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Abstract 
 

Scientific explorations can lead to life changing discoveries or light the path for new 

discoveries as scientists continue to carry or pass on the torch of knowledge to current 

and future generations.  This torch of knowledge radiates in many directions, as the 

path of discovery often demands a multidimensional perspective.  This research 

explored the many aspects of metallic flavor in drinking water through applications of 

sensory science, medicine, health, and the environment.  

 
Humans interact with their environment through the five senses and are often exposed 

to contaminants through multiple routes; oral intake of trace metal contaminants through 

drinking water is a likely source.  The biochemical mechanism by which humans are 

able to detect the flavor of strongly metallic agents such as iron has been previously 

elucidated, but little is known about population variability in the ability to sense metallic 

flavors.  This research evaluated sensory thresholds and biochemical indicators of 

metallic flavor perception in healthy adults for ferrous iron in drinking water; 61 subjects 

aged 19 – 84 years, participated.  The findings demonstrated an age-dependent 

sensitivity to iron indicating as people age they are less sensitive to metallic perception; 

impairment of olfactory functions is a contributing factor. 

 
Unlike in healthy adults, where human senses are often protective of overexposure to 

contaminants, and supportive of sensations of everyday life’s pleasures, cancer patients 

often suffer from chemosensory dysfunctions.  Metallic phantom taste is a commonly 

experienced sensation, yet very little studied aspect of this debilitating disorder.  Impact 

of cancer therapy on chemosensory functions of patients with malignant brain tumors 

undergoing combined modality treatment (CMT) was explored.  The results indicated 

that chemosensory dysfunctions of the patients can range from minimal to moderate 
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impairment with maximum impairment developing during the 6-week CMT.  Study of 

salivary constituents may provide clues on to the causes of chemosensory dysfunctions.   

 
On health aspects, implication of individual sensitivity to metallic flavor on beverage 

choices and overall water consumption was assessed in 33 healthy adults through self-

reported beverage questionnaire.  The results indicated that among the elderly reduced 

intake of drinking water coincided with reduced sensitivity to metallic flavor.  The 

findings have important health implications in terms of hydration status and beverage 

choices. 

 
Finally, with environmental exposure relevance, preliminary findings on sensory 

properties of zerovalent iron nanoparticles (nZVI) indicated that oral exposure to nZVI 

may induce sensory properties different from that of ferrous iron, likely predictive of a 

diminished detection of metallic flavor by humans.  Further research is warranted in this 

area.
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Extended Abstract 
 

Scientific explorations can lead to life changing discoveries or light the path for new 

discoveries as scientists continue to carry or pass on the torch of knowledge to current 

and future generations.  This torch of knowledge radiates in many directions, as the 

path of discovery often demands a multidimensional perspective.  This research 

explored the many aspects of metallic flavor in drinking water through applications of 

sensory science, medicine, health, and the environment.  

 
Humans interact with their environment through the five senses and are often exposed 

to contaminants through multiple routes.  Oral intake of trace metal contaminants 

through drinking water is a probable source of exposure.  The biochemical mechanism 

by which humans are able to detect the flavor of strongly metallic agents such as iron 

has been previously elucidated, but little is known about population variability in the 

ability to sense metallic flavors.  This research evaluated sensory thresholds and 

biochemical indicators of metallic flavor perception in healthy adults for ferrous (Fe2+) 

iron in drinking water; 61 subjects aged 19 – 84 years, participated.  Metallic flavor 

thresholds for individuals and sub-populations based on age were determined.  Average 

thresholds for individuals younger and older than 50 years of age (grouped by the daily 

recommended nutritional guidelines for iron intake) were significantly different (p = 

0.013); the population thresholds for each group were 0.045 mg/L Fe2+ and 0.499 mg/L 

Fe2+, respectively.  Few subjects <50 years were also insensitive to metallic flavor.  

Standardize olfactory assessment found poor sensitivity for Fe2+ corresponded with 

conditions of mild, moderate, and total anosmia.  The findings demonstrate an age-

dependent sensitivity to iron indicating as people age they are less sensitive to metallic 

perception.

 
Unlike in healthy adults, where human senses are often protective of overexposure to 

contaminants, and supportive of sensations of everyday life’s pleasures, cancer patients 

often suffer from chemosensory (taste and smell) dysfunctions due to the disease itself 

and/or side effects of cancer treatment, especially those impacting the sensory organs.  

Metallic phantom taste is a commonly experienced sensation, yet very little studied 
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aspect of this debilitating disorder.  Through application of sensory science and 

diagnostic medicine, this research explored the impacts of cancer therapy on 

chemosensory functions of patients with malignant brain tumors undergoing combined 

modality (radiation & chemotherapy) treatment (CMT).  The study quantified taste and 

smell abnormalities (TSA) in a group of 22 glioma patients during the various phase of 

CMT, from 0 to 30-weeks post therapy, and explored salivary markers of oxidative 

stress as measured by iron-induced salivary lipid oxidation and evoked by oral intake of 

ferrous-spiked drinking water.  Salivary electrolytes and metal constituents were also 

explored as potential biomarkers of TSA.  Salivary markers in cancer patients were 

compared to a corresponding group of healthy subjects.  The results indicated that 

impact of cancer treatment on chemosensory functions of patients treated for primary 

malignant gliomas can range from minimal to moderate impairment with maximum 

impairment developing during the 6-week CMT.  When compared to healthy subjects, 

salivary oxidative stress response, total protein, Na, K, Cl, P, S, and Mg levels were 

significantly higher in cancer patients (p < 0.05), while salivary Zn, Fe, and oral pH 

levels were significantly lower in cancer patients (p < 0.05).  Study of salivary 

constituents may provide clues on to the causes of taste and smell disorders.   

 
On health aspects, this research explored the potential implications of individual 

sensitivity to metallic flavor, age, and beverage choices on overall consumption of 

drinking water as assessed through self-reported average daily beverage intake among 

33 healthy adults.  Plain water intake was notably lower among the elderly (60 – 84 

year) and the average total beverage intake for all age groups was below the prescribed 

adequate intake level (AI).  In the elderly group reduced intake of drinking water 

coincided with reduced sensitivity to metallic flavor.  Sugar-sweetened beverages (SSB) 

constituted 46% of the beverage caloric intake for age group 19 – 39 compared to 28% 

and 21% in age groups 40 – 59 and 60 – 84, respectively.  While at 79%, caloric intake 

from other beverages was highest among the elderly group.  Increased consumption of 

plain water should be encouraged among all age groups to minimize caloric intake from 

SSB and other caloric beverages.  The role of diminished taste sensitivity on reduced 

water intake among the elderly merits further exploration.  
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On environmental aspects, application of zerovalent iron nanoparticles (nZVI) in 

groundwater remediation and other treatment technologies raise concerns for human 

exposure to trace metal nanoparticles through drinking water.  Iron nanoparticles have 

been found in drinking water systems in conjunction with other trace metal contaminants 

and are being considered for use in food fortification; therefore potential for human 

exposure through ingestion can become an issue of concern.  This research took 

preliminary steps to assess whether ingestion of iron nanoparticles from drinking water 

could be detected through flavor perception, using in-vitro salivary lipid oxidation as an 

indirect indicator for metallic flavor perception by humans.  Ten female subjects ages 29 

to 59 years donated saliva samples for use in the in-vitro experiments.  The preliminary 

findings indicate that oral exposure to ZVI nanoparticles may induce sensory properties 

different from that of ferrous salt, likely predictive of a diminished detection of metallic 

flavor by humans.  Further research is warranted in this area. 

 
Finally, this research exploration exemplifies the importance of interdisciplinary 

collaboration in solving the increasingly complex and multi-dimensional issues that 

impact human health and the environment.  Assessment of human exposure risks to 

trace metals in drinking water and consumption patterns require collaborative insights 

from environmental engineers, sensory scientists, health and nutritionists; while in 

health compromised populations and cancer patients, understanding the causes of 

chemosensory dysfunctions require medical, diagnostic, as well as scientific insights.   
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Chapter I 

 
Introduction 

 
Characterization of flavor metals in drinking water is a multifaceted issue.  Flavor 

producing metals, such as iron, copper, and zinc are essential nutrients, can be toxic, 

and are known to produce unpleasant tastes and flavor sensations in water as well as 

other food and/or beverage media. On the other hand, their occurrence in drinking water 

can add nutritional quality to water as a healthy beverage resource.  Another important 

issue associated with metallic flavors is the variations in human perception.  Oral intake 

of trace metal contaminants through drinking water is a probable source of exposure.  

The biochemical mechanism by which humans are able to detect the flavor of strongly 

metallic agents such as iron has been previously elucidated, but little is known about 

population variability in the ability to sense metallic flavors.  Specifically, age-associated 

variations present a cause for concern as basic taste sensitivity in humans in known to 

decline by aging.  Unlike in healthy adults, where human senses are often protective of 

overexposure to contaminants, and supportive of sensations of everyday life’s 

pleasures, cancer patients often suffer from chemosensory (taste and smell) 

dysfunctions due to the disease itself and/or side effects of cancer treatment, especially 

those impacting the sensory organs; metallic phantom taste is a commonly experienced 

sensation, yet very little studied aspect of this debilitating disorder. This research 

explored the many aspects of metallic flavor in drinking water through applications of 

sensory science, medicine, health, and the environment. 

  
The chapters of this dissertation were written in manuscript format.  Chapter II presents 

the literature review relevant to the major aspects of this research.  

 
Chapter III - Age-associated Variation in Sensory Perception of Iron in Drinking 

Water and the Potential for Overexposure in the Human Population presents 

findings on the research that evaluated sensory thresholds and biochemical indicators 

of metallic flavor perception in healthy adults for ferrous iron in drinking water, with a 
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focus of evaluating age implications.  This paper was published in Environmental 

Science & Technology Journal. 

 
Chapter IV - Analysis of Salivary Fluid and Chemosensory Functions in Patients 

Treated for Primary Malignant Brain Tumors – In collaboration with the Wake-Forest 

University Medical Center, this research assessed the impacts of cancer therapy on 

chemosensory functions of patients with malignant brain tumors undergoing combined 

modality (radiation & chemotherapy) treatment (CMT), using salivary biomarkers and 

self-reported taste and smell questionnaires.  

  
Chapter V - Water Consumption in Healthy Adults: Implications of Age, Flavor 

Perception, and Beverage Choices explored the potential implications of individual 

sensitivity to metallic flavor, age, and beverage choices on overall consumption of 

drinking water and beverage intake as assessed through self-reported average daily 

beverage intake among healthy adults.  

 
Chapter VI - Role of Salivary Fluid in Metallic Flavor Production Associated with  

Iron and Copper Induced Lipid Oxidation (LO) - Using salivary LO (SLO) as an 

indicator of metallic flavor intensity, this study compared levels of iron and copper 

induced SLO in artificial saliva and investigated the individual and interactive influences 

of fatty acids, proteins, and nitrite in the production and/or inhibition of metallic flavor. 

 
Chapter VII – In-vitro Evaluation of Iron-induced Salivary Lipid Oxidation 

Associated with Exposure to Zero-valent Iron Nanoparticles (nZVI) - This research 

took preliminary steps to assess whether ingestion of iron nanoparticles from drinking 

water could be detected through flavor perception, using in-vitro SLO as an indirect 

indicator for metallic flavor perception by humans 

 
Chapter VIII – Perspectives on the current recent findings and insights for future 

research presents insights on the research findings and perspectives for future 

research explorations. 
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Appendix A – Institutional Review Board approvals for the work involved human 

subjects are included in this section. 

 
Appendix B – Taste and Smell Questionnaire for Cancer Patients this is the 

questionnaire utilized to assess taste and smell abnormalities in cancer patients as 

administered by the Wake-Forest University medical staff. 

 
Appendix C – Salivary Analysis Data on Cancer Patients and Healthy Subjects this 

section includes more detailed summary of salivary data and additional plots of the data 

presented in Chapter IV. 

 
Appendix D – Beverage Consumption Data on Healthy Subjects this section 

includes more detailed summary of salivary data presented in Chapter V.
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Chapter II 

Literature Review 

 

2.1 Metallic Flavor and Aspects of Sensory Science 

Consumers characterize foods and beverages through sensory evaluation. As defined 

by the Institute of Food Technologists, sensory evaluation is “a scientific discipline used 

to evoke, measure, analyze and interpret reactions to those characteristics of foods and 

materials as they are perceived by the senses of sight, smell, taste, touch, and hearing” 

(Stone and Sidel 1993).  Sensory attributes of food items and beverages are typically 

perceived through appearance, odor/aroma/fragrance, consistency/texture/mouth feel, 

and flavor, including aromatics, chemical feelings, and taste (Meilgaard et al. 2006).  

With regard to beverages, appearance can be classified as color, turbidity/clarity, and 

the degree of effervescence or carbonation, while odors can be perceived externally 

through the nose, as aromas from food products, or fragrances from perfumes. On the 

other hand, flavor is an attribute of foods and beverages that consists of combined 

sensations of tastes (sour, sweet, salty, bitter, and umami), mouth feel, and odors 

produced inside the mouth upon ingestion of foods and/or beverages (Meilgaard et al. 

2006).  Variations in human sensory perceptions can be attributed to psychological 

factors such as memory and personal experience and physiological factors, such as 

age and health status (Taylor and Roberts 2004).  

 
Metal salts of iron and copper are characterized as having a metallic taste or flavor.  

These metallic flavors are widely encountered as associated with off-flavors in foods 

and beverages or used as dietary supplements and fortifying agents.  However, their 

sensory profiles are complex and not well understood.  This section of the literature 

review provides an overview on the aspects of sensory science associated with metallic 

flavors. 

 
2.1.1 Human sensory perception of taste and flavor 

Our senses of taste and flavor perception guide us to identify and consume foods and 

nutrients that please us while avoiding toxins and/or spoiled material that may harm us.  
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Human taste perception is generally described by five basic qualities: salty, sour, sweet, 

bitter, and umami or savory, which is a sensation derived from glutamate, one of the 20 

amino acids that make up the proteins in meat, fish and legumes.  Glutamate is also a 

flavor enhancer used as a food additive in the form of monosodium glutamate (MSG).  

Other taste qualities such as fatty and metallic are sometimes regarded as basic taste 

qualities (Chaudhari and Roper 2010).  Although there is increasing evidence in the 

literature recognizing the sensory perception of metals such iron and copper as flavor 

rather than basic taste qualities (Epke and Lawless 2007; Ömur-Özbek and Dietrich 

2011). Fascinatingly, human flavor perception has been described as the “most 

complex of human behaviors” as it involves multiple senses, namely, smell, taste, 

texture, vision, and motor functions associated with salivary glands and mouth 

movements (Shepherd 2006).  This complex functioning of human flavor perception has 

been actually demonstrated by neuroscientists using brain images (Shepherd 2006).  

When humans were subjected to taste stimuli alone, only primary taste centers on the 

tongue and brain regions associated with taste were activated, whereas odor stimuli by 

themselves activated the olfactory regions.  Finally, when subjects were simultaneously 

presented with taste and odor stimuli, many regions of the brain were activated 

(Shepherd 2006; Small et al. 2005).  

 
Within the oral cavity, components responsible for the taste perception include taste 

molecules, receptor cells, and an aqueous environment such as saliva, which helps to 

dissolve and carry the taste molecules (Spielman 1990).  Special sense organs on the 

tongue and soft palate contain our taste receptors, which are housed in clusters within 

our oral epithelial cells membranes and referred to as taste buds.  The taste buds 

located on the tip or front, side, and back of the tongue have been respectively 

classified as fungiform (“mushroom like), foliate (“leaf like”), and circumvallate (“wall 

like”) papillae (Figure 2.1) (Breslin and Spector 2008).  The oral epithelial cell 

membranes consist of a phospholipid bilayer, with proteins and carbohydrates linked to 

the lipid bilayer.  Phospholipid bilayer consists of a polar head and a non-polar tail 

(Figure 2.2).  The hydrophobic tails interact with one another and form sheet structures 

that act as permeability barriers, while the hydrophilic heads interact with the aqueous 
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medium on each side of the bilayer (Tymoczko et al. 2010).  Phospholipids are 

composed of fatty acids attached to a glycerol backbone that also carries a phosphoryl 

group, thus forming a macromolecular structure with a polar head and a nonpolar tail 

(Figure 2.2).  Phospholipids consist of unsaturated fatty acids (Tymoczko et al. 2010).  

 

 
Figure 2.1. Schematic of human oral cavity, taste receptor cells, and taste buds. (Breslin and Spector 2008). Used 

with permission from Copyrights Clearance, Inc. 

 

 
Figure 2.2.  Illustration of membrane lipid bilayer (A) and Schematic structure of a phospholipid (B). The red circle 

designates hydrophilic heads.  
 

 

A 
B 
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In human epithelial cells, including skin and the oral cavity, arachidonic, linoleic, and 

oleic acids are among the major unsaturated fatty acids associated with phospholipids 

(Lekholm and Svennerholm 1977).  In biological systems, fatty acids typically contain an 

even number of carbon atoms, usually between 14 to 24 carbon atoms, with the most 

common ones being 16- and 18- carbon fatty acids.  Both linoleic (C18:2) and oleic 

(C18:1) acid consist of 18 carbons, while arachidonic acid (C20:4) consists of 20 carbon 

atoms (Tymoczko et al. 2010).  Unsaturated fatty acids contain one or more carbon-

carbon double bonds; the number of double bonds is typically designated following the 

number of carbons, such as C18:2, indicative of 18 carbons with 2 carbon-carbon 

double bonds (Tymoczko et al 2010).  Fatty acids with more double bonds, as well as 

trans- rather than cis- positioning of the double bonds, are more susceptible to 

oxidation.  Variety of proteins and glycoproteins are embedded within and/or are 

positioned on the surface of the membrane lipid bilayer (Tymoczko et al. 2010); these 

serve as receptor sites when taste and/or flavor substances are encountered within the 

oral cavity (Breslin and Spector 2008). 

 
Since flavor perception results from the combined sensations of taste, smell, and mouth 

feel, understanding the odor detection and oral processing of flavor stimuli is important. 

With regard to odor detection, airborne odor stimuli are sensed by the olfactory 

epithelium structure that is located in the roof of the nasal cavity (Dietrich 2009; 

Meilgaard et al. 2007) (Figure 2.3).  Odor molecules are captured by the millions of 

small, hair-like projections covering the olfactory epithelium, translated into signals 

through receptor proteins, and the signals sent to the olfactory bulb and brain for odor 

perception and recognition  (Meilgaard et al. 2007).  Air containing odor molecules can 

reach the olfactory bulb, through two pathways; one is through the nose (orthonasal) 

from inhaling external odors, and the other is through the back of the oral cavity 

(retronasal) from odors released in the mouth through ingested food or beverages 

(Meilgaard et al 2007).  Retronasal odors reach the olfactory epithelium through the 

nasopharyngeal passage, which connects the nasal and oral cavities (Dietrich 2009; 

Meilgaard et al. 2007) (Figure 2.3). 
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Figure 2.3.  Schematic of human olfactory system.  Shown in the figure are the orthonasal (O) and retronasal (R) 

paths of flavor compounds and odorants (Dietrich 2009).  Used with permission from the copyright holder, IWA 

Publishing.   

 

Since flavor perception results from the combined sensations of taste, smell, and mouth 

feel, understanding the odor detection and oral processing of flavor stimuli is important.  

With regard to odor detection, airborne odor stimuli are sensed by the olfactory 

epithelium structure that is located in the roof of the nasal cavity (Dietrich 2009; 

Meilgaard et al. 2007) (Figure 2.3).  Odor molecules are captured by the millions of 

small, hair-like projections covering the olfactory epithelium, translated into signals 

through membrane-bound receptor proteins, and the signals sent to the olfactory bulb 

and brain for odor (Deibler and Delwiche 2004). 

 
In addition to the above discussed mechanisms of taste and odor sensations that 

influence how humans perceive flavors, the oral processing, such as the action of 

chewing and swallowing influence perception of taste and/or flavor stimuli (Taylor and 

Roberts 2004).  This includes interaction of flavor stimuli with salivary fluid, which is the 

subject of discussion in the proceeding section. 

 
2.1.2 Salivary fluid composition and its role on taste and flavor perception 

Saliva is the principal fluid component of the external environment of the taste receptor 

cells and, as such, plays an important role in taste sensitivity.  Its main role includes 
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transport of taste substances to and protection of the taste receptor.  In the initial 

process of taste perception, saliva acts as a solvent for taste substances; composed of 

about, 99% water, salivary fluid dissolves taste substances, and the latter diffuse to the 

taste receptor sites where a signal is generated and transmitted to the brain (Plattig 

1988).  Saliva is composed of fluids from three major and multiple minor salivary glands.  

The major glands include, the parotid, the sublingual, and the submandibular, also 

called submaxillary (Pedersen et al. 2002) (Figure 2.4).  Each fluid has varying 

composition.  The parotid saliva contains high levels of alpha-amylase, proline-rich 

proteins (PRPs) and bicarbonate; the sublingual gland contains high levels of mucins, 

while the submandibular glands produce a mixture of three sections (Humphrey and 

Williamson 2001).  Whole saliva is more commonly studied due to the difficulty of 

isolating each oral fluid.  In addition to the gland secretions, whole saliva consists of 

other components such as microbes, enzymes, anti-microbial fluid, leukocytes, 

sloughed epithelial cells, and secretions from nasal and lung fluids (Tenovuo 1989). 

 

 

 
Figure 2.4.  Illustration of the major human salivary glands. 

(http://training.seer.cancer.gov/head-neck/anatomy/salivary.html), used with permission: “Public Domain” 
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Salivary flow and composition can vary based on flavor stimuli.  For example, sour 

tastes have the greatest effect on increasing salivary flow rate, while caffeine intake can 

reduce the flow rate (Taylor and Roberts 2004).  Additionally, salivary amylase plays a 

key role in the perception of starch-based foods, while, mucins have been known to 

bind with certain volatile compounds, thus influencing the degree of perception (Taylor 

and Roberts 2004; Hong et al. 2010).  Salivary proteins, PRPs are known for their 

binding interactions with tannins, associated with food polyphenols, and their influence 

on astringency of beverages such as wine and tea (Spielman 1990; Soares et al. 2011).   

 
Variations in salivary flow can also influence the pH, buffering capacity, and electrolytes 

composition of saliva (Spielman 1990; Tenovuo 1989).  Variety of factors, such as 

disease conditions, age, gender, emotional disorder, radiation therapy of the neck and 

head region, and many drugs can influence salivary flow rate and composition 

(Spielman 1990; Tenovuo 1989).  Among disease conditions, Sjörgen’s syndrome is 

best known for its negative effect on salivary flow rate.  Average inorganic and organic 

constituents of human saliva is available from multiple sources giving varying 

concentrations as summarized in Table 2.1 (Actis et al. 2005; M. Behuliak et al. 2009; 

Hong 2006; Mirlohi et al. 2011; Ömur-Özbek 2008).  

 

Table 2.1. Average constituents in whole saliva as reported in the literature. 

Constituent Mean ± s.d. Range 

Sodium (mmol/L) 12.03 ± 8.9 0.93 - 31.15 
Potassium (mmol/L) 21 ± 4 0.02 - 40 

Calcium (mmol/L) 2.16 ± 1.11 0.001 - 2.8 

Magnesium (mmol/L) 0.83 ± 0.33 0.13 - 1.78 

Copper (µg/L) 19.5 6.3 - 460 

Zinc (µg/L) 49.2 46.9 - 1627 

Phosphate (mmol/L) - 1.5 - 25 

Sulfate 5.8 ± 0.25 - 

Chloride - 10 - 56 

Carbonate 20 ± 8 - 

pH (S.U.) 6.5 ± 0.37 5.5 - 7.5 

Nitrite (µmol/L) 178 ± 11 - 

Chromium (µg/L) 230 ± 30 - 

Total Protein (g/L) 0.62 ± 0.25 0.25 - 1.2 

Salivary TBARS 0.25 ± 0.11 0.1 - 2.0 

Free Fatty Acids (mg/100ml) - 1.3 – 5.7 
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Salivary constituents in humans have been extensively studied in oral/dental research.  

