzymatic basis of cyclophosphamide activation by

hepatic microsomes of the rat. J Pharmacol Exp Ther 174: 206–210.

5. Moore MJ (1991) Clinical pharmacokinetics of cyclophosphamide. Clin

Pharmacokinet 20: 194–208.

6. Beidler LM, Smallman RL (1965) Renewal of cells within taste buds. J Cell Biol
27: 263–272.

7. Farbman AI (1980) Renewal of taste bud cells in rat circumvallate papillae. Cell
Tissue Kinet 13: 349–357.

8. Berteretche MV, Dalix AM, d’Ornano AM, Bellisle F, Khayat D, et al. (2004)

Decreased taste sensitivity in cancer patients under chemotherapy. Support Care
Cancer 12: 571–576.

9. Epstein JB, Phillips N, Parry J, Epstein MS, Nevill T, et al. (2002) Quality of life,

taste, olfactory and oral function following high-dose chemotherapy and

allogeneic hematopoietic cell transplantation. Bone Marrow Transplant 30:

785–792.

10. Gamper EM, Giesinger JM, Oberguggenberger A, Kemmler G, Wintner LM, et

al. (2012) Taste alterations in breast and gynaecological cancer patients receiving
chemotherapy: Prevalence, course of severity, and quality of life correlates. Acta

Oncol 51: 490–496.

11. Wickham RS, Rehwaldt M, Kefer C, Shott S, Abbas K, et al. (1999) Taste

changes experienced by patients receiving chemotherapy. Oncol Nurs Forum
26: 697–706.

12. Bernhardson BM, Tishelman C, Rutqvist LE (2007) Chemosensory changes
experienced by patients undergoing cancer chemotherapy: a qualitative

interview study. J Pain Symptom Manage 34: 403–412.

13. Steinbach S, Hummel T, Bohner C, Berktold S, Hundt W, et al. (2009)

Qualitative and quantitative assessment of taste and smell changes in patients
undergoing chemotherapy for breast cancer or gynecologic malignancies. J Clin

Oncol 27: 1899–1905.

14. Brizel DM (2007) Pharmacologic approaches to radiation protection. J Clin

Oncol 25: 4084–4089.

15. Grochova D, Smardova J (2007) The antimutagenic and cytoprotective effects of

amifostine: the role of p53. J Appl Biomed 5: 171–178.

Amifostine Prevents Loss of Taste

PLOS ONE | www.plosone.org 12 April 2013 | Volume 8 | Issue 4 | e61607



16. Praetorius NP, Mandal TK (2008) Alternate delivery route for amifostine as a

radio-/chemo-protecting agent. J Pharm Pharmacol 60: 809–815.
17. Andreassen CN, Grau C, Lindegaard JC (2003) Chemical radioprotection: a

critical review of amifostine as a cytoprotector in radiotherapy. Semin Radiat

Oncol 13: 62–72.
18. Culy CR, Spencer CM (2001) Amifostine: an update on its clinical status as a

cytoprotectant in patients with cancer receiving chemotherapy or radiotherapy
and its potential therapeutic application in myelodysplastic syndrome. Drugs 61:

641–684.

19. Antonadau D, Pepelassi M, Synodinou M, Puglisi M, Throuvalas N (2002)
Prophylactic use of amifostine to prevent radiochemotherapy-induced mucositis

and xerostomia in head-and-neck cancer. Int J Radiat Oncol Biol Phys 52: 739–
747.

20. Mukherjee N, Delay ER (2011) Cyclophosphamide-induced disruption of
umami taste functions and taste epithelium. Neuroscience 192: 732–745.

21. Davidson W, Teleni L, Muller J, Ferguson M, McCarthy AL, et al. (2012)

Malnutrition and chemotherapy-induced nausea and vomiting: implications for
practice. Oncol Nurs Forum 39: E340–345.

22. Cheng LH, Robinson PP (1991) The distribution of fungiform papillae and taste
buds on the human tongue. Arch Oral Biol 36: 583–589.

23. Zhang G, Zhang H, Deng S, Qin Y, Wang T (2008) Quantitative study of taste

bud distribution within the oral cavity of the postnatal mouse. Archives of oral
biology 53: 583–589.

24. Kinnamon J (1987) Organization and innervation of taste buds. In: (ed.).
TFaWS, editor. Neurobiology of Taste and Smell. New York: Wiley. pp. pp.

277–297.
25. Kinnamon JC, Henzler DM, Royer SM (1993) HVEM ultrastructural analysis

of mouse fungiform taste buds, cell types, and associated synapses. Microsc Res

Tech 26: 142–156.
26. Ma H, Yang R, Thomas SM, Kinnamon JC (2007) Qualitative and quantitative

differences between taste buds of the rat and mouse. BMC Neurosci 8: 5.
27. Crowley HH, Kinnamon JC (1995) Transmission electron microscopy of

gustatory epithelium.; Spielman A, Brand J, editors. Boca Raton, Fl: CRC Press.

28. Shimada IS, Peterson BM, Spees JL (2010) Isolation of locally derived stem/
progenitor cells from the peri-infarct area that do not migrate from the lateral

ventricle after cortical stroke. Stroke 41: e552–560.
29. Finger TE (2005) Cell types and lineages in taste buds. Chem Senses 30 Suppl 1:

i54–55.
30. Clapp TR, Yang R, Stoick CL, Kinnamon SC, Kinnamon JC (2004)

Morphologic characterization of rat taste receptor cells that express components

of the phospholipase C signaling pathway. J Comp Neurol 468: 311–321.
31. List AF, Heaton R, Glinsmann-Gibson B, Capizzi RL (1996) Amifostine protects

primitive hematopoietic progenitors against chemotherapy cytotoxicity. Semin
Oncol 23: 58–63.