Saliva composition and secretion rates are influenced by multiple factors, such as age, 

gender, diet, and general health; for example, salivary flow rate and buffering capacity 

have been shown to be significantly lower in females than males (Tenovuo 1989).  

 
Changes in saliva composition have been primarily linked to salivary flow rate.  In one 

study, it was shown that in unstimulated saliva, salivary flow rate decreased by age 

when 21 individuals in each age group of 18-35 years old and 65-83 years old were 

compared (Navazesh et al. 1992).  Another study investigated the change in 

protein/peptide composition in saliva of 67 individuals in age range of 6 to 44 years old, 

and found that level and types of proteins varied significantly among different age 

groups (Cabras et al. 2009).  Age-related change in salivary flow and total protein 

content has also been demonstrated in a large study with 1006 subjects ranging in age 

from 35 to greater than 75 years old, divided into different age categories.  In this study 

it was shown that the salivary flow rate significantly decreased by age, whereas, the 

total protein content increased by age (Yeh et al. 1998).  High variability in TBARS 

content of saliva has also been noted for repeated daily measurements taken on a 

given individual as well as among 38 individuals (M Behuliak et al. 2009). 

 
Documented data in literature point to the variability in saliva composition based on age; 

however, the results are also conflicting; some indicating no age effect depending on 

the type of salivary flow, such as stimulated or unstimulated, submandibular or 

sublingual (Dodds et al. 2005).  It has been noted that minimizing variability in sampling 

of saliva as well as some type of data normalizing measure would aid in controlling the 

inherent variability in saliva components (Tenovuo 1989; M. Behuliak et al. 2009).  

 
2.1.3 Metallic flavor characteristics and oral sensation 

The flavor generated by ferrous solutions has been described as metallic, sweet, bitter 

and astringent (Ömur-Özbek and Dietrich 2011; Cohen 1960; J Lim and H Lawless 

2006). One study showed that the metallic salts cause a metallic taste as they create a 

surface electrical potential in the mouth (Plattig 1988).  Another described high 

concentrations of divalent cations, such as zinc, as having bitter, salty, metallic, 
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astringent, sour, and sweet tastes (Lawless 2003), but another study (R Keast 2003) 

reported zinc had little taste.  

 
Various studies have been conducted to determine the human threshold for ferrous iron.  

A study done by Lawless determined the geometric mean thresholds for three different 

iron salts: ferrous sulfate 28 mg/L, ferrous chloride 13 mg/L, and ferrous gluconate 10 

mg/L; while the means were not significantly different, the variability between the 

individual responses were considerably high (J Lim and HT Lawless 2006).  Others 

have found threshold values for ferrous sulfate ranging from 0.04-256 mg/L (Cohen et 

al. 1960).  A more recent study had the threshold of ferrous iron as 0.003 to greater 

than 5 mg/L (Ömur-Özbek and Dietrich 2011); however, the data from this study were 

mostly represented by individuals less than 25 years old.  Metallic flavor threshold 

concentrations were also found to be considerably varied depending on the quality of 

the water used for preparing samples (Hoehl et al. 2009). 

 
The wide range of threshold values indicated a level of complexity in the causes of 

metallic flavors and lead to additional studies.  The initial studies looked at the effect of 

nasal occlusion on threshold values (Hettinger et al. 1990).  Theses studies showed an 

increase in the threshold values for ferrous iron when the nose was closed, indicating 

that perception from retronasal odor was blocked, but this was not the case for copper 

or zinc sulfate (Lawless et al. 2004).  The values showed an increase ranging from 3.5 

to 5.3 times for ferrous chloride and sulfate respectively in individual thresholds (Epke 

and Lawless 2007).  Another study reported that copper speciation significantly affected 

taste such that soluble species were more readily tasted than particulate species 

(Cuppett et al. 2006).  Retronasal component of metallic flavor was also demonstrated 

in a more recent study where individuals tasting water samples spiked with ferrous, 

ferric, cuprous, and cupric, with their nose occluded, could not taste the metallic; 

however with their nose open, metallic sensation was perceived strongest for ferrous, 

followed by cupric and cuprous salts (Ömur-Özbek and Dietrich 2011).  No metallic 

taste was perceived for ferric chloride salt.  
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The effect of retronasal occlusion on reducing metallic flavor perception led to attempts 

to isolate and identify specific volatile compounds linked to metallic flavor.  In this 

attempt, a study was conducted by placing copper or iron on the skin and collecting the 

volatilized compounds produced in a small headspace.  Solid Phase microextraction 

(SPME) and GC/MS analysis was then performed on the headspace samples.  The 

samples showed the production of aldehydes and ketones, including 1-octen-3-one.  

The carbonyl compounds were the lipid peroxides created by the metal oxidized lipids 

within the skin (Glindemann et al. 2006).  Metallic flavor producing compounds have 

also been isolated from food matrices.  For example, the metallic and fishy aftertaste 

associated with the consumption of red wine with fish meat has been attributed to the 

release of volatile compounds of fishy aftertaste, such as hexanal, heptanal, 1-octen-3-

one, (E,Z)-2,4-heptadienal, nonanal, and decanal, as determined by gas 

chromatography-olfactometry and gas chromatography-mass spectrometry in dried 

scallop soaked in red wine (Tamura et al. 2009). 

 
2.1.4 Taste and smell functions and aging 

There have been numerous studies on the effect of age on taste sensitivity in humans, 

mostly focusing on the five basic tastes of salty, sweet, bitter, sour, and umami (Mojet et 

al. 2005).  Researchers have documented evidence of diminished basic taste functions 

due to normal aging process; however, other factors associated with aging such as 

reduced saliva production, reduced sense of smell, use of prescription drugs, tooth loss, 

and interference with chewing function from the use of dentures, can contribute to 

altered taste functions (Boyce J M 2006).  The study by Mojet et al. reported that age 

effects on taste threshold for the four basic tastes varied for the different tastants.  For 

example, the difference in thresholds between old and young for salty taste was larger 

than sweet taste (F1,38= 9.29, P < 0.005).  The older group consisted of 21 healthy, 

adults in age range of 60-75 years old; whereas, the younger group included 22 healthy 

adults in the age range of 19-33 years olds.  Additionally, there was a large difference in 

thresholds for sour taste (F1,38 = 5.44, P < 0.05) (Mojet et al. 2001).  In all cases, the 

taste sensitivity declined in the older age group. 
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With regard to the five basic tastes, evidence of age effects on taste sensitivity is well 

documented in the literature; however, data on the effect of age on metallic flavor 

threshold is lacking.  Reported threshold studies on metallic taste and specifically for 

iron and cupper sulfate in water, have included individuals in age range of 17 to 50 

years old (Zacarias et al. 2001) or 18 – 65 years old (Epke and Lawless 2007); 

however, no specific age effects have been noted.  Additionally, it is not always clear 

how the proportions of study participants are distributed by age.  Further gains in the 

knowledge of age-related changes in human taste sensitivity to metallic flavors would 

be valuable in relation to examination and management of taste disorders associated 

with drug use, disease, and/or normal aging process.  

 
Human smell functions are also known to decline by aging, or impair due to other 

factors, such as disease conditions like Alzheimer’s and Parkinson’s, respiratory 

infections, side effects of some drugs, and environmental exposure (Ackerman and 

Kasbekar 1997; Boyce and Shone 2006; Calderon-Garciduenas et al. 2010; Doty 2007; 

Doty et al. 2008).  In the United States, the National Health Interview Survey (NHIS) in 

1994 had estimated that approximately 2.7 million American had self-reported smell 

impairments with frequency of occurrence being higher among adults ages 55 years 

and older (Murphy et al. 2002).  While the loss or diminished smell functions is typically 

associated with retronasal perception, there have been a number studies examining the 

influence of orthonasal smell impairment on retronasal smell functions (Gudziol et al. 

2007; Hummel et al. 2001; Stinton et al. 2010).  Although the results of these studies 

have been conflicting; some showed that loss of orthonasal functions impacted the 

ability to identify basic taste stimuli (Hummel et al 2001; Gudziol et al 2007), while 

another study with larger populations showed that when controlling for subject age and 

sex, smell losses did not influence basic taste sensitivity (Stinton et al 2010).  

Recognizing this association of taste and smell functions is important since impairment 

of retronasal smell functions in turn influences the ability to taste the flavors of foods 

and beverages, and can ultimately impact the quality of life, in additions to the serious 

danger of exposure to potential toxicants with impaired or lost sensation.  Additionally, 
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further explorations are warranted on the association of taste and smell functions 

specific to metallic stimuli, since metallic sensation has a considerable retronasal smell.   

 
2.1.5 Lipid oxidation and metallic flavor perception 

A mechanism responsible for the generation of metallic flavor is lipid oxidation; on the 

human skin surface, lipid oxidation has been linked to the production of “metallic” odor 

compounds produced when a metallic object such as a key or a penny is held in the 

hand (Glindemann et al. 2006).  Occurrence of metal-induced lipid oxidation has also 

been demonstrated in the oral cavity of healthy human subjects when drinking water 

spiked with copper and iron was consumed (Ömur-Özbek 2008).  Lipid oxidation is a 

measure of oxidative stress in the cellular environment.  Oxidative stress is a result of 

imbalance between oxidants and antioxidants in the body; oxidative stress results in 

damage to macromolecular components of cells such as nucleic acids, proteins, and 

lipids.  Specifically, lipid oxidation causes damage to cells by formation of lipid 

peroxides through generation of free radical species (Armstrong and Browne 1994).  

Free radical species are formed when covalent bonds between atoms are broken 

leaving unpaired electrons on the broken ends.  Free radicals react with membrane 

lipids, consisting of mostly polyunsaturated fatty acids (PUFA); the resulting lipid 

hydroperoxides are highly reactive and unstable (Catala 2009).  Metals act as catalysts 

in the free radical processes that breakdown polyunsaturated fats (Spanier 1991).  

Metals promote decomposition of these hydroperoxides by the production of reactive 

free radicals as shown below for iron: 

Fe2+ + LOOH � Fe3+ + LO. + OH. 

Fe3+ + LOOH � Fe2+ + LOO. + H. 

 

In addition to being catalyzed by metals, such as iron and copper, free radical mediated 

oxidation of PUFA can be initiated by a number of reactive oxygen species (ROS) 

abundantly found in biological membranes (Frankel 1998).  Typical ROS include 

superoxide radical (O2
.-) singlet oxygen (O2

1), triplet oxygen (O2
3), hydroxyl radical 

(.OH), alkoxyl radical (ROO.).  There are numerous pathways and products that are 

produced in the lipid oxidation process (Frankel 1998; Shibamoto 2006).  Two of the 
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common pathways are mediated by enzymes and result in the production of 

prostaglandin or leukotriene compounds (Figure 2.5).   

 

 

Figure 2.5. Enzyme mediated pathways of lipid oxidation.  

[Source: http://en.wikipedia.org/wiki/File:Eicosanoid_synthesis.svg]; used with permission: “Public Domain” 
 

 
The non-enzymatic pathway involves free radical reactions occurring at one of the 

double bonds in PUFA.  The reaction proceeds through three steps known as initiation, 

propagation, and termination as highlighted in Figure 2.6.  

 

(1) Initiation: 

RH � R
.
 + H

.
 

(Catalyzed with heat, light, and/or metals) 

ROOH + M
3+

 � ROO
.
 +H

.
 + M

2+ 
(slow) 

ROOH + M
2+

 � RO
.
 + OH

.
 + M

3+
 (very fast) 

2 ROOH � RO
.
 + ROO

.
 + H2O 

 

(2) Propagation: 

R
.
 + O2 � ROO

.
 

ROO
.
 + RH � ROOH + R

.
 (slow) 

RO
.
 + RH � ROH + R

.
 

 

(3) Termination (occurs when two radicals react): 

R
.
 + R

.
 � RR 

ROO
.
 + ROO

.
 � ROOR + O2 

 

Figure 2.6. Free radical directed lipid oxidation reactions. 
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Once free radicals are formed and lipid oxidation reactions are initiated, many 

intermediates and secondary by-products are formed (Shibamoto 2006) (Figure 2.7).  

There are several products of the non-enzymatic reaction, including conjugated dienes, 

isoprostanes, lipid hydroperoxides, and the hydroperoxide breakdown products 4-

hydroxynonenal and malondialdehyde (MDA).  These products have been used to 

monitor lipid peroxidation, and involve analysis by GC-MS, LC-MS, enzyme-linked 

immunoassays (ELISA), and fluorometric and spectrophotometric methods (Shibamoto 

2006).  Some of the secondary lipid oxidation products, such as MDA, 4-hydroxy-2-

nonenal (HNE) have been used as biomarkers of oxidative damage in in-vitro and in-

vivo studies (Dmitriev and Titov 2010).  As the most commonly measured lipid oxidation 

products, MDA has been regarded as mutagenic and carcinogenic due to its ability to 

form DNA adducts (Marnett 1998). 

 

Figure 2.7. Proposed intermediates and secondary by-products of lipid oxidation. Figure used with permission from 

Copyrights Clearance Center, Inc. (Reference: Shibamoto 2006). 
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Many low molecular weight secondary by-products of lipid oxidation, such as the 

carbonyl compounds are highly reactive, water soluble, and volatile, as such their 

isolation and measurement is often challenging (Shibamoto 2006).  Common 

measurement methods for lipid oxidation products are discussed in the proceeding 

section. 

 
2.1.6 Measurement methods for salivary lipid oxidation 

Lipid oxidation has been extensively studied using the thiobarbituric acid reactive 

substances (TBARS) assay, which involves derivatization of malondialdhyde with 

thiobarbituric acid to produce a pink product that is quantified in a UV-VIS 

spectrophotometer (Yagi 1998).  This assay, while quick, is not always an accurate 

measure of MDA, since other aldehydes may react with the reagent (Figure 2.8). 

                                      MDA                       TBA                      MDA-TBA Adduct (Pink Product) 

 

Figure 2.8. Reaction of thiobarbituric acid (TBA) with malondialdehyde. Figure used with permission from 

Copyrights Clearance Center, Inc. (Reference: Shibamoto 2006). 
 

The measurement of TBARS has been a widely used method for screening and 

monitoring lipid peroxidation since the early 80’s.  The TBARS method has been used 

to evaluate samples that include human and animal tissues and fluids, drugs and foods.  

TBARS is a good indicator of oxidative stress and may be used to study the effect of 

nutrition on free radical formation, oxidative stress and ultimately on the health of the 

subjects (Yagi 1998).  With more recent method developments, the use of TBARS 

method is not recommended for use in complex matrices, such as human plasma, since 

this method does not directly measure MDA 

 
Recently, measurement of TBARS has been used to determine the lipid oxidation 

caused by metal salts in the oral cavity (Mirlohi et al. 2011; Ömur-Özbek 2008).  In 
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these studies, the TBARS concentration in saliva was measured before and after 

treatment with a metal salt solution in eleven volunteers (who had not consumed food or 

beverages and had not smoked for at least thirty minutes prior to testing).  Participants 

donated saliva five to eight times over several months.  In these normal volunteers, 

there was a significant increase in TBARS concentration in saliva after rinsing the 

mouth with the ferrous iron solution.  The concentration of MDA in control and metal 

saliva samples varied among participants but was always greater after ferrous ion 

treatment.  This analysis demonstrated the occurrence of metal-induced lipid oxidation 

in the oral cavity. 

 
While the TBARS methods continues to be utilized as a measure of lipid oxidation in 

food and biological systems, there are other commonly used methods of measuring the 

extent of lipid oxidation.  For example, sensory methods in combination with 

instrumental analysis have been used to identify off-flavors in food matrices (Tamura et 

al. 2009; Frankel 1998).  For instrumental analysis, low molecular weight carbonyls, 

such as MDA are first converted to a stable product through derivatization of carbonyls 

with 2,4-dinitrophenylhydrazine (DNPH).  This method has been widely used due to its 

high reactivity and selectivity.  During derivatization, the carbonyl loses its oxygen and 

forms a stable complex with the DNPH as shown in Figure 2.9.  Once stabilized, DNPH-

carbonyl product can be analyzed by high pressure liquid chromatography (HPLC) or 

gas chromatography-mass spectrometry (GC-MS) after being extracted with an 

appropriate organic solvent (Shibamoto 2006).  Other derivatizing agents such as 0-

(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine (PFBHA) have also been used (Sugaya et 

al. 2001). 

  

Figure 2.9. Reaction of carbonyls with DNPH to form a stable hydrazone derivative.  Figure used with permission 

from Copyrights Clearance Center, Inc. (Reference: Shibamoto 2006). 
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Other commonly measured biomarkers of lipid oxidation are F2-isoprostanes, protein 

carbonyls, and 4-hydroxy-2-nonenal (HNE) (Catala 2009; Moore and Roberts 1998).  

F2-isoprostanes are formed through non-enzymatic reaction of free radical with 

membrane lipids, specifically arachidonic acid (Bevan et al. 2003; Nourooz-Zadeh 

2008).  Sensitive and accurate measurement using GC-MS has been established for 

measuring isoprostanes in human urine and plasma samples (Bevan et al. 2003; Li et 

al. 1999a). 

 
In addition to lipid oxidation, protein oxidation has also been used as a measure for 

oxidative stress in vivo.  Since oxidative stress can alter proteins as well as membrane 

lipids, measuring by-products of protein oxidation, such as protein carbonyls has been 

used in conjunction with lipid oxidation (Dotan et al. 2004).  Protein carbonyls can be 

measured through derivatization by DNPH makes, followed by detection of the 

hydrazone derivative by spectroscopy or Western Blotting (Bevan et al. 2003; Dotan et 

al. 2004).  For in-vivo studies, multiple measures of oxidative stress, such as lipid 

oxidation, protein oxidation, and DNA damage may need to be assessed to accurately 

define the level of oxidative stress (Dotan et al. 2004; Dalle-Donne et al. 2006). 

 
2.1.7 Sensory methods in assessing taste sensitivity and smell functions 

Human variation in taste perception has been recognized for more than 120 years 

(Hayes and Keast 2011).  The first discovery on the now known genetic variation on 

human perception of the bitter compounds, phenylthiocarbamide   and thiourea was 

reported in 1932 (Hayes and Keast 2011).  In 2003, genetic variation in the bitter 

receptor gene TAS2R38 was linked to the molecular basis of differences in 

phenylthiocarbamide (PTC) detection thresholds (Kim et al. 2003).  Since then, 

numerous researchers have explored the variations of human perception of taste and 

flavor using a variety of techniques.  This brief review presents commonly used 

methods of assessing taste and smell functions in clinical and research applications. 

 
A commonly used measure of variations in individual taste sensitivities is sensory 

threshold.  Thresholds are defined as limits of sensory abilities and can be categorized 



 21

as absolute threshold, recognition threshold, the difference threshold, and the terminal 

threshold (Meilgaard et al 2007).  The absolute or detection threshold is the lowest 

amount of a stimulus capable of producing a sensation, while recognition threshold is 

the level of stimulus at which the invoked sensation is recognized, such as recognizing 

a metallic flavor in water.  The difference threshold, or the term just noticeable 

difference (JND) basically aims to fine tune the threshold by defining at what amount 

above or below a given stimulus would a sensation be felt.  On the other hand, the 

terminal threshold is the threshold above, which there is no increase in the intensity of a 

perceived stimulus (Meilgaard et al 2007).  A good threshold determination requires 

hundreds of samples and results do not always reproduce well.  Published thresholds 

have been shown to vary by a factor of 100 or more (Meilgaard et al. 2007).  Various 

data analysis and test design methods are used to deal with the high variability in 

threshold testing.  A commonly used standardized method of human taste and/or odor 

threshold determination is the ascending concentration forced choice (AFC) procedure 

(American Standards for Testing Materials (ASTM) 1997; Lawless and Heymann 1998).  

The typical AFC method utilizes 3-sample presentation scenario where human subjects 

are presented with three taste samples, two of which are control samples and one is the 

taste stimulus.  With samples presented in random order, the subjects are asked to 

identify the odd (i.e., the different) sample (ASTM 1997; Meilgaard et al 2007).  A range 

of concentrations of the stimulus, spaced by a factor of 1.5 to 2, is often presented in an 

ascending order.  The threshold for a given stimulus is typically confirmed when 

subjects consistently identify the odd sample several times in a row.  A group of 25 

subjects or more is recommended when estimating population thresholds for taste or 

odor stimuli (Lawless and Heymann 1998).  In addition to the commonly used 3-sample 

AFC test, also called one-of-three test, a 5-sample AFC test has been used (Ömur-

Özbek and Dietrich 2011; Cuppett 2006).  In this test scenario, the chance for a subject 

to guess a correct identification is reduced from 33% (1/3) to 20% (1/5), thus improving 

the test performance accuracy. 

 
Two common methods of estimating a population threshold are geometric mean and 

logistic regression.  The geometric, rather than arithmetic mean is used in this case in 



 22

order to reduce the effect of outliers in estimating the threshold value.  Individual 

thresholds are calculated by taking the geometric of the lowest concentration panelists 

can detect and the highest concentration they cannot.  The lowest concentration they 

can detect is classified as the first of at least 3 correct choices in a row.  The overall or 

population threshold concentration for a given stimulus is calculated as the geometric 

mean of the individual subjects threshold values.  Logistic regression is another 

threshold determination analysis method.  Logistic regression estimated the population 

threshold at the concentration of the stimulus at which 50% of subjects correctly 

identified.  Both methods of calculation typically result in comparable estimates of 

population threshold (Ömur-Özbek and Dietrich 2011; Cuppett 2006). 

 
Based on sensory principles similar to that of the ascending forced-choice procedure, 

other methods have been used to assess human taste and smell functions in clinical or 

diagnostic applications.  A widely used method is a scratch-and-sniff test consisting of a 

booklet with 10–40 individual sheets that have microencapsulated beads impregnated 

with specific odors.  As an example, the University of Pennsylvania Smell Identification 

Test (UPSIT) is widely used in clinical, research, and industrial applications (Doty 2008).  

In its most comprehensive variation, the odor test booklet consists of 40 different odors 

which subjects will smell in a given order by scratching the odor-impregnated surface by 

a pencil tip to release the odor, sniff the odor, make a forced-choice identification from a 

given selection of four answers (Doty 2008).  The scratch and sniff test does not 

determine an odor threshold level.  For that purpose, procedures similar to the above-

discussed AFC sensory threshold method may be used to assess sensitivity to specific 

odorants.  Another olfactory assessment method involves the use of an olfactometer, an 

instrument that allows the examiner to pass specific concentrations of a known odor to 

the nose of the patient; the patient would name the odor at given concentration that 

would be representative of their individual recognition threshold (Tsukatani et al. 2005).  

Other diagnostics measures of olfactory functions include physical examination of ears, 

nose, and throat, oral hygiene, personal history of diseases and medication, and the 

use of self-reported questionnaires (Hoffman et al. 2009).  
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Clinical methods for assessing taste functions typically involve sensitivity or threshold 

test using the five basic taste stimuli (sweet, sour, salty, bitter, and umami).  In this 

method, known concentrations of a given taste stimulus are presented to patients and 

they are asked to sip the solution, identify the taste, and discard upon tasting (Hoffman 

et al. 2009; Wrobel and Leopold 2004).  Alternatively, taste strips impregnated with a 

known concentration of a basic taste stimuli may be used; in this case the paper strip 

can be placed on the tongue and the patient would be asked to identify the taste 

substance (Hoffman et al 2009).  This method has been used in assessing taste 

function in patients with Parkinson’s disease (Kim et al. 2011). 

 
2.2 Metallic Flavor and Aspects of Medicine 

In the preceding sections, discussion of the sensory aspects of metallic flavors 

presented the complexities and fascinating functioning of human senses, as well as our 

current understanding on the mechanisms of how metallic off-flavors are produced and 

measured in foods, beverages, and biological systems.  In the proceeding sections, we 

will discuss medical aspects associated with metallic flavor, namely, taste disorders, 

medication side-effect, disease conditions, and cancer therapies.  Additionally, in this 

context, the role of salivary fluid in medical diagnostics will be discussed. 

 
2.2.1 Metallic taste disorders, medications, and human disease 

Taste and smell functions are critical aspects of human physiology.  They provide us 

with the pleasures of experiencing flavors and aromas in foods and beverages and the 

smells of fragrances.  They also protect us from the dangers of ingested or inhaled 

toxins.  Thus, disorders of taste and smell functions can have important health 

implications as well as debilitating effects on our quality of life.  Many factors have been 

associated with taste and smell loss and/or disorders, namely, normal aging, 

environmental exposure, nasal congestion and allergies, prescription medications, head 

trauma, neurological diseases such as Alzheimer’s, and cancer and its treatment 

(Ackerman and Kasbekar 1997; Boyce and Shone 2006; Bernhardson et al. 2007; 

Deems et al. 1991; Doty 2009; Schiffman 1997). 
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Taste disorders are classified into three categories: ageusia, total loss of taste; 

hypogeusia, reduced ability to taste; and dysgeusia, distortion of taste (Schiffman 

2009).  Taste disorders, such as dysgeusia and hypogeusia are most common among 

the elderly, age 65 years or older, while ageusia is rare, but it can occur at any age 

(Schiffman 2009).  An unpleasant or altered taste in the mouth, such as metallic, is 

classified as dysgeusia, and it can occur with or without intake of food or beverages 

(Schiffman 2009).  The most common contributor to taste disorders among the elderly is 

medication effect (Schiffman 2009; Doty et al 2009).  There are many medications that 

alter the ability to taste.  Among these are antimicrobial, antihypertensive, and 

antihyperlipidemic agents, including atorvastatin (Lipitor®), losartan (Cozar®), 

pravastatin (Pravachol®), lisinopril (Zestril®), simvastatin (Zocor®) and terbinafine 

(Lamisil®) (Doty et al. 2008).  In most cases, the frequency of taste disorders related to 

medications is relatively small as reported in 5% of patients; however, the frequency 

could be much higher depending on the medication (Doty et al 2009).  For example, for 

subjects taking the sleep aid medication, eszopiclone (ESZ; Lunesta®), the frequency of 

bitter/metallic taste disorder was reported at 26.1% in one study that included 593 

subjects (Krystal et al., 2003), while another study reported 66% and 53% taste 

disorders among 24 female and 15 male subjects, respectively (Doty et al. 2009).  A 

listing of some common drugs that have been known to cause taste and/or smell 

disorders is summarized in Table 2.2 (Doty et al. 2009).  

 
Numerous disease conditions are also associated with taste and smell disorders, as 

compiled by Naik et al and other researchers (Harris and Griffin 2003; Heald et al. 1998; 

Lang et al. 2006; Naik et al. 2010) is presented in Table 2.3.  In some cases the onset 

of taste disorders can lead to further health complications as in one reported case, 

where loss of taste induced hypertension in a stroke patient (Czupryniak and Loba 

2007).  In this case, taste impairment led the patients to higher salt intake to make food 

more palatable, which ultimately resulted in developing hypertension.  Taste and smell 

disorders associated with occupational exposure also merit important consideration as 

long-term olfactory impairment can also lead to impairment of taste functions (Landis et 

al. 2010).  Landis and colleagues demonstrated that long-term olfactory impairment can 
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lead to significant decline of taste functions (p < 0.001), while short-term olfactory 

dysfunction did not influence taste functions in a group of 210 subjects whose olfactory 

and taste functions was assessed using Sniffin’ Sticks and taste strips (Landis et al. 

2010).  Some occupational may involve long-term exposure to olfactory toxicants.  

Thus, impacts on smell and taste functions may be anticipated as a result of chronic 

exposure.  In a 2006 review article, Gobba examined published epidemiological studies 

on olfactory dysfunctions associated with exposure to industrial chemicals and 

concluded that the frequency of disorders associated with occupational exposure is 

largely uncovered and most likely underestimated (Gobba 2006).  Reported cases of 

olfactory toxicity include exposure to airborne agents in industrial setting, namely metals 

such as cadmium, chromium, arsenic, copper, manganese, mercury, nickel, and zinc, 

and numerous organic solvents (Gobba 2006).  

Table 2.2. Medications that have been known to later taste ad/or smell functions.  (Reference: Doty et al 2008) 
1
. 

Drug Class Agent 

Antianxiety agents 

 

Alprazolam, buspirone, flurazepam 

 
Antibacterials 

 

Ampicillin, azithromycin, ciprofloxacin, clarithromycin, enoxacin, ethambutol, 

metronidazole, ofloxacin, sulfamethoxazole, ticarcillin, tetracycline 

Antidepressants Amitriptyline, clomipramine, desipramine, doxepin, imipramine, nortriptyline 

Antiepileptic drugs Carbamazepine, phenytoin, topiramate 

Antifungals Griseofulvin, terbinafine 

Antihistamines and decongestants Chlorphenamine, loratadine, pseudoephedrine 

Antihypertensives and cardiac 

medications 

 

 

Acetazolamide, amiodarone, amiloride, amiodarone, bepridil, betaxolol, captopril, 

diltiazem, enalapril, hydrochlorothiazide, losartan, nifedipine,  

nisoldipine, nitroglycerin, propafenone, propranolol, spironolactone, tocainide 

 Anti-inflammatory agents 

Antimanic drugs 

 

Auranofin, beclometasone, budesonide, �olchicines, dexamethasone, flunisolide, 

fluticasone propionate, gold, penicillamine, Lithium 

 
Antimigraine agents Dihydroergotamine mesilate, naratriptan, rizatriptan, sumatriptan 

Antineoplastics 

 

Cisplatin, carboplatin, cyclophosphamide, doxorubicin, fluorouracil, levamisole, 

methotrexate, tegafur, vincristine 

Antiparkinsonian agents Anticholinergics, levodopa 

Antipsychotics Clozapine, trifluoperazine 

Antiviral agents Aciclovir, amantadine, ganciclovir, interferon, pirodavir, oseltamivir, zaicitabine 

Bronchodilators Bitolterol, pirbuterol 

CNS stimulants Amfetamine, dexamfetamine, methylphenidate 

Hypnotics Eszopiclone, zolpidem 

Lipid-lowering agents Atorvastatin, fluvastatln, lovastatin, pravastatin 

Muscle relaxants Baclofen, dantrolene 

Smoking cessation aids Nicotine 

Thyroid drugs Carbimazole, levothyroxine sodium and related compounds, propylthiouracil, thiamazole 

1. Authors listing as evidenced from the Physician’s desk reference [Physicians' Desk Reference.  Montvale (NJ): Medical 

Economics Company, Inc., 2005]. 
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Table 2.3. Medical conditions associated with taste disorders.  Used with permission from Copyrights Clearance 

Center, Inc. (Reference: Naik et al 2010) 

Condition Details 

Congenital/genetic Cleft palate Down's syndrome, Turner's syndrome 

Endocrine/metabolic Hypoadrenalism, diabetes mellitus, hypothyroidism,  

pseudohypoparathyroidism 

Medical procedures/therapies Sinus surgery, radiotherapy, rhinoplasty, tonsillectomy etc. 

Infections Herpes simplex meningoencephalitis, HIV infection, upper respiratory 

infections, acute viral hepatitis, cirrhosis, Hansen's disease, nasal and 

paranasal sinus infections 

Neurological Alzheimer's disease, head trauma, multiple sclerosis, Parkinson's 

disease, temporal lobe, tumours, meningiomas and stroke 

Occupational diseases Exposure to acrylate, ammonia, benzene, cadmium dust etc. 

Psychiatric illness Hypochondrias, major depression, schizophrenia 

Drugs Many drugs  

Organ failure Renal failure, liver cell failure 

Miscellaneous Cystic fibrosis, giant cell arteritis, sarcoidosis 

 

2.2.2 Taste and smell disorders and cancer therapies 

Recognizing the debilitating effects of taste and smell impairments on human quality of 

life is not easily felt without personal experience, as for most of us, taste and smell 

functions are often taken for granted.  Sadly, for many cancer patients, loss and/or 

impaired taste and smell functions are routinely encountered as so vividly described in 

the quotation by E.M. MacCarthy-Leventhal, a physician and a patient whom died of 

head and neck cancer in 1959 (MacCarthy-Leventhal 1959). 

 
“What is it like to lose your sense of taste?  To know that the most luscious fruit is 

a cinder, and its juice flavored with copper and bicarbonate, or that a Whitstable 

oyster is no more appetizing than a slug?  If, by a might of effort, these ‘cinders’ 

are forced down with copious fluid, the consequences are acute indigestion and 

vomiting.  The patient is not hungry anyway, and it is easier to starve.”  

 
It is widely known that many cancer patients experience loss and/or altered taste and 

smell functions due to the disease itself or the effects of the chemo and radiation 

therapies.  As early as 1970s, unpleasant changes in taste function have been reported 

in cancer patients (Dewys and Walters 1975); such taste alterations have been 

associated with occurrence of anorexia in cancer patients (DeWys 1977) as well as 

declining short-term and long-term impacts on their quality of life in general (de Graeff et 

al. 2000; Hong et al. 2009).  While the occurrence of taste alterations and oral 
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discomfort in cancer patients are well known, the frequency, severity, and duration of 

these issues are not well understood (Epstein et al. 1999).  In a 1999 survey of 100 

neck and head cancer patients, dry mouth was reported as the highest symptom by 

92% of the patients, followed by change in taste in 75%, and swallowing difficulties in 

60% of the surveyed patients (Epstein et al 1999).  Depressive mood changes were 

also prevalent among these patients at 50%.  The frequency of the reported oral side 

effects was also correlated with the radiation treatment field and doses (Epstein et al. 

1999).  It has also been reported that the most prevailing taste alteration experienced by 

cancer patients is perception of metallic and bitter taste or aftertaste (McGowan 2008).  

Taste qualities also described as “nauseating” or “unpleasant” are often noted by 

patients (McDaniel 1998). 

  
Metallic taste and bitter taste sensations in cancer patients have been associated with 

low levels of irradiation and chemotherapy using several tested chemotherapeutic 

drugs: cyclophosphamide, doxorubicin, 5-fluorouracil, methotrexate, and cisplatin 

(McDaniel 1998; Capra 2001 ; Comeau et al. 2001).  Seventy-seven percent of patients 

treated with cisplatin alone or in combination with other chemotherapeutic agents 

reported metallic taste perception (Ravasco 2005).  Upon treatment, release of 

chemotherapy drugs into the saliva fluid and interaction with taste buds can cause 

impairments by direct contact with taste receptor cells.  Also, damage to sensory nerves 

such as chorda tympani can impact the olfactory system and consequently cause 

disturbances in taste and smell functions (Epstein and Barasch 2010).  Additionally, in 

light of the recent research reporting concerning iron-induced lipid oxidation of human 

epithelial cells (Ömur-Özbek 2008; Glindemann et al. 2006), perception of metallic 

sensation in the mouth could also be associated with lipid oxidation of oral epithelial 

cells (Hovan et al. 2010).  Other possible causes of unpleasant taste alterations that 

cancer patients experience may be associated with poor oral hygiene and/or infections 

within the oral cavity.  It has been observed that good oral hygiene practices 

significantly diminish taste alteration.  Others have noted that taste alteration may in 

part, be due to psychological causes when patients complain about taste (Comeau et al. 

2001; Epstein 2002). 
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There are several types of therapies that can differently impact taste and smell functions 

in cancer patients.  These include chemotherapy, radiation therapy, and a combined 

chemo and radiation therapy, typically referred to as common modality treatment 

(CMT).  The most studied type of cancer involving taste and smell disorders is the 

cancer of head and neck region, since the treatments can more directly impact sensory 

organs.  In this type of cancer, radiation treatment at 60-70 Gy for 6-8 weeks has been 

shown to cause taste impairment during the first week of treatment and becomes worse 

during the second week (Hovan et al 2010).  Partial recovery of taste functions may 

occur 20-30 days after the radiation therapy, although in some patients, although in 

some patience, taste alterations may persist up to 7 years post- therapy (Hovan et al. 

2010; Ripamonti and Fulfaro 1998).  When chemotherapy is used alone, studies have 

shown varying rates of reported taste abnormalities ranging from mild to moderate 

(Hovan et al 2010).  In three different reported studies, the incidence rates of dysgeusia 

in the studied groups of patients were 17%, 67%, and 100% (Beale et al. 2003; 

Macquart-Moulin et al. 2000; Maisano et al. 2003); in one study, altered taste functions 

returned to pre- treatment level after 1 year (Macquart-Moulin et al. 2000).  In another 

study of patients with breast and gynecologic malignancies, chemosensory functions 

significantly decreased during chemotherapy, but recovered 3 month after therapy 

(Steinbach et al. 2009).  In cases where CMT treatment has been utilized, the effects of 

cancer therapies on chemosensory functions have been varied.  Some studies have 

reported higher incidence of taste dysfunctions among patients subjects to radiotherapy 

alone when compared to CMT; while other reports that severity of CMT effects of taste 

and smell function is influenced by the level of radiation treatment combined with the 

chemotherapy (Hovan et al. 2010; Öhrn et al. 2001). 

 
As discussed, the effects of cancer therapies on taste and smell disorders and the 

debilitating impacts on the patients’ quality of life are well known.  Consequently, efforts 

to manage and/or treat taste disorders have also been widely examined.  Taste disorder 

management and treatment strategies typically include intake of zinc supplementation, 

as zinc deficiency has been associated with taste disorder, as an enzyme cofactor, zinc 

is believed to have a role in human taste functions (Hovan et al. 2010; Ripamonti and 
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Fulfaro 1998; Öhrn et al. 2001).  Clinical studies have shown that taste functions 

dramatically improved in cancer and dysguesia patients given oral zinc supplements in 

the form of zinc sulfate or zinc gluconate  (Halyard et al. 2007; Heckmann et al. 2005; 

Ripamonti et al. 1998).  Another study using a zinc compound, polaprezinc, was shown 

to improve taste functions in a clinical study of dysguesia patients (Sakagami et al. 

2009).  Another nutritional supplement, alpha lipoic acid (ALA), has been shown 

effective in treating taste disorders (Femiano et al. 2002).  ALA has also been used in 

the treatment of burning mouth syndrome and neurological diseases, such as 

Alzheimer’s (Holmquist et al. 2007; Lopez-Jornet et al. 2009; Steele et al. 2008).  Aside 

from nutritional supplementation, other strategies for managing taste disorders include 

nutritional counseling, attention to oral hygiene and intake saliva fluid substitute in the 

case of dray mouth, food flavoring and enhancement, reduced intake of meat products 

that could induce metallic sensation in the mouth (Hong et al. 2009). 

 
As reported widely in the literature, metallic and related off-flavors are the most 

commonly experienced taste alterations in cancer patients.  Oral pain and metallic taste 

phantom phenomenon have been found to be significantly higher in cancer survivors 

than in healthy individuals.  These issues have broad impacts on the quality of life for 

cancer patients and often lead to other implications such as reduced oral intake and 

nutritional deficiency, weight loss, and depression (Epstein and Barasch 2010).  In head 

and neck cancer patients, loss of taste functions has been reported as the major cause 

of morbidity (Fernando et al. 1995).  While taste and smell abnormalities are significant 

and have been reported in other types of cancers, including brain cancer or glioma 

patients, the majority of chemosensory research has been focused on head and neck 

cancers.  Future research should aim at better understanding of the causes and 

persistence of taste disorders among various types of cancer patients in conjunction 

with reliable biomarkers to study the effects of the cancer therapies.  Ultimately, 

development of therapy products and/or management strategies is desired to prevent or 

treat the debilitating taste and smell disturbances in cancer patients as well as other 

affected populations.  

 



 30

2.2.3 Role of salivary fluid in medical diagnostics 

Among biological fluids used in medical diagnostics, human blood is the most 

commonly used (Kaufman and Lamster 2002); while other biological fluids and media 

have also been used in various applications.  Samples of human breath condensate, 

urine, saliva, and lung fluid have been used in numerous diagnostic and research 

applications to assess biomarkers of oxidative stress associated with various disease 

conditions (Li et al. 1999b; Suma et al. 2010; Wood et al. 2003).  Biological samples of 

human saliva, serum, and hair have also been used to assess environmental and/or 

occupational exposure (Barbosa et al. 2006; Gil et al. 2011). 

 
Due to the ease and non-invasive method of collections, the use of saliva in medical 

diagnostics and research application is increasingly being recognized (Pfaffe et al. 

2011).  Many systematic diseases affect salivary gland functions and consequently 

influence the production of saliva as well its constituents; therefore, use of biomarkers in 

salivary fluid can serve as biomarkers for early detection of diseases (Kaufman and 

Lamster 2002).  For example, in cystic fibrosis (CF), a hereditary chronic lung disease, 

the saliva of patients is known to have higher calcium and protein contents than healthy 

subjects (Livnat et al. 2010; Mangos and Donnelly 1981); likewise, the lipid 

compositions of CF patients’ saliva has been shown to be different from that of healthy 

individuals (Slomiany et al. 1983).  Sjögren's syndrome (SS), an autoimmune disease 

with an estimated prevalence of more than 1 million in the United States also leads to 

reduction in salivary secretions (Kaufman and Lamster 2002).  Some studies showed 

that patients with SS had higher levels of salivary IgA and IgB, latoferrin, albumin, and 

sodium (Benaryeh et al. 1983; Tishler et al. 1997).  Salivary fluid has also been used in 

diagnosis of viral and infectious diseases, such as HIV and infections of the oral cavity.  

Other diagnostic applications include drug monitoring and hormonal levels monitoring 

(Kaufman and Lamster 2002).  Salivary analysis have also been used for early 

detection of malignancies; such diagnosis is associated with the detection of a elevated 

levels of inactivated tumor suppressing protein in saliva as well as serum of cancer 

patients (Kaufman and Lamster 2002; Tavassoli et al. 1998).  In brain cancer patients, 

salivary parameters, such as flow, pH, osmolality, and antioxidant activity were found to 
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be significantly reduced compared to healthy subjects, while protein-thiols were 

significantly increased (Suma et al. 2010).  In women diagnosed with breast cancer, 

higher level of a cancer antigen was found in their saliva compared to healthy subject; 

additionally, a tumor marker was present in their saliva, but absent in the saliva of 

healthy subjects (Farnaud et al. 2010; Streckfus et al. 2000).  Salivary biomarkers have 

also been extensively used in the study of dental caries.  For example, reduced salivary 

pH and buffering capacity has been associated with higher incidence of dental caries 

(Tenovuo 1989).  Reduced levels of salivary mucins, have also been associated with 

higher incidences of dental problems, such as decaying, missing, or filled teeth in 

healthy adults (Banderas-Tarabay et al. 2002); other salivary proteins, such as statherin 

and cystatin have also been used as biomarkers for the risks of developing teeth caries 

and other oral diseases (Rudney et al. 2009).  

 
A Review of the literature on diagnostic potentials of saliva suggests many promising 

applications as this biological fluid has often been referred to as “mirror of the body” 

(Farnaud et al. 2010; Lee et al. 2009; Segal and Wong 2008).  Prominent researchers in 

the field of salivary diagnostics compare the potentials of salivary fluid as a rich source 

of biomarkers of human conditions and diseases, powered by technological application 

comparable to scientific breakthroughs such as the discovery of antibiotics and 

invention of anesthesia in the field of medicine (Segal and Wong 2008).  Among the 

challenges associated with the use of saliva as a diagnostic fluid, is the low level 

concentration of biomarkers as compared to human serum, as such more sensitive 

instrumentation and quantitative techniques are required to identify specific biomarkers 

(Segal and Wang 2008).  However, many technological progresses have been made, 

namely, development of microfluidics and microelectromechanical systems (MEMS) for 

saliva diagnostics and sensitive measurement of salivary constituents, salivary 

proteomics and genomics aimed at identifying the numerous salivary proteins mRNA 

expressions as biomarkers of human diseases as well as in developmental indicators in 

newborn infants (Segal and Wong 2008; Maron 2011).  Finally, the use of 

nanotechnology in the study of salivary fluid offers many potential applications as 

indicated by the intriguing discovery of unique nanosized cellular components, secreted 
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by salivary glands and called “exosomes” as biomarkers of cancer and other diseases 

(Sharma et al. 2011; Simpson et al. 2008).  

  
2.3 Flavor Producing Metals in Drinking Water and Aspects of Health and 

Environment 

Presence of flavor producing metals in drinking water can impact the aesthetic qualities, 

and palatability of drinking water.  The perception qualities can in turn influence water 

consumption.  This review exclusively pertains to the metallic flavor of water associated 

with iron, copper, and zinc, although major electrolytes, such as calcium and 

magnesium add flavor to water, but they are not characterized as metallic.  The most 

common culprits of metallic flavor in drinking water are iron, copper, and zinc; they are 

also considered to be essential nutrients in human diet (WHO 2011) as well as 

potentially toxic at excessive levels  (USEPA 2009).  Iron has the strongest metallic 

flavor, while copper and zinc have strong bitterness and astringency attributes in 

addition to their metallic flavors (Ömur-Özbek and Dietrich 2011; Zacarias et al. 2001; 

Cuppett 2006; Hong and Kim 2011; RSJ Keast 2003).  In the proceeding sections, we 

will discuss the chemistry, health, and environmental aspects of these flavor metals in 

drinking water. 

 
2.3.1 Chemistry and occurrence of flavor metals in drinking water 

Iron 

Iron is the sixth most abundant element in the universe and the most abundant metal. In 

the earth’s crust, iron is the second most common metal after aluminum (Silver 1993). 

In the nature, iron is typically found in mineral ores as its oxide forms, magnetite and 

hematite, or bound to sulfur (pyrites) and carbonate, as siderite (Silver 1993). In 

anaerobic groundwater, iron is mainly present in its ferrous, Fe(II), form. Total iron 

concentrations in groundwater can range from 0.5 – 10 mg/L, although concentrations 

as high as 50 mg/L have been reported depending on geographical region (WHO 2011). 

The median concentration of iron in surface waters has been reported to be 0.7 mg/L 

(WHO 2011). Iron complexes and solid forms that can occur in aqueous systems 

include hydroxide complexes and solid substances as listed in Table 2.4 (Freeze and 

Cherry 1979). Additionally, in the presence of common electrolytes, other complexes 
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can be formed (Freeze and Cherry 1979; Tang 2010). The dominance of various 

species in solution is pH dependent.  For example, with a solubility constant of 5 x 10-15, 

Fe(OH)2 and a solution pH of 7.0, the concentration of ferrous species in pure water is 

about 0.5 mole/L or 28 g/L Fe(II) (Sawyer et al. 1994).   

Table 2.4. Speciation of common flavor metals in aqueous systems. 

Soluble Metal Complexes Solid Substances / Precipitates 

Iron  

Fe(OH)
2+

 Fe(0) 

Fe(OH)
2+

 FeO, Fe(OH)2, FeCO3, Fe3(PO4)2 

HFeO2
-
 Fe3O4, Fe2O3, Fe(OH)3, FeOOH, FeSO4 

Copper  

Cu(OH)
+
  [Cu2(OH)2(CO3)], CuSO4 , CuO 

Cu(OH)3
-
, Cu(OH)4

2-
 Cu(OH)2 , CuCO3, Cu3(PO4)2 

Zinc  

ZnOH
+
, Zn(OH)3

-
, Zn(OH)4

2-
 Zn3(PO4)2, ZnHPO4, ZnSO4, ZnO 

  

 

In most drinking water systems, the concentration of iron is typically below 0.3 mg/L, but 

this level could be exceeded in cases where various iron salts are used as coagulating 

agents in water-treatment plants and where cast iron, steel, and galvanized iron pipes 

are used for water distribution (WHO 2011).  