32. Wasserman TH, Phillips TL, Ross G, Kane LJ (1981) Differential protection

against cytotoxic chemotherapeutic effects on bone marrow CFUs by Wr-2721.
Cancer Clin Trials 4: 3–6.

33. Cassatt DR, Fazenbaker CA, Kifle G, Bachy CM (2003) Subcutaneous
administration of amifostine (ethyol) is equivalent to intravenous administration

in a rat mucositis model. Int J Radiat Oncol Biol Phys 57: 794–802.
34. Geng L, Hanson WR, Malkinson FD (1992) Topical or systemic 16, 16 dm

prostaglandin E2 or WR-2721 (WR-1065) protects mice from alopecia after

fractionated irradiation. Int J Radiat Biol 61: 533–537.

35. Hunter NR, Guttenberger R, Milas L (1992) Modification of radiation-induced
carcinogenesis in mice by misonidazole and WR-2721. Int J Radiat Oncol Biol

Phys 22: 795–798.

36. van Laar JA, van der Wilt CL, Treskes M, van der Vijgh WJ, Peters GJ (1992)
Effect of WR-2721 on the toxicity and antitumor activity of the combination of

carboplatin and 5-fluorouracil. Cancer Chemother Pharmacol 31: 97–102.

37. Yuhas JM, Culo F (1980) Selective inhibition of the nephrotoxicity of cis-
dichlorodiammineplatinum(II) by WR-2721 without altering its antitumor

properties. Cancer Treat Rep 64: 57–64.

38. Yuhas JM, Spellman JM, Culo F (1980) The role of WR-2721 in radiotherapy
and/or chemotherapy. Cancer Clin Trials 3: 211–216.

39. Allalunis-Turner MJ, Siemann DW (1988) Modification of cyclophosphamide-

induced pulmonary toxicity in normal mice. NCI Monogr: 51–53.

40. Glick JH, Glover D, Weiler C, Norfleet L, Yuhas J, et al. (1984) Phase I

controlled trials of WR-2721 and cyclophosphamide. Int J Radiat Oncol Biol

Phys 10: 1777–1780.

41. Kligerman MM, Glover DJ, Turrisi AT, Norfleet AL, Yuhas JM, et al. (1984)

Toxicity of WR-2721 administered in single and multiple doses. Int J Radiat

Oncol Biol Phys 10: 1773–1776.

42. Aviles A, Diaz-Maqueo JC, Talavera A, Garcia EL, Guzman R, et al. (1997)

Bone marrow protection with amifostine in the treatment of high-risk malignant

lymphoma. Eur J Cancer 33: 1323–1325.

43. Kemp G, Rose P, Lurain J, Berman M, Manetta A, et al. (1996) Amifostine

pretreatment for protection against cyclophosphamide-induced and cisplatin-

induced toxicities: results of a randomized control trial in patients with advanced
ovarian cancer. J Clin Oncol 14: 2101–2112.

44. Capizzi RL (1999) Amifostine reduces the incidence of cumulative nephrotox-

icity from cisplatin: laboratory and clinical aspects. Semin Oncol 26: 72–81.

45. Alberts DS (1999) Protection by amifostine of cyclophosphamide-induced

myelosuppression. Semin Oncol 26: 37–40.

46. Hensley ML, Schuchter LM, Lindley C, Meropol NJ, Cohen GI, et al. (1999)
American Society of Clinical Oncology clinical practice guidelines for the use of

chemotherapy and radiotherapy protectants. J Clin Oncol 17: 3333–3355.

47. Carson JA, Gormican A (1977) Taste acuity and food attitudes of selected
patients with cancer. J Am Diet Assoc 70: 361–365.

48. Hall JC, Staniland JR, Giles GR (1980) Altered taste thresholds in gastro-

intestinal cancer. Clin Oncol 6: 137–142.

49. Bouton M (2007) Learning and Behavior: A Contemporary Synthesis. Sunder-

land, MA.: Sinauer Associates, Inc.

50. Nguyen HM, Reyland ME, Barlow LA (2012) Mechanisms of taste bud cell loss
after head and neck irradiation. J Neurosci 32: 3474–3484.

51. Kavanagh BD, Lin PS, Chen P, Schmidt-Ullrich RK (1995) Radiation-induced

enhanced proliferation of human squamous cancer cells in vitro: a release from
inhibition by epidermal growth factor. Clin Cancer Res 1: 1557–1562.

52. Witt M, Miller IJ Jr (1992) Comparative lectin histochemistry on taste buds in

foliate, circumvallate and fungiform papillae of the rabbit tongue. Histochem-
istry 98: 173–182.

53. Zhang C, Oakley B (1996) The distribution and origin of keratin 20-containing

taste buds in rat and human. Differentiation 61: 121–127.

54. Nguyen HM, Barlow LA (2010) Differential expression of a BMP4 reporter

allele in anterior fungiform versus posterior circumvallate taste buds of mice.

BMC Neurosci 11: 129.

Amifostine Prevents Loss of Taste

PLOS ONE | www.plosone.org 13 April 2013 | Volume 8 | Issue 4 | e61607