 
Copper 

Like iron, copper is an important element to humans, both in terms of its overall 

abundance on earth, as well as its role in industrial applications, manufacturing, annual 

consumption, and a nutrient source necessary for life.  For these reasons, copper has 

been ranked as 7th in terms of its overall importance to humans (Silver 1993).  Copper is 

found is surface water, groundwater, seawater and drinking water (WHO 2011). In 

aqueous environmnet, copper exists as free as well as complexes of ionic and/or 

particulate forms (Table 2.4).  In pure water, copper exists in its free ionic form, Cu(II) at 

pH levels below 6, while at higher pH levels (6.5 to 12), it precipitates in its complexed 

form of cupric hydroxide. In surface and well waters and in the absence of pollution from 

run-off, copper concentrations are relatively low (typically below 1 mg/L), while in 

drinking water distribution systems, copper concentrations can vary widely (WHO 2011). 

The wide variations is typically due to water characteristics, such as pH, hardness and 

copper availability in the distribution system (WHO 2011; ASTDR 2004). As reported in 
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the WHO guidance document, results from numerous studies from Europe, Canada and 

the USA indicate that copper levels in drinking-water can range from ≤0.005 to >30 

mg/L with the main source often being the corrosion of interior copper plumbing 

(ASTDR 2004; WHO 2011). In a most recent study, elevated levels of copper in tap 

water, associated high alkalinity could be controlled through the use of the anti-

corrosive agent, orthophosphates (Grace et al. 2012). 

 
Zinc 

Zinc and its compounds are found in the earth's crust and are present in most rocks, 

minerals, and sediments; therefore, soluble compounds of zinc can be released to 

natural waters due to weathering of these materials (ASTDR 2005). Like iron and 

copper, in water zinc can be present in its free ionic form or form complexes with 

hydroxide or other anions depending on the pH and presence or absence of other 

electrolytes (Table 2.4) (Sawyer et al 1993). In drinking water systems, zinc is used in 

the production of corrosion-resistant alloys and brass, and for galvanizing steel and iron 

Products (WHO 2011). In natural water systems, the concentration of zinc is typically 

below 0.01 mg/L (WHO 2011), while in drinking water distribution systems, considerably 

higher levels could be present due to selective corrosion of brass, consisting of copper-

zinc alloy (Sarver et al. 2010). In galvanized pipe plumbing systems zinc concentrations 

have been reported to range from 0.13–1.28 mg/L; these levels were >10 times higher 

than those in homes with copper pipe plumbing systems (ASTDR 2005; Sharrett et al. 

1982) 

 
2.3.2 Implications on health and water consumption 

Characterization of flavor metals in drinking water is a multifaceted issue.  Flavor 

producing metals, namely iron, copper, and zinc are essential nutrients, can be toxic, 

and are known to produce unpleasant tastes and flavor sensations in water as well 

other food and/or beverage media.  On the other hand, their occurrence in drinking 

water can add nutritional quality to water as a healthy beverage resource.  Therefore 

understanding of the health implications of flavor producing metals as well their 

aesthetic related impacts on water consumption merits consideration.  
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Health and nutritional aspects 
 

Among the three discussed flavor-producing metals, only copper is currently being 

regulated in the United States as a health based standard in drinking water, while zinc 

and iron are considered to be secondary standards, (guidelines by recommendation 

rather than regulatory requirement) based on their aesthetic, not health based impacts 

on the quality of drinking water.  As compared, drinking water regulatory guidelines for 

these flavor-producing metals is relatively uniform in USA and many European countries 

(Table 2.5) (WHO 2011; Claes et al. 1997).  

 
Table 2.5. Drinking water quality guidelines for iron, copper, and zinc in USA and Europe.  

Metal 

(mg/L) WHO EU UK Germany Belgium Austria Switzerland Poland Russia USA 

Fe 0.3 0.2 0.2 0.2 0.2 0.1 0.3 0.5 0.3 0.3 

Cu 2 3 3 3 2 0.1 1.5 0.5 1 1 (1.3)* 

Zn 5 5 5 5 5 3 5 5 3 5 

* In the USA, there are two standards for copper: health-based at 1.3 mg/L and aesthetic based at 1 mg/L. 

 
Excessive intake of metals, such as copper (as well as iron), through drinking water can 

be particularly harmful as inorganic copper can directly contribute to the free copper 

pool in the blood by partially bypassing the liver (Brewer 2010a).  Likewise, intake of 

copper from nutritional supplements can be harmful as copper deficiency is typically 

rare; multivitamin supplements typically contain inorganic copper that can directly 

contribute to the free copper pool in the blood that can lead to toxicity (Brewer 2010).  

Copper uptake is inhibited by zinc; as such, zinc therapy is often used to treat copper 

overload disease, called Wilson disease (Brewer et al. 1998).  According to the Institute 

of Medicine Food and Nutrition Board, the median intake of copper from food in the 

United States is approximately 1.0 to 1.6 mg/day for adult men and women.  The 

Tolerable Upper Intake Level (UL) for adults is 10 mg/day, which is based on protection 

from liver damage as the critical adverse effect (IOM 2011).  While, the current 

recommended daily intake of dietary copper for adults (Table 2.6) is 0.9 mg/day (IOM 

2011).  It is interesting to note that this level is less than the health-based standard for 

copper in drinking water (USEPA 2009).  
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Iron and zinc are also considered as essential elements in human diet as vital nutrients 

necessary for bodily functions; as such, there are dietary recommendations for their 

regular intake (Table 2.6).  The median dietary intake of iron is approximately 16 to 18 

mg/day for men and 12 mg/day for women (IOM 2011).  The Tolerable Upper Intake 

Level (UL) for adults is 45 mg/day of iron, based on gastrointestinal distress as an 

adverse health effect (IOM 2011).  For zinc, the median intake from food in the United 

States was approximately 9 mg/day for women and 14 mg/day for men, while the UL for 

adults is 40 mg/day, a value based on reduction in erythrocyte copper-zinc superoxide 

dismutase activity (IOM 2011).  The absorption of iron and zinc by the body is 

influenced by the type of food that is taken thus making them more or less bioavailable 

upon intake.  For example, iron from meat sources is absorbed by the body more 

efficiently than iron from vegetable source (IOM 2011). 

 
Table 2.6. Recommended daily intake levels for iron, copper, and zinc. 

Intake (mg/day) Group Age  

(years) Iron Copper Zinc 

0-6 month 0.27 0.27 2 

7-12 month 11 0.22 3 

1-3 7 0.34 3 

Infants/children 

 

4-8 10 0.44 5 

9-13 8 0.7 8 

14-18 15 0.89 9 

19-50 18 0.9 8 

Females 

> 50 8 0.9 8 

9-13 8 0.7 8 

14-18 11 0.89 11 

19-70 8 0.9 11 

Males 

> 70 8 0.9 11 

≤ 18 27 1 12 Pregnant 

19-50 27 1 11 

≤ 18 10 1.3 13 Lactating 

19-50 9 1.3 12 

                      Source: Food and Nutrition Board, Institute of Medicine–National Academy of Sciences 

 

With an estimated 1.6 billion people affected globally, anemia is the most widely 

occurring nutrient deficiency worldwide, with highest prevalence among pregnant 

women and school aged children (WHO 2008).  For this reasons, toxicity concerns are 

not widely recognized except in the cases of genetic iron overload disease, 

hemochromatosis (HH), highly prevalent in Western countries (Halliwell and Gutteridge 
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1990).  Consequently, the prevalence of anemia is among the lowest in Western 

countries, such as Europe and USA (WHO 2008).  In recognition of these facts, in some 

cases excessive exposure to iron through fortification of food products, beverages, and 

supplement intake has been linked to risks of numerous diseases associated with iron 

toxicity, such as heart disease, cancer, and Alzheimer’s (Brewer 2010; Schumann et al. 

2007). 

 
Drinking water has been regarded as a minor source of nutrients for elements such as 

iron and zinc, while copper is considered as a significant nutrient source (WHO 2008; 

Deveau 2010).  In addition to drinking, intake of other beverages can significantly 

contribute to the overall intake of metals from beverage sources.  In a recent study, total 

concentrations of iron in variety of fruit juices ranged from 0.5 to 10 mg/L, total copper 

ranged from 0.02 to 0.3 mg/L, and total zinc ranged from 0.05 to 6 mg/L (Tormen et al. 

2011).  In alcoholic beverages, metal concentration can vary widely.  One study that 

reviewed the literature on various types of alcoholic drinks reported that total iron levels 

ranged from 0.01 to 25 mg/L, total copper ranged from 0.04 to 15 mg/L, and total zinc 

levels ranged f from 0.1 to 68 mg/L (Ibanez et al. 2008).  In most cases, the higher 

metals levels were associated with wine and Scotch whisky.  The wide variations in 

metals contents of alcoholic beverages have been associated with the crop source, 

region, and beverage production stages (Ibanez et al 2008).   

 
Implications on water consumption 

The issue of water consumption among human populations is important in many 

aspects, in terms of both environmental sustainability as well as global health concerns.  

In addition to the global concerns for safety and sustainability, water consumption is 

relevant to public health as it has been promoted as an obesity control measure to 

replace calorie containing beverages.  Numerous studies have linked obesity to the 

increased intake of sugar-sweetened beverages (SBB) (Bleich et al. 2009; Daniels and 

Popkin 2010; Davy et al. 2008; Dennis et al. 2009).  Additionally, a large number of 

studies have investigated the role of water consumption on the total energy intake and 

its ultimate effect as a weight loss/control measure in the human population (Daniels 

and Popkin 2010; Davy et al. 2008; Dennis et al. 2009; Dubnov-Raz et al. 2011).  
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Epidemiological studies conducted by the US National Health and Nutrition Examination 

Survey (NHANES) have indicated a positive correlation between total energy intake and 

consumption of beverages other than water (IOM 2004).  Other studies have reported 

reduced caloric intake when water replaced other beverages (Kant et al. 2009; Popkin 

et al. 2005; Stookey et al. 2007).  According to the NHANES, in the period of 2005-

2006, American adults consumed 3.18 L of total water in a given day, with plain water 

and beverages representing 33% and 48% of the total beverage intake, respectively 

(Kant et al. 2009).  The United States Institute of Medicine (IOM), Food and Nutrition 

Board recommends an Adequate Intake (AI) of daily total water in healthy adult males 

and females at 3.7 and 2.7 liters, respectively.  In spite of this recommendation, the 

amount of water consumed in a day varies considerably among different age groups.  

For example, for the most recent period of 2005 – 2006, U.S. adults in age groups 19 - 

39 and 40 – 59 consumed 1.1 liters of plain water per day, while those greater than age 

60 consumed 0.8 liters.  Likewise, the daily total beverage intake declined in the elderly 

(i.e., age > 60) to 2.1 L compared to 2.7 L and 2.9 L for the 19 – 39 and 40 – 59 age 

groups, respectively (Popkin 2010).  

 
With regard to health, intake of adequate fluid and/ water is vital for the maintenance of 

human body functions, such as cellular metabolism, regulation of body heat, and 

maintaining the osmolarity of various bodily fluids (Jequier and Constant 2010; Popkin 

et al. 2010).  Dehydration has been associated with increased risk of developing kidney 

stones, urinary tract infections and bladder cancer, while mild day-to-day dehydration 

has been associated with fatigue and impaired cognitive performance (Popkin et al. 

2010; Ritz and Berrut 2005).  Elderly and infants are typically at greater risk of 

dehydration (IOM 2004; Jequier and Constant 2010).  A reason for this increased risk of 

dehydration is a higher surface-to-body-weight ratio in infants as compared to adults 

(IOM 2004; Jequier and Constant 2010).  While in the elderly, diminished sensation of 

thirst as well as behavioral reasons such as fear of incontinence and/or disabling 

conditions associated with aging can contribute to dehydration risk.  Age-associated 

decline in taste functions as well as swallowing disorders have also been recognized to 

contribute to dehydration risks among the elderly (Asai 2004; Bratlund et al. 2010).  
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Mouth dryness has also been shown to influence drinking water consumption and 

beverage acceptability in elderly adults, resulting in voluntary dehydration and 

preference for cold and/or acidic thirst quenching beverages (Brunstrom 2002). 

 
Since water consumption is so vital to bodily functions and plain drinking water is being 

increasingly encouraged as a healthy beverage in place of calorie containing 

beverages, factors that influence human consumption of drinking water should be taken 

into consideration when examining consumers’ behavior.  These factors may include 

consumer preference for a certain taste or flavor, such as tap, bottled, well, or mineral 

water as well as the availability of a safe and clean source of water.  Consumers’ choice 

of drinking water may also be driven by their perception of risks associated with a given 

water source (Doria 2010; Doria et al. 2009).  For example, in public water systems, 

when water utilities experience problems with a certain contaminant of concern, 

consumers may resort to drinking alternative source, such as bottled and/or filtered 

water due to safety concerns.  In fact, this was shown to be the case in a study on 

Canadian consumers (Dupont et al. 2010).  In a recent survey of local household water 

quality in Virginia localities, 11% of the 47 households reported concerns about 

unpleasant taste in their waters with the top two taste complaints being metallic and 

sulfur (Benham et al. 2010); however, whether these taste quality concerns impacted 

the household drinking water consumption was not reported.  As presented in earlier 

discussions, taste or flavor thresholds vary widely among individuals for iron and copper 

and less known for zinc; however, in most cases, the aesthetic based standards of 

water quality provide protection against unpleasant taste sensation.  

 
2.3.3 Nanoparticles of flavor metals and environmental exposure potentials 

Environmental Nanoparticles (NPs), sized 1 to 100 nanometers, are classified as 

naturally occurring or engineered; naturally occurring NPs are ubiquitous in nature and 

exist in all environmental media: air, water, and the subsurface (Wigginton et al. 2007).  

On the other hand, engineered NPs are intentionally produced for various applications 

in science, technology, medicine, industries, and daily consumer products (Sahu and 

Casciano 2009).  In this review segment, we will discuss environmental aspects of 

metal NPs of iron, copper, and zinc, as these metals have been the subject of our 



 40

discussion with regard to their flavor producing properties and toxicity potentials and 

nutritional benefits to humans. 

 
Due to their microscopic sizes, the physical and chemical properties of NPs are often 

much different from that of larger particles of the same material, as such their 

characterization is essential in assessing environmental and toxicity impacts.  In 

nanoparticle characterization, properties such as particle size, shape, surface area, and 

dispersion properties are often measured in toxicological studies (Sahu and Casciano 

2009).  In exposure studies, nanoparticle size is an important factor, as it would govern 

particle transport and deposition within the body as well as within the environment 

(Wiggington et al 2007; Sahu and Casciano 2009).  Particle size as well as properties, 

such as surface area and shape also influence the reactivity of metals NPs, thus 

determining their potentials for selective uses in treatment technologies as well as their 

toxicity implications (Sahu and Casciano 2009; Karlsson et al. 2009).  In addition to 

surface properties, particle aggregation has also been shown to affect the reactivity of 

metal NPs as in the study of hematite reactivity towards carbon tetrachloride by 

decreasing with particle aggregation (Vikesland et al. 2007).  

 
Among classes of naturally occurring NPs, oxides of iron have been the most studied in 

environmental research.  Metal NPs of iron exist in minerals as iron oxide forms, 

goethite and hematite goethite, akaganeite, ferrihydrite and schwertmannite as 

important constituents of soils, sediments and mines drainage outflows (Wigginton et al. 

2007).  Unlike iron oxides, elemental iron, in its reduced zerovalent form does not exist 

stably in the aquatic environment, as it is highly reactive and gets readily oxidized in the 

presence of oxygen (Keenan et al. 2009); however, stabilized forms of zerovalent iron 

nanoparticles (nZVI), have been manufactured as engineered NPs for use in numerous 

environmental applications.  These include removal of toxic contaminanats such as 

nitrate, perchlorates, arsenic, hexavalent chromium, uranium, and antibiotics from 

drinking water, and the use of magnetic iron oxides for targeted drug delivery and food 

fortification (Cao et al. 2005; Fang et al. 2011; Ghauch et al. 2009; Hilty et al. 2010; 

Tanboonchuy et al. 2011).  
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Few studies have investigated toxicity impacts of iron nanoparticles in the aquatic 

environment due to the ubiquitous nature of iron in the form of oxides as well as the 

limited mobility of iron nanoparticles once oxidized to form ferrous, ferric, and iron 

oxides.  Although based on these characteristics, exposure potential to humans and 

higher organisms is believed to be unlikely, toxicity concerns are increasing as more 

engineered nanoparticles are being developed to enhance the mobility of nZVI through 

the use of particle stabilizing agents, such as surfactants, polymers, and 

polyelectrolytes.  Additionally, the highly reductive property of nZVI that makes it so 

appealing in terms of removal of toxic contaminants, has been recognized as a mean by 

which surface and/or ground water contaminants can be effectively captured on iron 

oxide surfaces and transported through drinking water systems (Waychunas et al. 2005; 

Hochella et al. 2008).  For example, nanoscale iron oxides have been found bounded to 

copper in surface waters many kilometers downstream from mining sites (Hochella et al. 

2005; Plathe 2010).  In a drinking water system, a sample of 20 nm particles was found 

to contain lead and iron, the iron was tentatively identified as its oxide form, hematite 

(Wigginton et al. 2007; Zhao et al. 2011).   

 
Another recent study on copper release in water distribution systems demonstrated that 

flow of water within distribution systems can result in mechanical release of 0.05 to 0.2 

nm copper particles attached to corroded pipe surfaces (Vargas et al. 2010).  

Nanosized copper particles are considered to be  more toxic than micro size particles, 

especially in vitro as demonstrated by in vitro toxicity studies with mice (Meng et al. 

2007; Chen et al. 2006).  These studies demonstrated that copper nanoparticles of 24 

nm in size were highly toxic to mice with affected organs being kidney, liver, and spleen 

on kidney.  In contrast, the 17 micron copper particles were classified as non-toxic 

(Chen et al 2005).  In a follow-up study, Meng et al showed that the acute toxicity of 

copper nanoparticles corresponded with higher levels of cupric ions present in kidney of 

mice treated with nano copper than those of micro copper particles (Meng et al 2006).  

In the presence of gastric juice, nano copper particles were shown to be highly reactive, 

consuming more hydrogen ions and forming cupric ion, and thus increasing the pH from 

1.7 to 6.0 within 100 minutes after exposure, while in the case of micro copper particles, 
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the cupric ion concentration was significantly less and the pH change was insignificant 

(Meng et al 2006).  Other researcher have hypothesized that such toxicity studies 

demonstrate that upon ingestion, smaller copper nanoparticles (< 0.1 nm) would likely 

pass through the oral fluid to reach the digestive systems (Vargas et al 2010) as 

opposed to the findings of Hong et al which indicated that soluble copper binds to 

salivary proteins and retained in the mouth (Hong et al. 2010). 

 
Like iron and copper, zinc nanoparticles are also persistent in the aquatic environment, 

typically bounded in sulfide, oxide, and other mineral forms as well as interacting with 

natural humic substances (Wigginton et al. 2007; Lau and Hsu-Kim 2008).  Additionally, 

other environmental nanoparticles are known to exhibit high sorption tendencies for 

zinc, namely iron oxides and sulfides (Wiggington et al 2007).  While the dissolution of  

zinc and other metal nanoparticles in the aquatic environment is dependent on water 

chemistry and solubility of complexed metal hydroxides, for nanoparticles, size and 

surface area are also important factors (Auffan et al. 2009). 

 
With regard to nutrition and sensory properties, iron and zinc nanoparticles have  been 

recognized for their promising applications as food fortifying agents (Hilty et al. 2010). 

Concerning human nutrition, iron and zin deficiency are global problems, affecting 

nearly 2 million people worldwide, mostly in developing countries and among children 

and pregnant women (WHO 2008; Miller 2010).  In this regard, fortification of food 

products with iron oxide nanoparticles is believed to increase their bioavailability and 

absorption efficiency under digestive conditions, while at the same time exhibiting 

oxidative stress comparable to that of ferrous sulfate salt (Zimmermann and Hilty 2011). 

Additionally, the use of iron oxide nanoparticles enhances the sensory properties by 

inherently lighter color and low solubility at neutral pH, thus minimizing the potential for 

altered coloration of food as often seen when using inorganic iron salts (Zimmerman 

and Hilty 2011).  

 
This literature review highlighted occurrence of iron, copper, and zinc nanoparticles in 

the aquatic environment and oral exposure potentials; however, human exposure 

potential through inhalation cannot be underestimated.  Inhalation can also be an 
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important route of exposure through intake of aerosols and atmospheric dust (Keenan 

et al. 2009; Guo et al. 2009; Shi et al. 2011).  Nanoparticles of zerovalent iron have 

exhibited high toxicity to human bronchial epithelial cells (Keenan et al 2009).  Metal  

nanoparticles and are believed to play an important role in neurodegenerative diseases 

due to their efficient abilities to reach the brain by way of the olfactory epithelium and 

cause damage to proteins responsible for regulating brain functions, such as in 

Alzheimer’s disease (Bondy 2011). 
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Abstract 

Humans interact with their environment through the five senses but, little is known about 

population variability in the ability to assess contaminants. Sensory thresholds and 

biochemical indicators of metallic flavor perception in humans were evaluated for 

ferrous (Fe2+) iron in drinking water; 61 subjects aged 19 – 84 years, participated.  

Metallic flavor thresholds for individuals and sub-populations based on age were 

determined.  Oral lipid oxidation and oral pH were measured in saliva as potential 

biochemical indicators of metallic flavor perception. Individual thresholds were 0.007 – 

14.14 mg/L Fe2+ and the overall population threshold was 0.17 mg/L Fe2+ in reagent 

water.  Average thresholds for individuals younger and older than 50 years of age 

(grouped by the daily recommended nutritional guidelines for iron intake) were 

significantly different (p = 0.013); the population thresholds for each group were 0.045 

mg/L Fe2+ and 0.499 mg/L Fe2+, respectively.  Few subjects <50 years were also 

insensitive to metallic flavor.  There was no correlation between age, oral lipid oxidation, 

and oral pH.  Standardize olfactory assessment found poor sensitivity for Fe2+ 

corresponded with conditions of mild, moderate, and total anosmia.  The findings 

demonstrate an age-dependent sensitivity to iron indicating as people age they are less 

sensitive to metallic perception.  

 

Key Words: Exposure, Odors, Metals, Iron, Drinking water quality, Aging. 

 



 62

3.1 Introduction 

Humans assess the environment through their five senses and sensory assessment is 

the first line of defense for health protection and survival.  Recent evidence of  a 

potential environmental threat uncovered by human senses is the 2010 widely 

publicized earthy-musty contamination of Tylenol® reportedly due to the presence of 

tribromoanisole, which is odorous at pg amounts and which can be produced by 

biomethylation of the pesticide tribromophenol (Kroll 2010; Malleret and Bruchet 2002).  

Human sensory assessment was instrumental in discovering the source of the 2007 

Wuxi City, water crisis in China. Two million residents of Wuxi City received odorous tap 

water as a result of the massive die-off of cyanobacteria in the source water (Zhang et 

al. 2011). Although taste and odor episodes are concurrent with many drinking water 

illness outbreaks in developed countries, complaints of off-tastes, odors, or colors 

reported by consumers are often overlooked by health officials and water utility 

personnel (Hrudey and Hrudey 2004). As a glaring example, the deadly 1993 

Cryptosporidium outbreak in Milwaukee, WI was preceded by unheeded consumer 

complaints of increased turbidity in the drinking water (Hrudey and Hrudey 2004). Metal 

contamination of drinking water by copper, which produces a distinct metallic flavor in 

water (Cuppett et al. 2006; Ömur-Özbek and Dietrich 2011), was identified as the 

source of 27 illness outbreaks in the US  from 1971 to 2006 (Craun et al. 2010). Lead 

poisoning from drinking water also occurs as recently documented by strongly positive 

correlation between lead concentrations in drinking water and elevated lead blood levels 

in children ≤1.3 years, as well as those ≤30  months of age in Washington DC (Edwards 

et al. 2009). Unlike lead, flavor-producing metals such as iron and copper can be tasted 

by humans at levels well below their regulatory limits. In such cases, human senses can 

be an important first line of defense against metal poisoning; for the same reason, 

inability to taste, presents  a serious cause for concern.     

 
While humans do use their senses to assess their environment, historically little 

environmental research has focused on sensory characteristics of contaminants.  One 

reason for this lack of research is that sensory characteristics of environmental 

contaminants are not always known. Even if sensory data are reported on a material 
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safety data sheet (MSDS), they are not always observed. For environmental 

contaminants that have tastes and/or odors, the variability in the human population to 

detect the contaminants is frequently unknown as only threshold values are usually 

reported (Young et al. 1996). Notable exceptions in drinking water are the well-studied 

aqueous cyanobacteria metabolites geosmin (earthy) and 2-methylisoborneol (musty). 

The literature reports that the typical odor recognition thresholds for these two 

compounds range from 1-10 ng/L at 45 °C (Piriou et al. 2009). The odor threshold 

values are inversely correlated with temperature and some humans either possess very 

high thresholds or specific anosmias (Whelton and Dietrich 2004) . 

 
There is a natural variability in the human senses, which is widely acknowledged for 

sight and hearing because of routine screening and data collection. However, the 

variability is less studied and understood for the chemical senses of taste and smell. 

The most widely studied genetic variation for taste is responsiveness to the bitter 

compounds 6-n-propylthiouracil (PROP) and phenylthiocarbamide (PTC), which are 

used to distinguish super-taster, medium taster, and non-taster perception of bitterness 

based on variations in the expression of the TAS2R receptor genes (Bartoshuk 1994; 

Bartoshuk et al. 1994). The relationship of bitter taster-status to taste perception and 

hedonics is an active area of research. Likewise, advances in understanding the 

complexity of the sense of smell are fairly recent and resulted in awarding of the 2004 

Nobel Prize for Medicine to Linda Buck and Richard Axel (Miller 2004). The ability and 

variability to smell is controlled by genetic factors associated with variations in odor 

receptor genes (Reed and Knaapila 2010). There are approximately 350 different odor 

receptors that assess thousands of odors and their intensities, with a single receptor 

capable of recognizing multiple odorants and individual odorants interacting with 

multiple receptors (Buck and Axel 1991; Buck 2004). Aging is also a contributing factor 

to variability as humans experience a gradual decline in smell functions, with the rate of 

increasing above 70 years of age (Doty et al. 1984; Murphy et al. 2002).    

 
Worldwide, human of all ages are exposed to metals in drinking water(Asante et al. 

2007; Chai et al. 2010; Dietrich et al. 2004). Metal pollution is especially common in 

groundwater due to dissolution of metals into the aquifers (Concha et al. 2010). One of 
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the most abundant metals in the earth’s crust, iron occurs naturally in groundwater or 

comes from the corrosion of pipes in distribution systems (Volke et al. 2000; World 

Health Organization (WHO) 2003). Under low oxygen conditions in groundwater, iron is 

present in its reduced ferrous iron (II) form at concentrations up to several milligrams 

per liter.  In the United States, iron levels in groundwater range from less than 0.001 to 

30 mg/L depending on the geographical region, with higher values typical for 

groundwater in Southern and Midwest States (DeSimones et al. 2009).  In these 

regions, the average groundwater iron levels often exceed the United States 

Environmental Protection Agency (USEPA) Secondary Maximum Contaminant Level 

(SMCL) of  0.3 mg/L Fe based on color and taste (United States Environmental 

Protection Agency) (Figure 3.1). Likewise, the World Health Organization (WHO) 

guideline is set at the same level.  

 

 
Figure 3.1: Average concentration of iron in U.S. groundwater as compiled from the U.S. Geological Survey’s 

National Water-Quality Assessment Mapper for the years 1990-2010. Red dots represent areas with average iron 

concentrations below the USEPA secondary maximum contaminant limit (SMCL) of 0.3 mg/L. The blue dots 

correspond to areas with iron levels above that of the SMCL.    
 

Iron is an essential element and not typically considered to be a toxic metal. However, 

recent reports indicate that high iron intake is associated with increased risk of cancer 

(Peto 2010; Zacharski et al. 2008); in fact, iron chelating drugs have been used for 

cancer therapy (Buss et al. 2004; Kovacevic et al. 2011).  Excessive iron accumulation 

in the body has also been associated with aging as well as diseases of the heart, 

Alzheimer’s disease, and Parkinson’s disease.  This has been mainly attributed to the 
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ability of iron (as well as copper) to participate in oxidative reactions that generate 

reactive oxygen species or free radicals that are responsible for many pathological 

conditions as well as natural aging (Papanikolaou and Pantopoulos 2005).  Another 

aspect of iron toxicity is its role as a growth element in disease-causing microorganisms 

as well as in tumors (Weinberg 2010).  As an example, iron supplementation has been 

associated with increased risk of placental malaria parasite in pregnant women (Senga 

et al. 2011).  A recent review article by Brewer (Brewer 2010) succinctly presents the 

realistic and possibly alarming “story” of “copper and iron toxicity during aging in 

humans”, identifying their unacknowledged toxicities as a “looming public health” 

problem for the aging population. 

 
In the United States, population studies from the National Health and Nutrition 

Examination Survey (NHANES) III have indicated different levels of iron accumulation in 

the body, as measured by serum ferritin (a protein in the body that stores iron levels), 

based on age, race, and gender, with the levels increasing dramatically in women 

above 50 years of age (Zacharski et al. 2000).  Due to its potential to cause 

gastrointestinal stress and increase oxidative damage to biological membranes, 

proteins, or DNA, the German Federal Institute for Risk Assessment classifies iron as a 

potential high risk human health hazard while recognizing its nutritional necessity at 

various stages of human development (Domke et al. 2005).  

 
Metallic flavored drinking water complaints are common. In a survey of North American 

utilities, 14-20% of all taste complaints were described as metallic (Suffet et al. 1996). 

Scottish citizens used “metallic” to describe 12.4% of all taste and odor complaints for 

drinking water in 2006 (Scottish Government 2008). Although metallic flavor sensation 

in humans is common, its causes are not well understood. Metallic flavor is known to be 

a slight taste sensation coupled to a major retronasal-odor sensation from metal 

induced lipid-oxidation in the oral cavity.  The sensation has been described as metallic, 

sweet, bitter and astringent (Ömur-Özbek and Dietrich 2011; Hong et al. 2010a; Lim 

and Lawless 2006). The odor component is perceived through the release of odorous 

flavor compounds in the back of the oral cavity where the oral and nasal passages 

meet; this is referred to as retronasal perception.  The significance of retronasal 
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perception for Fe2+ is that it results in a decrease in the flavor threshold as can be 

demonstrated by examining the effect of nasal occlusion (Ömur-Özbek and Dietrich 

2011; Hettinger et al. 1990; Lawless et al. 2004).  Metallic sensation is typically 

perceived strongest for ferrous, followed by cupric and cuprous salts (Ömur-Özbek and 

Dietrich 2011).  Previously determined threshold concentrations for iron have ranged 

from 0.04 to 256 ppm (Cohen 1960). A most recent and comprehensive measure of 

individual ferrous iron thresholds indicate a range of 0.003 to greater than 5 mg/L for 

human subjects primarily younger than 50 years of age (Ömur-Özbek and Dietrich 

2011). No specific studies have examined the impact of age on metallic flavor threshold 

in water, although age associated effects on thresholds for the five basic tastes of salty, 

sweet, bitter, sour, and umami have been widely studied dating back to 1940, as 

comprehensively outlined in a 2001 review article by Mojet and colleagues (Mojet et al. 

2001). 

 
In this study, our objectives were to determine the effect of age on metallic flavor 

threshold in water; to examine whether flavor threshold variations among individuals 

can be attributed to physical/chemical factors such as oral pH and lipid oxidation; and 

assess the potential for individuals to use their chemical senses to detect iron in 

drinking water at the SMCL or higher concentrations. The impact of aging was of 

specific importance and interest due to the prevalence of taste and smell disorders 

among the elderly population. 

 
3.2 Materials and Methods 

3.2.1 Human Subjects. The study was approved by the Institutional Review Board 

(IRB) at Virginia Tech (IRB Project No. 06-395).  Human subjects were recruited from 

the community, students, faculty and staff of Virginia Tech and Blacksburg, Virginia by 

means of paper and email flyers.  Subjects were required to have no chronic oral or 

general health problems, be non-smokers, and not pregnant.  All subjects read and 

signed an informed consent form in accordance with the approved IRB protocols. The 

subjects were untrained, but were aware from the informed consent that the focus was 

metallic flavor.  A total of 61 (36 females) multinational subjects, ages 19 – 84 years, 

participated in the study.  From this group of 61 subjects, subgroups participated in the 
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various experiments.  Forty-one (41) subjects (26 females), ages 19-84 participated in 

the ferrous threshold study and 15 subjects (10 females), aged 52-84, of the 41 also 

participated in an assessment of their smell function using a standardized test (vide 

infra).  Twenty-six of these 41 subjects participated in the oral lipid oxidation (OLO) 

experiments; another 20 subjects joined the OLO experiments for a total of 46 subjects 

(24 females), aged 19-84. 

 
The sensory protocol for flavor threshold determination used in our current study was 

identical to that of Omur-Ozbek and Dietrich (Ömur-Özbek and Dietrich 2011).  That 

previous study determined ferrous thresholds for 28 subjects (15 females) ages 19-65.  

Thus, the two data sets were combined to determine an overall population threshold for 

metallic flavor in drinking water based on 69 subjects (41 females) ages 19-84.  

 
3.2.2 Flavor Recognition Threshold and Oral pH. Sensory Methods: this research 

utilized sensory methods and materials identical to those previously reported (Ömur-

Özbek and Dietrich 2011).  Briefly, for threshold determinations, an ascending 

concentration one-of-five forced choice test was used which had a 20% chance of 

guessing correctly (American Standards for Testing Materials (ASTM) 1997).  Samples 

were served at 22 - 24 ºC in taste-and odor free 3-oz Solo plastic cups (Solo Cup 

Company, Lake Forest IL) filled with 20 ml of sample and/or control water.  Previous 

studies (Cuppett et al. 2006; Ömur-Özbek and Dietrich 2011; Lim and Lawless 2006) 

demonstrated that this volume was sufficient to determine taste perception.  Only one 

sensory session that tested a single ferrous concentration was conducted per day.  A 

single test and concentration per day was necessary to avoid any effect of aftertaste, 

which is typical of metallic flavor.  Subjects were instructed to avoid consuming food or 

beverages for at least one hour prior to each sensory testing session.  Tests were 

conducted in a quiet room with no distracting odors or sounds.  During each testing 

session, subjects’ oral pH was measured using a pH indicator strip (Cen-Med/Fisher 

M95883).  

 
To familiarize subjects with metallic flavor, they were given Nanopure® water with a 

high iron concentration before threshold testing began.  At each session, subjects 
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received 5 cups each labeled with a different 3-digit number.  Four cups contained 

Nanopure® water and one contained the ferrous solution.  The cups were presented in 

a random order such that the ferrous solution could be in any of the five positions. 

Subjects were instructed to taste the samples from left to right without going back, wait 

1 minute in between samples, and to select the metallic tasting sample and mark it on 

their score sheet.  For a given subject, testing was complete when the subject correctly 

identified three sequential ferrous concentrations or reached the last and highest 

concentration approved by the IRB. 

 
Sample Preparation: A 100 mg/L iron stock was prepared daily using food-grade Iron 

(II) Sulfate (Sigma-Aldrich, PA, CAS # 13463-43-g) and Nanopure® water which was 

taste and odor free. Ferrous solutions were prepared daily by diluting the stock solution 

with Nanopure® water, which also served as the control.  The concentrations tested 

were 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2, 4, 5, 10, and 20 mg/L Fe2+.  Solutions 

were monitored to prevent the oxidation of ferrous iron to ferric iron.  The concentrations 

were verified using inductively coupled plasma – mass spectroscopy (Thermo Electronic 

Corporation, X-Series ICP-MS, Waltham, MA), following Standard Method 3120B 

(American Public Health Association (APHA); the American Water Works Association 

(AWWA); the Water Environment Federation (WEF) 2005).  

 
3.2.3 Oral Lipid Oxidation and Oral pH. Taste samples of 10 mg/L Fe2+ were prepared 

from ferrous sulfate in Nanopure® water. Subjects were presented with two 3-oz Solo 

plastic cups, one filled with 2 mL of Nanopure® water and the other with 2 mL of 10 

mg/L Fe2+.  Subjects were asked to sip 2 mL of Nanopure® water, as the control, then 

swish it around their mouth for 20 seconds, and without swallowing, expectorate until 

approximately 4 mL of saliva (control) was collected.  After a short rest period, subjects 

sipped 2 mL Fe2+ solution, swished the sample around their mouth, and expectorate the 

second 4 mL saliva sample (ferrous). Saliva samples were frozen immediately and 

stored at -50 ºC for up to one month until analysis.  Oral pH was measured, as 

previously described after sampling the control solution and again after sampling the 

metal salt solution.  Saliva analysis included measurement of lipid oxidation by 

thiobarbituric acid reactive substances (TBARS) and total protein.  The TBARS method 
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(Spanier 1991) was modified to work with liquid samples and to enhance readings at 

low concentrations (Wang 2009).  Total protein content of saliva was analyzed using 

Bradford assay (Copeland 1994).  Since the protein content of saliva can vary among 

individuals, the TBARS results were normalized by the total protein content of the 

individual’s saliva, and the results were reported as µM of TBARS produced per gram of 

total protein. 

 
3.2.4 Olfactory Functions Assessment.  Based on the results of the flavor threshold 

testing, a subgroup was selected for assessment of their olfactory functions.  The 

subgroup consisted of 15 subjects (10 females), aged  >52 years and included subjects 

with low and high sensitivities to metallic flavor of iron.  Smell function was assessed 

with the widely used standardized University of Pennsylvania Smell Identification Test 

(UPSIT) which is a “scratch-and-sniff” test that establishes both absolute (i.e., 

normosmia, anosmia, or mild, moderate or severe microsmia) and relative (percentile 

ranks) indices of olfactory function (Doty 1997, 2008).  

 
3.2.5 Data Analyses.  The best estimates of thresholds (BET) were calculated by the 

geometric mean method (American Standards for Testing Materials (ASTM) 1997; 

Lawless and Heymann 1998), which calculates the threshold as the geometric mean of 

the highest incorrect concentration and the lowest correct concentration.  The group 

threshold was calculated as the geometric mean of all individual geometric mean 

threshold values (American Standards for Testing Materials (ASTM) 1997).  Population 

threshold estimates also were determined separately for less than and greater than 50 

years old age groups.  The splitting of the threshold data between age groups at 50 

years old was based on consideration of the WHO dietary guidelines that specifies 

reduced dietary intake of iron at 50 years of age and older. 

 
Statistical software, JMP 8.0 (SAS, Cary, NC) was used for all data analyses. One-way 

analysis of variance (ANOVA) and comparison of the means, using Student’s t-Test and 

Tukey HSD or Wilcoxon/Kruskal-Wallis Rank sum test, were performed on the individual 

flavor threshold data, segregated by age group (less than and greater than 50 years).  

For the oral lipid oxidation experiments, comparative analysis was performed on the 
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mean OLO responses between the control and treatment (ferrous) groups. Linear 

correlation analysis was performed to identify the degree of correlation, if any, between 

age and flavor threshold, age and OLO, and oral pH and threshold.  For the olfactory 

functions assessment, subjects were grouped based on their olfactory assessment 

rating scores as categorized by the UPSIT protocol.  The UPSIT scores were compared 

to the corresponding flavor threshold levels to identify any relationships between 

individual metallic flavor thresholds and olfactory functions.  

 
3.3 Results and Discussion 

3.3.1 Flavor Recognition Threshold and Age.  The subjects recognized the metallic 

flavor in the samples.  The best estimate threshold levels for individual flavor thresholds 

ranged from 0.007 to 14.14 mg/L Fe2+ (Table 3.1 and Figure 3.2) The highest 

thresholds (e.g., individuals most insensitive to the flavor of iron) were typically 

observed among those > 50 years of age, although low and high thresholds were noted 

among both younger and older subjects.  The overall population threshold for all the 41 

subjects in the current study was calculated at 0.17 mg/L Fe2+.  The population 

threshold estimate for ≤ 50 years old age group was 0.045 mg/L Fe2+; this is nearly 

identical to recently previously reported value of 0.042 mg/L Fe2 from our laboratory 

(Ömur-Özbek and Dietrich 2011) (Table 3.1).  This indicates that the threshold estimate 

for the comparable age group could be duplicated given the same sensory methods and 

conditions.  For the age group > 50 years old, the geometric mean population threshold 

was estimated at 0.50 mg/L ferrous iron, which was statistically different from (p = 

0.013) and approximately ten times greater than the ≤ 50 years old age group (Table 

3.1).  The combined flavor threshold data for the current and previous studies (n = 69) 

indicated a weak correlation (R2 = 0.28) between age and flavor threshold among 

individuals > 50 years old, and no correlation (R2 = 0.003) for those in the age range of 

18 to 50 years old (Figure 3.2); the correlation (R2 = 0.23) still existed when all ages 

were combined.  
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Table 3.1: Summary of flavor threshold data for ferrous iron in Nanopure® water using an ascending forced choice 

one-of-five sensory procedure. 

Concentration, mg/L Fe
2+

  

Data Source 

Age Range Sample size (n) 

Range  

Individual Threshold 

Geometric Mean 

Population Threshold 

All  

(19 - 65) 

28 

(F = 15)
c
 

0.003 - > 5
b 

 

0.042 

(SD
d
 = 0.99) 

≤ 50 

(19 – 50) 

25 

(F = 14) 
0.003 - > 5

b
 

0.050 

(SD
d
 = 0.99) 

 

Study 1 

(previous
6
) 

 > 50 

(51 – 65) 

3 

(F = 1) 

> 5 0.189 

(SD = 2.87) 

All  

(19 - 84) 

41 

(F = 26) 

0.007 - 14.14 0.174 

(SD = 4.41) 

≤ 50 

(19 – 50) 

18 

(F = 11) 

0.007 – 8.77 0.045 

(SD = 1.99) 

 

Study 2 

(current 

research) 

 

 

 

> 50 

(51 – 84) 

23 

(F = 15) 

0.007 - 14.14 0.498 

(SD = 5.34) 

All  

(19 – 84) 

69 

(F = 41) 

0.003 – 14.14 0.105 

(SD = 3.58) 

≤ 50 

(19 – 50) 

43 

(F = 25) 

0.003 – 8.77 0.044 

(SD = 1.51) 

Overall 
a
 

 

> 50 

(51 – 84) 

26 

(F = 16) 

0.007 – 14.14 0.445 

(SD = 5.10) 
a 

Combined data from Studies 1 and 2. 
b 

For
 
Study 1, the highest concentration of ferrous tested was 5 mg/L and the concentrations ranged from 0.003 to 

> 5 mg/L of ferrous; value of 5 was used in population threshold calculations, when the reported individual flavor 

threshold was greater than 5 mg/L of ferrous. For Study 2, range of ferrous concentrations tasted was 0.005 – 20 

mg/L.  
c
 F = The number of female subjects. 

d 
SD = Standard deviation of the individual flavor thresholds.  

 
 
3.3.2 Flavor Recognition Threshold and Oral pH. The pH of Nanopure® water used 

in preparation of the metallic taste samples ranged from 5.5 – 6.0, while the participants’ 

oral pH levels varied from 5.5 – 7.5 (mean = 6.5, standard deviation = 0.37).  There was 

no correlation (R2 = 0.004) between a subject’s flavor threshold and their median oral 

pH (Figure 3.3).  Based on chemistry of the redox reactions of ferrous iron in aqueous 

systems, at the pH range encountered in the sample water and the oral environment, 

ferrous iron remains in solution as the dominant species (Benjamin 2002).  With regard 

to metallic flavor perception, the dissolved metal form is the major flavor producing 

species, as it has been shown to be the case for both iron and copper (Cuppett et al. 

2006; Ömur-Özbek and Dietrich 2011; Hong et al. 2010b) 
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Figure 3.2: Relationship between individuals’ flavor thresholds for ferrous-iron (Fe

2+
) in Nanopure® water versus 

age, using an ascending forced-choice sensory procedure. The circled data points indicate that the maximum 

concentration tested was 5 mg/L Fe
2+

, in these incidences, the individual threshold estimates were reported as 

greater than 5 mg/L Fe
2+

. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Relationship between individuals’ flavor thresholds for ferrous-iron in Nanopure® water and their 

individual median oral pH.  Measurements taken in the oral cavity following the completion of each sensory 

session, using the one-of-five forced choice sensory procedure. 
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3.3.3 Oral Lipid Oxidation, Age, and Oral pH.  Reported values for salivary TBARS in 

the control samples of our healthy adults ranged from 0.011 – 1.24 µM which is 

compatible to the range of 0.01 - 2.0 µM for healthy adults as reported in the literature 

(Celec et al. 2005; Ömur-Özbek 2008).  Oral lipid oxidation levels, as measured by µM 

TBARS/g protein, were considerably higher in the saliva sample collected after tasting 

of the ferrous containing water than the control saliva sample collected after tasting of 

Nanopure® water (Figure 3.4).  In the control saliva samples, TBARS levels ranged 

from 0.013 – 1.73 µM/g total protein (mean = 0.451, SD = 0.395).  In the ferrous saliva 

samples, TBARS levels ranged from 0.149 – 5.54 µM/g total protein (mean = 1.43, SD = 

1.40).  The average TBARS/g total protein for the control and “metal” saliva samples 

were significantly different (p < 0.0001).  This observation is consistent with previous 

research findings that exposure to ferrous iron induces lipid oxidation in the oral cavity, 

resulting in the formation of volatile flavor compounds associated with retronasal 

perception of metallic flavor (Lawless et al. 2004; Ömur-Özbek 2008).  

 
No direct correlation was found between oral lipid oxidation and age (Figure 3.4).  

Participants’ oral pH levels showed no, or little, change after tasting the control and 

ferrous-containing water; this observation was consistent for all participants, regardless 

of their age. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Relationship between oral lipid oxidation (OLO) and age. The “Control” data (open diamonds) represent 

OLO levels measured in the saliva of individuals after ingestion of 2 mL of Nanopure® water. The “Ferrous” data 

(closed circles) represent OLO levels measured in the saliva after ingestion of Nanopure® water spiked with 10 

mg/L of ferrous iron.  
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3.3.4 Olfactory Functions Assessment.  To investigate a possible explanation for the 

decreased metallic threshold in the >50 year olds, olfactory function was measured for 

15 subjects aged 52-84.  Individual UPSIT scores ranged from a low of 9 to a high of 38 

out of the total possible 40 points. Based on their scores, the subjects were categorized 

into 4 groups: norosmia (n = 5), mild microsmia (n = 5), moderate microsmia (n = 2) and 

total anosmia (n = 3). The condition of norosmia is indicative of normal smell functions, 

while the remaining categories represent mild, moderate, or total impairment of smell 

functions.  When compared with their individual flavor threshold data, reduced or poor 

sensitivity to the metallic flavor of ferrous iron corresponded with the conditions of mild, 

moderate, and total anosmia; these were observed among subjects with median ages of 

52, 82, and 77 years old, respectively (Figure 3.4).  Additionally, a weak linear 

correlation (R2 = 0.11) was observed between the individual UPSIT scores and the 

flavor threshold data (Figure 3.5).  Among the subjects, those characterized with “Total 

Anosmia” (n = 3) were all elderly males, 77-78 years old.  These results are consistent 

with numerous published studies on the prevalence of olfactory impairment in elderly 

adults.  One study on 2,941 residents of Beaver Dam, Wisconsin, USA, aged 53 to 97 

years old, reported the prevalence of impaired olfactory functions at 24.5%.  The extent 

of impairment increased dramatically to 62.5% prevalence among those aged 80 – 97 

year.  Olfactory impairment was also reported to be more prevalent among the male 

subjects (Murphy et al. 2002).  

 
3.3.5 Discussions on findings. Assessing the potential for individuals sense excess 

iron in drinking water.  In 84% of the test population, which consisted of 69 subjects for 

the combined current and previous (Ömur-Özbek and Dietrich 2011) studies (Figure 

3.1, Table 3.1), individual ferrous flavor thresholds fell well below the USEPA and WHO 

aesthetic level of 0.3 mg/L, indicating that the aesthetic standard may not protect the 

majority of the population from experiencing the metallic flavor of iron (Figure 3.6). In 

such cases, consumer dissatisfaction with aesthetic qualities of water may lead  to 

decreased consumption and tendency to utilize alternative sources, such as bottled 

water (Burlingame et al. 2007; Dietrich 2006). On the other hand, in this population, the 

ability to sense iron in drinking water would provide protection against overexposure to 
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Figure 3.5: Relationship between olfactory functions as assessed by the University of Pennsylvania Smell 

Identification Test (UPSIT) and flavor thresholds for ferrous-iron (Fe
2+

) in Nanopure® water. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Comparison of the geometric mean population flavor thresholds of ferrous iron in Nanopure® water for 

above and below 50 years old age groups.  The dotted line represents the current aesthetic based standard (SMCL) 

as established by the USEPA. Error bars are based on the standard error of the mean. Asterisk indicates a 

significantly higher population flavor threshold for the 51-84 years old age group as compared to that of the 19-50 

years old age group (p = 0.013).   
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reduced iron. With regard to consumer ability to perceive the metallic flavor of iron in 

their drinking water, a recent study found no differences in the detection and recognition 

thresholds for the perception of ferrous sulfate in deionized water, tap water or spring 

water (Hoehl et al. 2010).  Similarly, no difference was found for the flavor threshold of 

cupric ion in distilled or tap water as long as the copper remained soluble (Cuppett et al. 

2006).  These reports suggest that water quality does not impact metallic flavor 

perception in water.   

 
Not all subjects could taste iron below the USEPA and WHO aesthetic level. 

Approximately 16% of the studied population (11 out of 69) could not taste 2 mg/L of 

ferrous iron; the majority (9 out of 11) of these individuals were > 50 years of age. 

Among this older group, 4 out of 9 could not taste ferrous iron at or above 10 mg/L Fe2+.  

Iron concentrations above 2 mg/L are not common in oxidized drinking water. However, 

in anoxic groundwater, typical ferrous iron concentration can range from 0.5 – 10 mg/L 

Fe and concentrations as high 50 mg/L may be found (World Health Organization 

(WHO) 2003). At 0.3 – 10 mg/L Fe2+ concentration, exposure to iron from drinking water 

would be about 0.6 – 20 mg Fe, for an average adult consuming 2 liters of water per 

day. To protect against excessive iron storage in the body, the Joint Expert Committee 

on Food Additives (JEFCA) established a maximum dietary intake of 0.8 mg /kg of body 

weight for iron from all sources, excluding iron oxides from food additives and iron 

supplements for clinical purposes; based on this guideline, allocated dietary intake of 

iron from drinking water has been estimated at about 2 mg/L (World Health 

Organization (WHO) 2003).  Thus, prolonged exposure to excess iron through 

consumption of drinking water alone or in water-prepared beverages like tea, coffee, 

diluted concentrates, along with loss and/or reduced sensitivity to metallic flavor, could 

pose a risk of overexposure to iron or other flavor producing metals in susceptible 

individuals.   

 
With regard to toxicity impacts, one reported epidemiological study on 16,408 pregnant, 

Lithuanian women found that chronic exposure to elevated levels of iron and 

manganese in drinking water was associated with reduced birth weight in newborn 

infants.  This association was found to be the case for each metal individually as well as 
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in combination; although the study could not exclude other environmental and/or genetic 

risk factors (Grazuleviciene et al. 2009).  In groundwater, iron is often present in 

conjunction with manganese (Bouchard et al. 2007), which has an aesthetic threshold of 

0.05 mg/L (United States Environmental Protection Agency).  Thus, the ability to detect 

excess iron through sensory perception or the lack thereof could provide a protection 

against other potentially harmful and less flavorful metals or pose a serious risk of 

overexposure, respectively.   

 
Examining the biochemical indicators of metallic flavor perception in humans.  Oral lipid 

oxidation has been used as an indicator of oxidative stress as well as metallic flavor 

production in humans.  Lipid oxidation is a measure of oxidative stress in the cellular 

environment due to an imbalance between oxidants and antioxidants in the body, which 

can damage macromolecular components of cells such as nucleic acids, proteins, and 

lipids (Repetto et al. 2010).  Specifically, lipid oxidation causes damage to cell 

membranes by formation of lipid peroxides through generation of reactive free radical 

species (Armstrong and Browne 1994), including hydroxyl, superoxide anion, singlet 

oxygen, hydrogen peroxide, and organic compounds that are commonly referred to as 

reactive oxygen species (ROS).  Transition metals such as iron, copper, manganese, 

and aluminum participate in free radical reactions and facilitate production of ROS in 

cells; toxicity effects of copper, manganese and iron have been associated with liver 

damage and neurological diseases (Repetto et al. 2010; Butterworth 2010).  

 
The odor components of volatile secondary metabolites of lipid oxidation contribute 

significantly to metallic flavor perception.  Our study confirms previous findings that 

drinking ferrous-containing water results in an increase in lipid oxidation (Ömur-Özbek 

2008).  Using only TBARS as an indicator, we observed no direct correlation between 

age and level of oral lipid oxidation among our study subjects; however, it is important to 

note that oral exposure to ferrous iron induced lipid oxidation in all subjects regardless 

of age and gender.  Since the by-products of this biochemical reaction are associated 

with metallic flavor and retronasal perception, insensitivity to the flavor of iron, in spite of 

induced oral lipid oxidation, could be indicative of diminished olfactory functions. 
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Significance of olfactory functions in metallic flavor perception and potential health 

implications. The influence of olfactory functions on taste perception has been widely 

studied and reported in the literature (Doty 2009; Stinton et al. 2010).  While with some 

human senses, impairment in one sense leads to strengthening of another, such as loss 

of vision leading to enhanced hearing and touching abilities, this is not necessarily the 

case with the senses of taste and smell, as the two are closely related (Landis et al. 

2010).  With regard to flavor perception, such as metallic, olfactory functions are 

important as demonstrated to some extent by our current study, as well as by previous 

studies that examined the impact of nose closure on flavor perception of metals in 

drinking water (Hettinger et al. 1990; Dietrich 2009; Epke and Lawless 2007).  These 

findings have important health implications, as taste and smell disorders are especially 

common in aging adults, and the age distribution in the human population is changing. 

According to the World Health Organization the number of people over 60 years was 

reported at 650 million in 2007 and projected to reach 2 billion by the year 2025 (World 

Health Organization (WHO) 2007).  The U.S. Census Bureau estimates that the U.S. 

population older than 65 will increase from 35 million in 2000 to 60 million by the year 

2025 (United States Census Bureau 2010).  The U.S. National Institute on Deafness 

and other Communication Disorders estimates that approximately 3 million adult 

Americans have taste and/or smell disorders (National Institute of Health - National 

Institute on Deafness and Other Communication Disorders (NIDCD) 2010). Specifically, 

taste and/or smell impairment is highly prevalent among elderly adults over age 53 and 

is notably higher among men than women (National Institute of Health - National 

Institute on Deafness and Other Communication Disorders (NIDCD) 2010).  In fact, the 

risk factor for taste and smell impairment in this population is nearly doubled for every 5-

year increase in age and almost tripled in males (Murphy et al. 2002). 

 
Societal implications. This research comprehensively assessed the humans’ ability to 

apply their chemical senses to detect iron contamination in drinking water.  A key finding 

is that adults vary in their ability to apply sensory perception to detect environmental 

contaminants.  Some adults cannot detect iron at concentrations 10- to 45-fold above 

the drinking water standard and may be susceptible to metal poisoning.  This includes 
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individuals as young as in their 20’s, but above age 50 a greater percentage of 

individuals cannot detect the flavor of reduced iron.  While iron is an essential element 

for living organisms, excessive iron accumulation in the body causes cell and tissue 

damage by catalyzing reactions that generate free radical reactive oxygen species 

possibly leading to disease and cancer.  Increased iron levels have also been 

associated with diseases commonly encountered during aging, such as atherosclerosis 

and Alzheimer’s disease (Brewer 2010; Zecca et al. 2004).  Considering the decreased 

recommendation for dietary iron intake for individuals above 50 years of age and the 

increased potential for excessive accumulation of iron in the body, this raises a concern 

about the increased risk of iron exposure for older adults from consumption of 

groundwater, water-prepared foods and beverages, and dietary sources.  

 
3.4 Conclusions 

Our findings are consistent with other research that demonstrates a decline in the 

chemical senses with age, but it is unique in that drinking water is the source of the 

environmental sensory contaminant and evidence is provided for wide variation in the 

human population.  While our research focused on iron, there are implications for other 

metal of health concern, most notable copper from copper pipes as our previous 

research has demonstrated that copper is less flavorful than iron and it is known that 

copper is also more toxic than iron.   

 
Over the past 40 years, advances in drinking water safety and quality, largely driven by 

environmental regulations and protection of public health, has dramatically decreased 

the risk of human exposure to microbiological and chemical contaminants (Roberson 

2011).  More recently and looking into the future, aesthetic/sensory qualities of drinking 

water are considered important factors to consumers as measures of preference and 

perception of safety (Dietrich 2006).  In this regard, understanding the population 

variability of human senses in detecting drinking water contaminants is important both in 

terms of product acceptability as well as susceptibility of overexposure to potential 

toxicants.   
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Chapter IV 

 

Analysis of Salivary Fluid and Chemosensory Functions in Patients Treated for 

Primary Malignant Brain Tumors 

 
Abstract 

Disorders of chemosensory (taste and smell) functions are common yet understudied 

side effects of cancer and its treatment.  This study examined the impact of cancer 

therapy on chemosensory functions and salivary constituents.  Twenty-two brain cancer 

patients (10 females), median age 60, newly diagnosed with primary malignant gliomas 

were monitored over a 30-week period; they underwent 6-weeks of combined modality 

treatment (CMT) with radiation and the alkylating agent temozolomide followed by an 

additional 6 monthly cycles of temozolomide.  Of the 22 cancer patients, 17 patients (7 

females) had baseline data and were included in the data analyses.  Chemosensory 

functions were assessed at 0 (baseline), 3, 6, 10, 18, and 30 weeks, using a validated 

questionnaire that provided a chemosensory complaint score (CSCS) ranging from 0 

(normal) to 16 (maximally impaired).  At each time-point, paired samples of saliva were 

collected before and after an oral rinse with 10 ± 1 mg/L ferrous-iron containing water. 

Oxidative stress response was determined by oral lipid oxidation (OLO) using 

thiobarbituric acid reactive substances (TBARS) method; salivary electrolytes and 

metallic constituents were determined using inductively coupled plasma (ICP) 

spectroscopy.  Parallel analyses were performed on a corresponding group of 22 

healthy subjects (14 females), median age 58.  Chemosensory assessment indicated 

that the mean CSCS in cancer patients increased significantly at all time-points (p = 

0.04) exept at 30-week.  This corresponded with a notable, but nonsignificant increase 

in the salivary oxidative responses at the 10- and 18- week timepoints (p = 0.13).  When 

compared to the healthy subjects, salivary oxidative stress response, total protein, Na, 

K, Cl, P, S, and Mg serum levels, as averaged across all times, were significantly higher 

in cancer patients (p < 0.05), while salivary Zn, Fe, and oral pH levels were significantly 

lower in cancer patients (p < 0.05).  Neither time nor treatment had a significant impact 

on the total salivary protein, metals, and electrolytes (p > 0.05). 
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The findings indicates that the impact of cancer treatment on chemosensory functions of 

patients treated for primary malignant gliomas can range from minimal to moderate 

impairment with maximum impairment developing during the 6-week CMT.  Study of 

salivary constituents may provide clues to the causes of taste and smell disorders. 

 

Key Words: metallic flavor, oral lipid oxidation, cancer, brain tumor, chemotherapy, 

saliva, taste and smell 

 

4.1 Introduction 

Taste and smell functions are critical aspects of human physiology.  They provide us 

with the pleasures of experiencing flavors and aromas in foods and beverages and the 

smells of fragrances.  They also protect us from the dangers of ingested or inhaled 

toxins.  Thus, disorders of taste and smell functions can have important health 

implications as well as debilitating effects on our quality of life.  Many factors have been 

associated with taste and smell loss and/or disorders, namely, normal aging, 

environmental exposure, nasal congestion and allergies, prescription medication, head 

trauma, neurological diseases such as Alzheimer’s, and cancer and its treatment 

(Ackerman and Kasbekar 1997; Bernhardson et al. 2007; Boyce and Shone 2006; 

Bromley 2000; Deems et al. 1991; Doty 2009). 

 
It is widely known that cancer patients experience loss or altered taste and smell 

functions due to the disease itself and/or the effects of chemotherapy and radiation.  As 

early as the 1970s, unpleasant changes in taste and smell functions were reported in 

cancer patients (Dewys and Walters 1975); while taste alterations have been 

associated with the occurrence of anorexia (DeWys 1977) as well as negative short-

term and long-term impact on the patients’ quality of life (de Graeff et al. 2000; Hong et 

al. 2009).  

 
Nearly two million cancer patients receiving chemotherapy and radiotherapy experience 

metallic flavor perception after consuming foods and beverages (Comeau et al. 2001).  

Oral pain and metallic taste phantom phenomenon have been found to be significantly 

higher in cancer survivors than in healthy individuals (Logan et al. 2008).  The most 
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prevailing taste alteration experienced by cancer patients is the perception of a metallic 

and bitter taste or aftertaste (McGowan 2008).  Taste qualities have also been 

described as “nauseating” or “unpleasant” by cancer patients of all ages, including 

pediatric patients (Di Fiore and Rigal 2009; McDaniel 1998; Skolin et al. 2006).  These 

issues have broad impacts on the quality of life for these patients and often lead to other 

implications such as reduced oral intake and nutritional deficiency, weight loss, and 

depression (Epstein and Barasch 2010).  While these problems are significant, there 

are only a limited number of studies exploring their causes and possible treatments. 

 
The underlying causes of metallic flavor sensation in humans are not well understood.  

Recent findings have shown that a mechanism responsible for the generation of metallic 

flavor is lipid oxidation.  On the human skin surface, lipid oxidation has been linked to 

the production of “metallic” odor compounds produced when a metallic object such as a 

key or a penny is held in the hand (Glindemann et al. 2006).  Occurrence of metal-

induced lipid oxidation has also been demonstrated in the oral cavity of healthy human 

subjects when drinking water spiked with copper and iron was consumed (Mirlohi et al. 

2011; Ömur-Özbek 2008).  Oxidative stress in a cellular environment can be caused by 

metal ions and result in the generation of highly reactive and unstable lipid 

hydroperoxides (Catala 2009).  Within the oral cavity, lipid oxidation is associated with 

oxidation of polyunsaturated fatty acids in the oral mucosal cell membranes or the 

salivary fluid lipids (Larsson et al. 1996).  The decomposition of the hydroperoxides 

leads to the formation of secondary by-products, such as aldehydes, and ketones 

including malondialdehyde (MDA) (Catala 2009).  MDA and other by-products of lipid 

oxidation can be quantified colorimetrically after the controlled reaction with 

thiobarbituric acid (Yagi 1998).  The measurement of thiobarbituric acid reactive 

substances (TBARS) has been a widely used method for screening and monitoring lipid 

peroxidation since the early 80’s (Guillen-Sans and Guzman-Chozas 1998).  The 

TBARS method has been used to assess off-flavors in food products and oxidative 

stress in samples that include biological tissues and fluids associated with cellular 

toxicity and study of human diseases (Yagi 1998; Shpitzer et al. 2007; Sun et al. 2011). 
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It has been shown that metallic flavor can be reduced or prevented by use of 

antioxidants and/or chelating agents (Ömur-Özbek 2008), which act by preventing lipid 

oxidation reaction when administered orally.  Taste disorders have often been 

associated with zinc deficiency, and zinc supplementation has been somewhat 

effectively used in such treatments (Fukasawa et al. 2008; Kettaneh et al. 2002; 

Stewart-Knox et al. 2005). 

 
In cancer patients, metallic and bitter taste sensations have been associated with low 

levels of irradiation and chemotherapy using several tested chemotherapeutic drugs 

including cyclophosphamide, doxorubicin, 5-fluorouracil, methotrexate, paclitaxel and 

cisplatin (Comeau et al. 2001; Capra 2001).  Seventy-seven percent of patients treated 

with cisplatin alone or in combination with other chemotherapeutic agents reported 

metallic taste perception (Ravasco 2005).  Release of chemotherapy drugs into the 

salivary fluid and interaction with taste buds can cause impairments by direct contact 

with taste receptor cells.  Additionally, damage to sensory nerves such as the chorda 

tympani can impact the olfactory system and consequently cause disturbances in taste 

and smell functions (Epstein and Barasch 2010).  

 
Other possible causes of unpleasant taste alterations that cancer patients experience 

could be associated with poor oral hygiene and/or infections within the oral cavity (Hong 

et al. 2009; Mosel et al. 2011).  Others have noted that taste alterations may in part be 

due to psychological causes when patients complain about taste (Comeau et al. 2001; 

Epstein et al. 2002). 

 
As side effects of treatment, taste and smell abnormalities (TSA) are most commonly 

reported in head and neck cancer cases (Logan et al. 2008; Mirza et al. 2008), including 

cancers of the throat, nasal/oral cavities, and salivary glands (NCI, 2011).  TSA 

symptoms are anticipated in other types of cancers where body regions associated with 

taste and smell functions are affected by the field of radiation treatment.  This is the 

case for primary malignant brain tumors or gliomas.  Currently, the most common 

treatment for such tumors is surgery, followed by concurrent radiation and 

chemotherapy—typically an orally administered drug called temozolomide (Temodar).  
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Temozolomide is then given on monthly cycles for 6-12 months as maintenance therapy 

(Stupp et al. 2005).  

 
The Central Brain Tumor Registry of the U.S. (CBTRUS) has reported that 

approximately 24,000 new primary malignant brain tumors are diagnosed in the United 

States each year.  While most prevalent among the elderly (greater than 50 years of 

age), brain tumors occur in all ages and are the second most frequent malignancy of 

childhood after leukemia (CBTRUS 2011).  Currently, no prospective data is available 

on the incidence, severity or duration of the taste and smell abnormalities experienced 

by brain tumor patients undergoing concurrent radiation and chemotherapy.  

Anecdotally, a large number of these patients develop dramatic alterations in taste 

perception, food texture, quality and the sensation of a metallic taste within several 

weeks of beginning radiation therapy, with or without concurrent chemotherapy (Lesser 

2011).  These alterations lead to food aversion, weight loss and a profoundly decreased 

quality of life (Bernhardson et al. 2007; Hong et al. 2009).  They may last for up to 

several months after the radiation has been completed and, on occasion, normal taste 

and odor sensation never returns (Bernhardson et al. 2007).  The objectives of this 

study were 1) to quantify TSA abnormalities in a small cohort of newly diagnosed 

primary glioma patients treated with CMT; 2) to assess the etiologic role of salivary 

oxidative stress and constituents, as cause of the observed sensory changes; and 3) to 

compare the salivary constituents in the cancer patients with healthy subjects.  It is 

hoped that the findings from this research will provide baseline data and lead to future 

trials utilizing an intervention to prevent or treat taste and smell disturbances in similar 

patient populations. 

  
4.2 Materials and Methods 

4.2.1 Human Subjects. This study was approved by the Institutional Review Boards 

(IRB) at Virginia Tech and the Wake-Forest School of Medicine.  Twenty-two cancer 

patients (10 Females), age range 20 to 79 years (median age 60), were recruited from 

the brain tumor clinic at the Comprehensive Cancer Center of Wake Forest University 

(CCCWFU).  Eligibility criteria included age greater than 18 years, a newly diagnosed 

primary malignant brain tumor, anticipated combined modality therapy, and an expected 
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survival of at least 6 months.  Ineligible patients included those with an extreme dry 

mouth syndrome that prevented them from producing adequate amounts of saliva 

(about 2 mL in 15-20 minutes), known HIV positive, and patients with any of the 

following conditions: untreated gastroesophageal reflux disease; uncontrolled diabetes; 

active oral infections including thrush; or evidence of active mucositis.  Additionally, 22 

healthy subjects (14 Females), age range 21 to 82 years (median age 58), were 

recruited from the community, students, faculty and staff of Virginia Tech and 

Blacksburg, Virginia.  Healthy subjects were required to have no chronic oral or general 

health problems, be non-smokers, and not pregnant.  All subjects read and signed an 

informed consent form in accordance with the approved IRB protocols. 

 
4.2.2 Cancer Treatment Plan.  Cancer patients were subjected to a combined modality 

treatment (CMT), comprised of standard radiation therapy (RT) with concurrent 

temozolomide (TEM) given over 6 weeks followed by adjuvant TEM given for 5 days 

each month for an additional 6 months.  Patients underwent an initial saliva analysis 

and chemosensory assessment prior to beginning CMT.  Repeat analyses were 

performed following 3, 6, 10, 18, and 30 weeks of treatment.  For healthy subjects, 

saliva analysis was performed at 0 (baseline), 3, 6, 10, 18, and 30 weeks (Figure 4.1) 

 
4.2.3 Saliva Collection and Analysis.  At baseline and each time point (Figure 4.1), 

saliva samples were collected from subjects (that had not consumed food or beverages 

and had not smoked for at least one hour prior to testing) as follows.  First, subjects 

rinsed their mouth using purified water (Aquafina®).  After a 1-minute rest, they sipped 2 

mL of purified water (Aquafina®), as the control sample, then, swished it around their 

mouth for 20 seconds, and, without swallowing, expectorated saliva into a clean sample 

collection tube until approximately 4 mL of saliva (control) was collected.  After a short 

rest period, subjects sipped 2 mL of ferrous sulfate solution (at 10 ± 1 mg/L ferrous), 

swished the solution around their mouth, and expectorated the second (ferrous) 4 mL 

saliva sample.  Subjects were asked to put on nose clips before sipping the metal salt 

solution to help evaluate the retronasal component of the metallic flavor sensation.  

Subjects’ oral pH was measured using a pH indicator strip (Cen-Med/Fisher M95883) 

after sampling the control solution and again after sampling the metal salt solution.  
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Saliva samples were frozen immediately and stored at -50 ºC for up to three months 

until analysis.  Saliva analysis included the measurement of salivary oxidative stress 

response as TBARS, total protein, and total metals, nonmetals, and electrolytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Saliva collection and cancer treatment regimen. Study subjects donated saliva at time 0, 3, 6, 10, 18, 

and 30-weeks. For cancer patients, time 0 represents the baseline (prior to the start of cancer treatment). 

Treatment designation for data plotting and analysis purposes include: 0 [No treatment or None], representing 

baseline or 0 time;  1 [CMT] representing 3- and 6-week times; 2[Post CMT], representing 10-week time; and 3 

[Chemo], representing 18- and 30-week times. CMT = Combined Modality Treatment. 

 

4.2.4 Salivary Oxidative Stress.  TBARS method was used for the measurement of 

salivary oxidative stress response.  The method was modified from Spanier’s to work 

with liquid samples and to enhance readings at low concentrations (Spanier 1991; 

Wang 2009). For TBARS analysis, 1 mL of saliva sample and known concentrations of 

MDA standard were mixed with 2 mL of thiobarbituric acid (TBA) solution and digested 

for 60 minutes at 95°C in a water bath.  Then, the samples were immediately cooled in 

an ice bath, mixed with 2 mL of n-butanol/pyridine mixture (at 15:1 ratio), and 

centrifuged for 15 minutes at a speed of 3000 g.  The absorbance of the supernatant 

was measured with a spectrophotometer at 532 nm for the samples and standard curve.  

The concentration of TBARS was obtained from the standard curve and absorbance 

values.  The dilution effect was taken into consideration in the calculations. 
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4.2.5 Salivary Protein.  Since the protein content of saliva can vary among individuals, 

to report the TBARS results more accurately, the total protein content of the saliva of 

the patients, as well as the healthy individuals, was measured and the results were 

reported as µM TBARS produced per gram of protein.  Total protein content of saliva 

was analyzed using the Bradford assay (Copeland 1994).  A standard curve was 

obtained by using bovine serum albumin (BSA) at 1mg/mL concentration.  To perform 

the analysis, 1 mL of Bradford reagent was mixed with 8 to 20 µL of saliva.  The 

samples were vortexed and 100 µL of the mixture was transferred to the well plates and 

read by spectrophotometer at 595 nm. Duplicates of each sample were analyzed and 

the total protein content of the saliva was determined from the BSA standard curve. 

 
4.2.6 Salivary Metals, Nonmetals, and Electrolytes.  Saliva samples were first 

thawed at room temperature.  Then, they were diluted with deionized water at 1:10 ratio 

and digested with trace metals grade nitric acid at 90 °C for 45 minutes; hydrogen 

peroxide was added and the solution was heated up to 130 °C until the mixture became 

clear as described by the method from the U.S. Environmental Protection Agency (EPA 

method 3050B).  After digestion, the samples were adjusted back to their original 

dilution and acidified with 2% trace metals grade nitric acid prior to being analyzed by 

emission spectroscopy using Inductively Coupled Plasma (ICP) technique (EPA method 

3050B).  

 
4.2.7 Chemosensory Assessment.  There are no standard validated tools specifically 

designed to assess taste and smell in cancer patients.  Thus, as an exploratory 

endpoint, self-perceived taste and smell functions were assessed using a questionnaire 

(Appendix B) which has been used to evaluate chemosensory functions in AIDS 

patients (Hutton et al. 2007).  As part of the questionnaire, patients were asked to rate 

their individual taste and smell abnormalities as “insignificant,” “mild,” “moderate,” 

“severe,” or “incapacitating.”  The tool yields a taste complaint score (0-10) based on 

the subjects’ responses to nine questions addressing changes to the sense of taste 

since the start of their cancer treatment.  The questionnaire was completed prior to the 

start of treatment (baseline) and at 3, 6, 10, 18, and 30-week time points following the 

baseline; the cancer treatment regimen during this monitoring period was presented 
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earlier in Figure 4.1.  To score the questionnaire, one point was added for each reported 

taste complaint and two points for a rating of “severe” or “incapacitating” on the severity 

of the taste abnormality.  Similarly, a smell complaint score (0-6) was generated by 

adding one point for a positive response to each of five questions addressing self-

perceived changes to the sense of smell.  Two points were assigned to a severity rating 

of “severe” or “incapacitating” for the smell abnormality.  The total chemosensory 

complaint score, CSCS (0-16), was calculated by adding the taste and smell complaint 

scores.      

 
4.2.8 Data Analyses.  Analysis of variance (ANOVA) with repeated measures, treating 

subjects as random effect and utilizing a univariate or adjusted univariate approach, 

was used; while, the multivariate repeated measure ANOVA was used where there 

were no missing data.  For comparison of the means on the continuous variables, 

Student’s t-Test and/or Tukey HSD or Wilcoxon/Kruskal Wallis Rank sum test, were 

performed.  For the salivary parameters, comparative analysis was performed on the 

mean responses between the healthy subjects and cancer patients, averaged within a 

person, across all times.  For the cancer group, data analysis also compared the mean 

responses of salivary parameters at baseline (time 0), during CMT (3-week and 6- week 

time points; averaged within a person across those times), post- CMT (10-week time 

point), and during adjuvant monthly TEM (18- and 30-week time points; averaged within 

a person across those times).  For the iron-induced oral oxidative stress response, delta 

OLO, as the arithmetic difference between the measured salivary TBARS before 

(control) and after (ferrous) oral rinse with ferrous spiked water was used for the data 

analysis.  For chemosensory assessment, reported TSA responses as quantified by the 

CSC scores were plotted against time-points, 0 (baseline), CMT (3-week and 6-week), 

and post CMT (10-week).  Using bivariate linear correlation analysis at each time point, 

the CSC scores were compared to the corresponding iron-induced OLO responses to 

identify any correlations between the observed taste and smell abnormalities and iron-

induced oral oxidative stress response.  Statistical software, JMP 9.0 (SAS, Cary, NC), 

was used for most data analyses; p-values less than 0.05 were considered statistically 

significant.  Additionally, for the delta OLO and CSC data, repeated analysis of 
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variances were performed using a mixed modeling approach available through the SAS 

software, not JMP 9.0.  The additional SAS analyses were conducted by the statistician 

at Wake-Forest cancer center.  

 
4.3 Results and Discussion 

4.3.1 Salivary Oxidative Stress Response.  Salivary lipid oxidation (OLO) levels 

before and after oral rinse with ferrous-spiked water, as well as the pre/post change 

(denoted delta OLO) are summarized in Table 4.1 by group and time.  Mixed models 

were used separately for the cancer patients and the healthy controls to assess the 

significance of the pre/post rinse differences and to assess the significance of the 

changes in delta OLO over time.  Salivary lipid oxidation (OLO) levels typically 

increased after oral rinse with ferrous-spiked water in both cancer patients and healthy 

subjects.  This increase in OLO response after ferrous rinse, comparing the mean OLO 

responses before and after ferrous rinse, was consistently significant in healthy subjects 

(p < 0.004 for all times) and for cancer patients (p < 0.034 for all times).  To simplify and 

facilitate comparisons between OLO responses at different time points, subsequent 

analysis of the data was performed using delta OLO as the dependent variable.  As 

noted earlier, delta OLO represents the iron-induced OLO response calculated by the 

arithmetic difference between the measured salivary TBARS before (control) and after 

(ferrous) oral rinse with ferrous spiked water.  The change in delta OLO over time was 

not statistically significant for either the cancer patients [F(5,16) = 2.00, p = 0.134] or the 

healthy subjects [F(5, 21) = 2.05, p = 0.113].  As shown in Figure 4.2, the changes in 

delta OLO were highly variable for the cancer patients, ranging from 0.53 to 5.94 

TBARS/g protein; the changes in delta OLO over time were much more consistent for 

the control patients with mean delta OLO ranging from 0.71 to 1.04 µM TBARS/g 

protein.  Likewise, when mean delta OLO responses for the cancer patients were 

evaluated by treatment phase, the differences were nonsignificant [F(3,16) = 2.12, p = 

0.138]. 

 
To better display the within-subject variability over time for both cancer patients and 

healthy subjects, additional plots of the delta OLO data are presented in Appendix C.
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Table 4.1: Summary of oxidative stress response and chemosensory assessment scores. 

 

Cancer Group 

Mean ± Standard Deviation 

Salivary Oxidative Stress/Oral Lipid Oxidation (OLO) 

Response 
1
 (uM TBARS/g Protein) 

Time 

(Weeks) 

Cancer 

Treatment N 

Before Fe
+2

 Rinse 

(Control) 

After Fe
+2

 Rinse 

(Ferrous) Delta OLO
 3

 

Mean ± 

Standard 

Deviation 

 

Oral pH 

 

Mean ± Standard Deviation 

 Chemosensory Complaint  

Score (CSCS) 

(#, 0 - 16) 

0  None 17 0.84 ± 1.43 1.90 ± 2.01 1.16 ± 1.60 6.54 ± 0.88 1.59 ± 2.37 (N = 17)
 4

 

 (Baseline)     [0.11 - 1.58]
 2

 [0.87 - 2.94] [0.33 - 1.98] [6.01 - 7.07] [0.37 - 2.81] 

3 CMT 15 1.06 ± 1.22 1.83 ± 1.64 0.79 ± 1.14 6.30 ± 0.70 3.93 ± 4.14 (N = 14) 

      [0.39 - 1.74] [0.92 - 2.74] [0.16 - 1.43] [5.91 - 6.69] [1.54 - 6.32] 

6 CMT 15 0.67 ± 1.33 0.89 ± 0.68 0.78 ± 1.08 6.25 ± 0.50 5.07 ± 4.13 (N = 15) 

      [-0.06 - 1.41] [0.51 - 1.27] [0.19 - 1.38] [5.93 - 6.57] [2.78 - 7.35] 

10 Post CMT 15 0.69 ± 0.60 6.60 ± 9.83 5.94  ± 9.45  6.06 ± 0.53 3.57 ± 3.39 (N = 14) 

      [0.36 - 1.02] [1.15 - 12.04] [0.71 - 11.18] [5.65 - 6.46] [1.62 - 5.53] 

18 Chemo 11 0.90 ± 1.28 6.00 ± 12.28 5.10 ± 11.88 6.20 ± 0.27 4.44 ± 4.10 (N = 9) 

      [0.04 - 1.76] [-2.25 - 14.24] [-2.87 - 13.09] [5.86 - 6.54] [1.30 - 7.59] 

30 Chemo 12 0.47 ± 0.45 0.94 ± 0.61 0.53 ± 0.43 6.38 ± 0.44 2.30 ± 4.22 (N = 10) 

   [0.19 - 0.75] [0.55 - 1.33] [0.26 - 0.81] [6.00 - 6.74] [-0.72 - 5.32] 

Healthy Group           

0  22 0.38 ± 0.40 1.26 ± 1.28 1.04 ± 1.21 6.60 ± 0.52 

 (Baseline) None   [0.20 - 0.56] [0.69 - 1.83] [0.50 - 1.58] [6.36 - 6.83]   

3   22 0.27 ± 0.21 1.14 ± 1.25 0.89 ± 1.27 6.56 ± 0.56 

      [0.18 - 0.37] [0.59 - 1.70] [0.32 - 1.45] [6.31 - 6.81]   

6   22 0.34 ± 0.36 1.12 ± 0.94 0.78 ± 0.85 6.63 ± 0.52 

      [0.18 - 0.50] [0.70 - 1.54] [0.40 - 1.15] [6.40 - 6.86]   

10   22 0.40 ± 0.58 1.07 ± 0.66 0.85 ± 0.67 6.77 ± 0.56 

      [0.14 - 0.66] [0.78 - 1.36] [0.56 - 1.15] [6.53 - 7.02]   

18   22 0.43 ± 0.46 1.28 ± 1.35 0.86 ± 1.14 6.82 ± 0.55 

      [0.22 - 0.63] [0.68 - 1.88] [0.35 - 1.36] [6.58 - 7.05]   

30   22 0.27 ± 0.32 0.98 ± 0.93 0.71 ± 0.86 6.82 ± 0.51 

      [0.13 - 0.41] [0.57 - 1.40] [0.33 - 1.40] [6.60 - 7.05]   

1. Salivary oxidative stress response as measured by oral lipid oxidation (OLO) by TBARS method. 

2. Values in bracket represent the 95% confidence interval. 

3. Delta OLO is the difference between the OLO response after and before ferrous-spiked water rinse. 

4. Specified N is the number of cancer patients with reported chemosensory complaint scores (CSCS). 
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Figure 4.2: Salivary oxidative stress reponses in cancer patients and healthy subjects. Oxidative stress response 

was measured using the TBARS method (cancer patients: N = 17; healthy subjects: N = 22). The plotted data 

represent delta TBARS indicative of iron-induced oxidative stress response for cancer patients over time (4.2a) or 

over the treatment (4.2c), and delta TBARS for healthy subjects over time (4.2b).  All responses over time and 

treatment were nonsignificant (p > 0.05). Error bars were constructed using ± 1 standard error from the mean.  

 
4.3.2 Chemosensory Assessment.  Self-reported taste and smell abnormalities (TSA) 

for individual cancer patients, as assessed by the CSC score scale of 0 to 16 (none to 

maximal impairment), ranged from 0 to 12.  The mean CSC scores for cancer patients 

are summarized in Table 4.1 and plotted against time in weeks and treatment phase as 

shown in Figure 4.3.  Repeated analysis of variance of the mean CSC scores indicated 

no significant differences with respect to time [F(5, 16) = 3.06, p = 0.040; Figure 4.3a].  

The significant mean differences were between the baseline (time 0), and all the times, 

expect 30-week (range of p-values: 0.013 – 0.022).  Likewise, when the mean CSC 

scores were compared by treatment phase, the repeated analysis of variance showed 

significant treatment effect [F(3, 16) = 4.03, p = 0.026].  Follow-up comparison of mean 

CSC scores by treatment indicated significant differences between the mean CSC 

scores at all CMT and post CMT phases when compared to the baseline (range of p-

values: 0.036 – 0.006; Figure 4.3b).   

 
To better display the within-subject variability over time for both cancer patients and 

healthy subjects, additional plots of the CSC scores are presented in Appendix C.

Cancer Group Healthy Group Cancer Group 

4.2a 4.2b 4.2c 
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Figure 4.3: Chemosensory complaint (CSC) scores for cancer patients as measured by self-reported questionnaire. 

The plotted data (N = 17) represent mean CSC scores over time (4.3a) and course of the cancer treatment (4.3b). 

Error bars were constructed using ± 1 standard error from the mean. 

 

4.3.3 Salivary Protein.  The within-subject variations in the total salivary protein levels 

were not significant over time for healthy subjects (p = 0.49; Figure 4.4a; Table 4.2) or 

cancer patients (p = 0.70; Figure 4.4b; Table 4.2).  Additionally, for cancer patients, the 

within-subject variations in the total protein levels were not significant when examined 

by the treatment phase (p = 0.90).  In contrast, when examined by subject group 

(cancer patients and healthy subjects), the mean total salivary protein levels were 

significantly different (p < 0.0001), with the mean total protein level being higher in 

cancer patients than in healthy subjects (Figure 4.5).  Within each subject group, the 

mean total salivary protein levels were not significantly different when comparing saliva 

samples before (Control) and after ferrous rinse with respective p-values from the 

paired t-test at p= 0.16 for the cancer group and p = 0.29 for the healthy subjects.  

Cancer Group Cancer Group 

*

*

4.3a 4.3b 
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Figure 4.4: Variations in the mean total salivary protein  levels in cancer patients and healthy subjects. Figure 4.4a 

shows the data for cancer patients (N = 17); Figure 4.4 shows the data for healthy subjects (N = 22).  Error bars 

were constructed using ± 1 standard error from the mean. The dotted red lines represent saliva samples collected 

before ferrous rinse (Control); the blue lines represent samples collected after mouth rinse with ferrous (Ferrous).  

 

 

 

Figure 4.5: Comparison of the mean total salivary protein  levels in cancer patients and healthy subjects.  Bars with 

different letters indicate statistically significant (p < 0.0001 for Control and p = 0.016 for Ferrous) difference 

between the mean responses for the two groups. Error bars were constructed using ± 1 standard error from the 

mean.  The red bars represent saliva samples collected before ferrous rinse (Control); the blue bars represent 

samples collected after mouth rinse with ferrous (Ferrous). The data set represents all oral pH measurements 

taken at time 0 (baseline) through 30 weeks for each group. Neither time nor treatment had significant effects on 

oral pH levels (p > 0.05). 

 

Cancer Group Healthy Group 

4.4a 4.4b 

a 

a 

b 
b 
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Table 4.2: Total salivary protein levels in cancer patients and healthy subjects. 

 

Cancer Group 

Total Salivary Protein (g/L) 

Mean ± Standard Deviation, [95% CI] 

Time (Weeks) 

Cancer 

Treatment N 

Before Fe
+2

 Rinse 

(Control) 

After Fe
+2

 Rinse 

(Ferrous) 

0 (Baseline) None 17 1.36 ± 1.00 1.10 ± 0.80 

      [0.85 - 1.88] [0.68 - 1.51] 

3 CMT 15 1.48 ± 1.00 1.18 ± 0.78 

      [0.92 - 2.03] [0.75 - 1.61] 

6 CMT 15 1.37 ± 0.78 1.16 ± 0.68 

      [0.94 - 1.80] [0.79 - 1.54] 

10 Post CMT 15 1.22 ± 1.08 1.31 ± 1.55 

      [0.62 - 1.82] [0.45 - 2.17] 

18 Chemo 11 1.57 ± 1.13 1.17 ± 0.88 

      [0.82 - 2.33] [0.58 - 1.77] 

30 Chemo 12 1.80 ± 0.89 1.58 ± 0.92 

      [1.22 - 2.36] [0.95 - 2.16] 

Healthy Group     

0 (Baseline) 22 1.04 ± 0.60 1.10 ± 0.52 

  None   [0.77 - 1.31] [0.87 - 1.33] 

3   22 0.99 ± 0.40 1.12 ± 0.49 

      [0.81 - 1.17] [0.90 - 1.34] 

6   22 0.80 ± 0.41 0.81 ± 0.40 

      [0.62 - 0.98] [0.64 - 0.99] 

10   22 0.86 ± 0.57 0.90 ± 0.54 

      [0.61 - 1.11] [0.67 - 1.14] 

18   22 0.71 ± 0.41 0.80 ± 0.44 

      [0.53 - 0.90] [0.60 - 0.99] 

30   22 0.95 ± 0.57 1.03 ± 0.64 

      [0.70 - 1.21] [0.74 - 1.31] 

          Values in bracket represent the 95% confidence interval 

 
4.3.4 Measurements of Oral pH. In cancer patients, the oral pH levels showed no 

significant within-subject variation over time (p = 0.69) or from the treatment effect (p = 

0.36).  Likewise, for the healthy subjects, the within-subject variation in oral pH levels 

was not significant over time (p = 0.37).  In contrast, when examined by subject group 

(cancer patients and healthy subjects), the oral pH levels were significantly different for 

the control sample (before ferrous rinse; p < 0.0001), but not for the ferrous sample 

(after ferrous rinse; p = 0.18), with the mean oral pH levels being lower in cancer 

patients than healthy subjects (Figure 4.6).  Within each subject group, the mean oral 
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pH levels were significantly different when comparing saliva samples before (Control) 

and after ferrous rinse in cancer patients (p = 0.03), but not in healthy subjects (p = 

0.93).  

 

Figure 4.6: Comparison of Oral pH levels between cancer patients and healthy subjects. The mean oral pH levels 

were significanlty different in the Control sample (Fig 4.6a; p < 0.0001), but not in the Ferrous sample (Fig 4.6b; p = 

0.18). The data set represents all oral pH measurements taken at time 0 (baseline) through 30 weeks for each 

group. Neither time nor treatment had significant effects on oral pH levels (p > 0.05). 

 

4.3.5 Salivary Metals, Nonmetals, and Electrolytes.  In cancer patients, the 

concentrations of salivary constituents show no statistically significant within-subject 

variations over time (p = 0.10 - 0.82) or over the treatment effect (p = 0.05 - 0.78).  For 

the healthy subjects the variation in the salivary constituents was significant over time 

only for mean salivary zinc (p = 0.02) and iron levels (p < 0.0001).  When examined 

over time, comparative means for salivary zinc levels for healthy subjects (HS) and 

cancer patients (CP) were significantly different only at time 0 (p < 0.0001), while for 

salivary iron levels, the means were significantly different at all time points (p < 0.0001).  

Regardless, comparative analysis of the means for all the parameters were performed 

only by subject group (i.e., cancer patients and healthy subjects). When compared by 

subject group, and with the exception of Ca and Cu, the mean salivary Na, Mg, Cl, K, S, 

Before Ferrous Rinse 

(Control) 

 

After Ferrous Rinse 

(Ferrous) 

 

4.6a  4.6b  
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P, Zn, and Fe levels (both before and after ferrous rinse) were significantly different 

between cancer patients and healthy subjects (Table 4.3 and Figure 4.7 – 4.10). 

Table 4.3: Salivary electrolytes, metals, and nonmetals in cancer patients and healthy subjects 

 

Parameter (ppm) 
Salivary Constituents  

Mean ± standard deviation, [95% CI] Means Comparison
1
 

 Cancer Group Healthy Group p-value (t-Test) 

Sodium 210.80 ± 96.24 169.23 ± 66.51 0.0007 

(23Na)
2
 [189.91 - 231.68] [157.78 - 180.68]   

Magnesium 8.49 ± 4.63 5.49 ± 2.89 < 0.0001 

 (25Mg) [7.48 - 9.49] [4.99 - 5.98]   

Phosphorus 220.33 ± 117.81  166.69 ± 79.40 0.0003 

 (31P) [194.76 - 245.89] [153.02 - 180.36]   

Sulfur 342.46 ± 181.26 237.98 ± 119.62 < 0.0001 

 (34S) [303.12 - 381.79] [217.38 - 258.58]   

Chlorine 630.21 ± 292.16 553.20 ± 190.17 0.034 

 (35Cl) [566.81 - 693.61] [520.45 - 585.94]   

Potassium 1076.77 ± 478.44 776.28 ± 264.12 < 0.0001 

 (39K) [972.94 - 1180.59] [730.80 - 821.75]   

Calcium 73.96 ± 34.97 67.04 ± 26.56 0.123 

 (43Ca) [66.37 - 81.55] [62.47 - 71.62]   

Copper 0.09 ± 0.08 0.06 ± 0.11 0.062 

 65Cu [0.07 - 0.10] [0.04 - 0.08]   

Zinc 0.41 ± 0.25 0.54 ± 0.30 0.001 

66Zn  [0.36 - 0.47] [0.49 - 0.60]   

Iron (54Fe)  0.49 ± 0.28 1.28 ± 0.50 < 0.0001 

(Before Fe
+2

 Rinse) [0.43 - 0.55] [1.20 - 1.37]   

Iron (54Fe)   1.98 ± 0.79 3.68 ± 0.71 < 0.0001 

(After Fe
+2

 Rinse) [1.81 - 2.15] [3.56 - 3.80]   

1. For each group, means were averaged within subjects across all times. 

2. 23Na indicates the element’s molecular weight and symbol. 
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Figure 4.7: Comparison of the mean salivary potassium (K) and chloride (Cl) levels in cancer patients and healthy 

subjects. Figures display plots showing variations over time (Fig. 4.7a) and by subject group (Fig. 4.7b).  In Figure 

4.7b, bars with different letters indicate statistically significant (p < 0.05) difference between the mean responses 

for the two groups. Error bars were constructed using ± 1 standard error from the mean.   

 

 

Figure 4.8: Comparison of the mean salivary phosphorus, sulfur, sodium, and  calcium levels in cancer patients and 

healthy subjects. Figures display plots showing variations over time (Fig. 4.8a) and by subject group (Fig. 4.8b).  In 

Figure 4.8b, bars with different letters indicate statistically significant (p < 0.05) differences between the mean 

responses for the two groups. Error bars were constructed using ± 1 standard error from the mean. 
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Figure 4.9: Comparison of the mean salivary copper and  zinc levels in cancer patients and healthy subjects. Figures 

display plots showing variations over time (Fig. 4.9a) and by subject group (Fig. 4.9b).  In Figure 4.9b, bars with 

different letters indicate statistically significant (p < 0.05) differences between the mean responses for the two 

groups. Error bars were constructed using ± 1 standard error from the mean. 

 

 

Figure 4.10: Comparison of the mean salivary iron levels in cancer patients and healthy subjects. Figures display 

plots showing variations over time (Fig. 4.10a) and by subject group (Fig. 4.10b).  In Figure 4.10b, bars with 

different letters indicate statistically significant (p < 0.05) differences between the mean responses for the two 

groups. Error bars were constructed using ± 1 standard error from the mean. The dotted red lines/bars represent 

salivary iron levels before mouth rinse with ferrous containing water; the blue lines/bars represent samples 

collected after mouth rinse with ferrous (Ferrous). 
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4.3.6 Discussions on Findings. Salivary Oxidative Stress Response and 

Chemosensory Assessment.  The overall mean oral lipid oxidation levels in cancer 

patients were significantly higher than that of healthy subjects.  This was the case both 

prior to (p < 0.0001) and after (p = 0.003) iron-induced OLO response due to the oral 

rinse with ferrous spiked drinking water.  Elevated oxidative stress response in 

biological fluids such as serum and saliva is a common occurrence in some disease 

conditions including cancer (Adibhatla and Hatcher 2010; Angeli et al. 2011).  The 

increase in oxidative stress response is associated with free radical reactions that cause 

damage to macromolecular components, such as lipids, proteins, and DNA in cells and 

tissues (Catala 2009).  Transition metals, such as iron, are known for their catalytic 

effects on free-radical oxidative reactions (Jomova and Valko 2011).  Based on this 

understanding, the significantly higher mean OLO response in cancer patients, relative 

to that of healthy subjects is not surprising.  However, an interesting finding is that the 

mean iron-induced OLO (i.e., delta OLO) response was dramatically increased in some 

patients at post CMT phase.  Although the overall delta OLO response was 

considerably high, it was not statistically significant at the CMT phase when compared 

to the baseline due to the high variability in the oxidative stress responses.  This 

observation is consistent with the chemosensory responses measured by the mean 

CSC scores, which increased significantly at the CMT phase (p < 0.05) and when 

compared to the baseline. These results suggest that in some cancer patients, the self-

reported TSA, as measured by the mean CSC score is parallel to that of the iron-

induced oxidative stress response as measured by delta OLO, although the significance 

of the oxidative stress response was noted at a later stage of the treatment than that of 

the self-reported TSA (i.e., the post CMT phase).  A previous study on patients with 

breast cancer or gynecological malignancies showed that taste and smell functions, as 

assessed by sniff sticks and taste strips, declined significantly during chemotherapy, but 

normal functioning was returned three months after chemotherapy (Steinbach et al. 

2009).  

 
Salivary Proteins and Possible Association with Taste Perception and Oxidative Stress 

Response.  While our research showed a significant difference in the level of proteins 
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present in cancer patients compared to healthy subjects, it did not focus on identification 

of specific proteins as potential biomarkers of TSA and/or oxidative stress in saliva. As 

an evolving research area, the composition of proteins in saliva is very complex. 

Research studies have identified more than 1400 salivary proteins (Scarano et al. 

2010).  Studies have shown that at the cellular level, some proteins, such as lactoferrin 

and transferrin, can act as antioxidants through chelation of metals that catalyze lipid 

oxidation (LO) reactions or capturing of free radicals that propagate LO reactions; 

whereas other proteins such as serum albumin can promote oxidation reactions (Elias 

et al 2008). Among the major salivary proteins, alpha amylase and mucin have shown 

varying binding capacities to oxidative metals such as copper in artificial saliva, thus 

indicating their potentials to indirectly limit or enhance lipid oxidation reactions in the 

oral cavity (Tang 2010) which could ultimately impact perception of metallic off-flavors 

associated with lipid oxidation reactions.  

 
Variations in Oral pH and Potential Influence on Taste Perception. As presented earlier, 

our results indicate that the mean oral pH level in cancer patients was significantly lower 

(p < 0.0001) than that of healthy subjects.  Since pH is an important factor in speciation 

of metals in aqueous environments, variations in pH could be an implicating factor in 

taste perception.  A previous study on copper has shown that taste perception is 

associated with soluble species of copper and that the particulate form of the metal is 

poorly tasted (Cuppett et al. 2006).  In the case of iron, within the typical pH range of 

saliva (5.5 – 8.0), iron is expected to remain in the dissolved ferrous form (Benjamin 

2002).  In the presence of salivary proteins, the role of pH can be further complicated. 

Studies with artificial saliva have shown that the metal binding capacities of major 

salivary proteins, mucin and alpha amylase, can decrease or increase based on the 

metal concentration as well as the salivary pH (Tang 2010).  Additionally, depending on 

their isoelectric points in relation to the pH of saliva, different salivary proteins can be 

influenced to either inhibit or enhance lipid oxidation reactions (Elias et al 2008).   

 
Salivary Metals, Nonmetals, and Electrolytes.  As a noninvasive method of biological 

sample collection, analysis of salivary fluid for metals and electrolytes has been 

extensively studied in the literature for the purposes of exposure assessment to toxic 
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metals or diagnostics in clinical applications (Wang et al. 2008; Watanabe et al. 2005).  

It is recognized that there are inherently wide variations between and within subjects on 

salivary parameters due to variations in salivary flow, while possibly age and sex could 

be sources of variations as well (Tenovuo 1989).  Our research showed that mean 

levels of salivary electrolytes, metals and nonmetals, specifically, Na, Cl, K, Mg, P, S, 

Zn were significantly higher in the cancer patients (P < 0.05) when compared to the 

healthy subjects, while the mean level of total iron was significantly lower in the cancer 

patients than healthy subjects (p < 0.0001).  It has been reported in the literature that a 

high sodium and chloride concentration under the condition of low salivary flow rate is 

indicative of damage to the cells of the striated ducts of the salivary glands (Tenovuo 

1989).  Reduced salivary flow rate has also been shown to impact salivary pH, buffering 

capacity, and other constituents (Tenovuo 1989).  Radiation therapy targeting tumors of 

the head and neck region often impact salivary gland functions, which can result in 

reduced salivary flow (Lal et al. 2010).  In one study with oral cancer patients, it was 

shown that numerous salivary parameters, including Na, K, Ca, Mg, P, and total protein 

levels were considerably higher (in some cases statistically significant) in cancer 

patients when compared to a corresponding healthy group (Shpitzer et al. 2007).  With 

regard to taste disorders, zinc deficiency has been widely associated with decline in 

taste acuity.  In a clinical study with a group of head and neck cancer patients, 

(Ripamonti et al. 1998) it was demonstrated that oral administration of zinc sulfate 

alleviated taste abnormalities in cancer patients treated with external beam radiation 

therapy; their post treatment recovery of taste acuity was also improved.  Similar 

findings have been reported in other studies (Watanabe et al. 2005) although a phase III   

randomized placebo-controlled, double blind trial of zinc supplementation did not 

prevent taste alterations in head and neck cancer patients undergoing radiotherapy. 

 
One interesting finding from our study is the consistently lower level of salivary iron 

measured in cancer patients compared to that of healthy subjects (p < 0.0001). This 

observation remained even after the oral rinse with drinking water containing 10 ± 1 

mg/L of ferrous sulfate. Recent studies in the literature have reported higher levels of 

some trace metals, including iron in serum samples from lung cancer patients 
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(Cobanoglu et al. 2010) and malignant glioma patients (Arslan et al. 2011) when 

compared to healthy subjects; however, serum levels of trace metals are often not 

correlated with that of saliva (Gil et al. 2011).  Among side effects of chemotherapy, 

conditions of anemia and iron deficiency are common and often treated with iron 

supplementation or therapeutic agents that boost red blood cells production 

(Cunningham 2003; Steinmetz et al. 2011).  In some types of malignancies, namely 

breast cancer, both conditions of iron deficiency and iron excess can serve as tumor 

growth factors, although through different mechanisms; one being hypoxia regulated 

gene expression and the other through induced oxidative stress (Jian et al. 2011).  

 
4.4 Conclusions 

Impact of cancer treatment on chemosensory functions can range from minimal to 

moderate impairment with maximum impairment developing during a 6-week CMT.  

Study of salivary constituents may provide clues to the causes of taste and smell 

disorders.  Our study indicates that in addition to self-reported taste and smell 

assessment, a measure of iron-induced salivary oxidative stress response by oral lipid 

oxidation could be useful in assessing changes in taste and smell abnormalities during 

cancer treatment.  However, the usefulness of salivary lipid oxidation as a biomarker for 

taste and smell assessment may be limited, as the results appear to be patient specific, 

rather than inclusive.  Additionally, our results indicated that as a group, cancer patients 

had significantly higher total salivary protein level than healthy subjects.  Since metallic 

sensation is a common taste complaint in cancer patients and proteins play an import 

role in the storage and transport mechanisms of flavor producing metals such as iron 

and copper, study of specific salivary proteins could provide insights into the causes of 

metallic taste discomfort associated with cancer therapies and other disease conditions.  

Among other salivary constituents, cancer patients as a group, had lower salivary zinc 

levels than healthy subjects; zinc deficiency could be an implicating factor in taste 

abnormalities as shown by other researchers.  
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Chapter V 

 

Water Consumption in Healthy Adults: 

Implications of Age, Flavor Preference, and Beverage Choices 

 

Abstract 
Consumption of water or water containing beverages is a necessity to sustain life for all 

organisms. In humans, the prescribed daily adequate intake (AI) levels for water ranges 

from approximately 0.7L in infants to 3.7L in adults.  Infants and elderly are at a greater 

risk of dehydration.  Inadequate intake of water as compared to calorie containing 

beverages has been linked to obesity in children and adults.  This study examined the 

possible association between drinking water intake, consumers’ age, water preference, 

taste/flavor sensitivity, and beverage choices in healthy adults.  Thirty-three subjects 

aged 19 to 84 years old (22 Females) participated in the study.  On three occasions, 26 

of the 33 subjects completed a previously validated beverage questionnaire, which 

assessed their daily beverage intake during previous month.  They also answered a 

general questionnaire, which assessed their drinking water preference.  Because iron is 

often present in well water at high concentrations, the subjects’ sensitivity to metallic 

flavor perception of ferrous iron in drinking water was assessed.  Of the 33 subjects, 

70% preferred tap water, 18% had no preference, and the remaining 12% had other 

preferences such as filtered or bottled water.  Average daily drinking water intake 

ranged from 0.54 L to 1.4 L with tap water consumers having the lowest average daily 

drinking water intake.  Plain water intake was considerably lower among the elderly (60 

– 84 year) and the average total beverage intake for all age groups was below the AI.  

In the elderly group reduced intake of plain water coincided with reduced sensitivity to 

metallic flavor. Sugar-sweetened beverages (SSB) constituted 43% of the beverage 

caloric intake for age group 19 – 39 compared to 28% and 23% in age groups 40 – 59 

and 60 –84, respectively; while, at 78%, percent caloric consumption from other 

beverages was highest among the elderly group. Increased consumption of plain water 

should be encouraged among all age groups to minimize caloric intake from SSB and 

other caloric beverages.  
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5.1 Introduction 

The issue of water consumption among human populations is important in many 

aspects, in terms of both environmental sustainability as well as global health concerns.  

In addition to the global concerns for safety and sustainability, water consumption is 

relevant to public health as it has been promoted as healthy choice to replace calorie 

containing beverages (CDC 2012).  Intrinsically, consumption is linked to water quality, 

safety, and flavor perception and/or preference.  In the United States, the national 

drinking water standards established by the Environmental Protection Agency (USEPA) 

are intended to ensure safety and quality of drinking water for public consumption, as 

are the standards established by the World Health Organizations (USEPA 2009; WHO 

2011).  Some standards are health-based and regulated by the primary maximum 

contaminate levels (PMCLs) not to be exceeded in potable waters; others are aesthetic-

based, secondary maximum contaminant levels (SMCLs), recommended to ensure 

acceptable appearance and palatability of drinking water (USEPA 2009).  Public 

perception of drinking water safety, while difficult to measure, is known to influence 

consumers’ behavior.  In this regard, attributes such as health effects as well as taste 

and odor are often used as indicators of water purity and safety by consumers (Lee et 

al. 2009; Whelton et al. 2007).  Among unpleasant flavor attributes, metallic taste is a 

common consumer complaint.  Incidentally, metal contamination of drinking water by 

copper, which produces a distinct metallic flavor in water (Ömur-Özbek and Dietrich 

2011), was identified as the source of 27 illness outbreaks in the US since 1971 (Craun 

et al. 2010).  Iron is another commonly occurring metal responsible for imparting 

metallic flavor to drinking water (WHO 2011).  

 
With regard to health benefits of water consumption, a number of studies have 

investigated the role of water consumption on energy intake and its ultimate effect as a 

weight loss/control measure (Daniels and Popkin 2010; Davy et al. 2008; Dennis et al. 

2009; Dubnov-Raz et al. 2011).  Additionally, numerous studies have linked obesity to 

increased intake of sugar-sweetened beverages (SBB) (Daniels and Popkin 2010; Davy 

et al. 2008; Dennis et al. 2009; Bleich et al. 2009).  Epidemiological studies conducted 

by the US National Health and Nutrition Examination Survey (NHANES) have indicated 
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a positive correlation between total energy intake and consumption of beverages other 

than water (IOM 2004).  Other studies have reported reduced caloric intake when water 

replaced other beverages (Kant et al. 2009; Popkin et al. 2005; Stookey et al. 2007).  

According to the NHANES, in the period of 2005-2006, American adults consumed 3.18 

L of total water in a given day, with plain water and beverages representing 33% and 

48% of the total beverage intake, respectively (Kant et al. 2009).  The United States 

Institute of Medicine, Food and Nutrition Board recommends an Adequate Intake (AI) of 

daily total water in healthy adult males and females at 3.7 and 2.7 liters, respectively.  In 

spite of this recommendation, the amount of water consumed in a day varies 

considerably among different age groups.  For example, for the most recent period of 

2005 – 2006, U.S. adults in age groups 19 - 39 and 40 – 59 consumed 1.1 liters of plain 

water per day, while those greater than age 60 consumed 0.8 liters.  Likewise, the daily 

total beverage intake was less in the elderly (i.e., age > 60) to 2.1 L compared to 2.7 L 

and 2.9 L for the 19 – 39 and 40 – 59 age groups, respectively (Popkin 2010).  

 
Intake of adequate fluid and/ water is vital for the maintenance of human body functions, 

such as cellular metabolism, regulation of body heat, and maintaining the osmolarity of 

various bodily fluids (Jequier and Constant 2010; Popkin et al. 2010).  Dehydration has 

been associated with increased risk of developing kidney stones, urinary tract infections 

and bladder cancer, while mild day-to-day dehydration has been associated with fatigue 

and impaired cognitive performance (Popkin et al. 2010; Ritz and Berrut 2005).  The 

elderly and infants are typically at greater risk of dehydration (IOM 2004; Jequier and 

Constant 2010).  In the elderly, diminished sensation of thirst as well as behavioral 

reasons such as fear of incontinence and/or disabling conditions associated with aging 

can contribute to dehydration risk.  Age-associated decline in taste functions as well as 

swallowing disorders have also been recognized to contribute to dehydration risks 

among the elderly (Asai 2004; Bratlund et al. 2010).  

 
Since water consumption is so vital to bodily functions, and plain drinking water is being 

encouraged as a healthy beverage in place of calorie containing beverages, factors that 

influence human consumption of drinking water should be taken into consideration 

when examining beverage consumption behavior.  These factors may include consumer 
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preference for a certain taste or flavor, such as tap, bottled, well, or mineral water as 

well as the availability of a safe and clean source of water.  Choice of drinking water 

may also be driven by their perception of risks associated with a given water source 

(Doria 2010; Doria et al. 2009).  For example, in public water systems, when water 

utilities experience problems with a certain contaminant of concern, consumers may 

resort to drinking alternative source, such as bottled and/or filtered water due to safety 

concerns.  In fact, this was shown to be the case in a study on Canadian consumers 

(Dupont et al. 2010).  In this study, we examined the beverage consumption pattern in 

adults who participated in a sensory study that assessed sensitivities to metallic flavor 

of iron in drinking water.  Our objectives were to identify correlations between drinking 

water consumption, age, other beverage choices, water preference, and individual taste 

sensitivity as assessed by metallic flavor threshold for iron.  Metallic flavor was studied 

in this case, since it is among the most common consumer complaints in drinking water 

(Benham et al. 2010). 

 
5.2 Materials and Methods 

5.2.1 Human Subjects. The study was approved by the Institutional Review Board 

(IRB) at Virginia Tech (IRB Project No. 06-395).  Human subjects were recruited from 

the community, students, faculty and staff of Virginia Tech and Blacksburg, Virginia by 

means of paper and email flyers.  Subjects were required to have no chronic oral or 

general health problems, be non-smokers, and not pregnant.  All subjects read and 

signed an informed consent form in accordance with the approved IRB protocols.  

Thirty-three, (22 females) multinational subjects, ages 19 – 84 years, participated in the 

study.  Each subject completed a brief demographics questionnaire which, provided 

information on their age, gender, smoking, and general health. 

 
5.2.2 Beverage Intake Questionnaire.  To estimate the mean daily intake of water, 

sugar-sweetened beverages, and total beverages (in volume and calories), a previously 

validated beverage questionnaire (BEVQ) was used (Hedrick et al. 2010).  The 

questionnaire consisted of 19 beverage categories and one, open-ended section for 

“other” beverages (Figure 5.1).  On three occasions, initial, 18-week, and 30-week, 

subjects completed the beverage questionnaire.  BEVQ measurements were taken at 
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initial time point for all 33 subjects.  For 26 of the 33 subjects, repeated BEVQ 

measurements were also taken at 18-week and 30-week time points as part of another 

study that assessed their sensitivities to metallic flavor of iron and monitored 

biochemical measures of iron-induced metallic flavor in their saliva.  

 
Briefly, to score the BEVQ, frequency (“How often”) was converted to the unit of times 

per day and then multiplied by the amount consumed (“How much each time”) to 

provide average daily beverage consumption in fluid ounces.  Total caloric intake of 

each beverage was determined by multiplying the number of fluid ounces per day by the 

calorie per fluid ounce for each beverage.  To quantify SSB consumption, beverage 

categories containing added sugars were summed (sweetened juice beverages/drinks, 

regular soft drinks, sweet tea, sweetened coffee, energy drinks, mixed alcoholic drinks, 

and meal replacement beverages).  For the purpose of identification, beverages not 

listed under the category of SSB will be referred to as “other” beverages.  These include 

100% fruit juices, milk, unsweetened or artificially sweetened tea and/or coffee, and 

alcoholic beverages. 

 
5.2.3 Sensory Threshold Determination.  The sensory protocol used for individual 

flavor threshold determinations has been described in our previous publication (Mirlohi 

et al. 2011).  Briefly, for threshold determinations, an ascending concentration one-of-

five forced choice test was used which had a 20% chance of guessing correctly (ASTM 

1997).  Samples were served at 22 - 24 ºC in taste-and odor free 3-oz Solo plastic cups 

(Solo Cup Company, Lake Forest IL) filled with 20 ml of sample and/or control water.  

Only one sensory session that tested a single ferrous concentration was conducted per 

day.  A single test and concentration per day was necessary to avoid any effect of 

aftertaste, which is typical of metallic flavor.  Subjects were instructed to avoid 

consuming food or beverages for at least one hour prior to each sensory testing 

session.  Tests were conducted in a quiet room with no distracting odors or sounds.  To 

familiarize subjects with metallic flavor, they were given deionized water with a high iron 

concentration before threshold testing began.  At each session, subjects received 5 

cups each labeled with a different 3-digit number.  Four cups contained deionized water 

and one contained the ferrous solution.  The cups were presented in a random order 
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such that the ferrous solution could be in any of the five positions.  Subjects were 

instructed to taste the samples from left to right without going back, wait 1 minute in 

between samples, and to select the metallic tasting sample and mark it on their score 

sheet.  For a given subject, testing was complete when the subject correctly identified 

three sequential ferrous concentrations or reached the last and highest concentration. 

 
In preparing taste samples for metallic flavor threshold determination, a 100 mg/L iron 

stock was prepared daily using Iron (II) Sulfate (Sigma-Aldrich, PA, CAS # 13463-43-g) 

and deionized water which was taste and odor free.  Ferrous solutions were prepared 

daily by diluting the stock solution with deionized water, which also served as the 

control. The concentrations tested were 0.005, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2, 4, 

5, 10, and 20 mg/L ferrous.  Solutions were monitored to prevent the oxidation of 

ferrous iron t ferric iron.  The concentrations were verified using inductively coupled  

plasma – mass spectroscopy (Thermo Electronic Corporation, X-Series ICP-MS, 

Waltham, MA), following Standard Method 3120B. 

 
For each participant, the individuals flavor thresholds were plotted against their 

corresponding water intake levels in order to identify correlations between an 

individual’s measure of taste sensitivity and their level of water intake. 

 
5.2.4 Data Analyses.  Statistical software, JMP 9.0 (SAS, Cary, NC), was used for all 

data analyses.  One-way analysis of variance (ANOVA) and comparison of the means, 

using Student’s t-Test and Tukey HSD or Wilcoxon/Kruskal Wallis Rank sum test, were 

performed on the continuous variables.  An alpha level of 0.05 was for all statistical 

tests.  Associations among variables (beverage intake variables and age; beverage 

intake and metallic flavor threshold; beverage intake and total energy intake) were 

assessed using linear correlation analyses (Spearman’s R).  Additionally, descriptive 

evaluation of data included examining the mean beverage intake levels among age 

groups 19 – 39, 40 – 59, and 60 – 84 to facilitate comparisons to the previously reported 

NHANES data.  
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Figure 5.1:  The beverage intake questionnaire (BEVQ). Questionnaire was developed by Hedrick et al (2010) and 

reproduced here with permission from Copyrights Clearance Center, Inc.  The BEVQ was used to assess subjects’ 

daily beverage intakes. BEVQ measurements were taken at initial time point for all 33 subjects.  For 26 (18 

females) of the 33 subjects, BEVQ measurements were also taken at 18-week and 30-week time points.  
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5.3 Results and Discussion  

5.3.1 Relationship between Drinking Water Consumption and Age. Distribution of 

subjects by age and gender was as follows: ages 19 – 39: 6 subjects (4 females); ages 

40 – 59: 11 subjects (8 females); ages 60 – 84: 16 subjects (10 females).  The average 

daily drinking water intake levels among the subjects ranged from 5.7 fl oz. (0.2 L) to 48 

fl oz (1.4 L).  Repeated measure ANOVA indicated no significant time effect for within 

subject variability (p = 0.34); therefore, subsequent analysis of the means was 

performed using BEVQ data taken at initial time point for all 33 subjects.  The mean 

daily drinking water intake was weakly correlated with age (R2 = 0.15) and showed a 

significant declining trend by increasing age (slope = -0.19, p = 0.026).  When the data 

were group by age categories: 19 – 39, 40 – 59, and 60 - 84, following the grouping 

used by the NHANES data, the mean daily water intake level was notably lower in the 

age group 60 – 84 when compared to the other two age groups; however, the 

differences in the means were marginally non-significant [F(2, 32) = 3.13, p = 0.058; 

Figure 5.2a].  When grouped by gender, the mean daily water intake levels were not 

significantly different between the genders (t ratio= 0.092, p = 0.93; Figure 5.2b).   

 

Figure 5.2: Comparison of the average daily drinking water intake in healthy adults. Data presented as grouped by 

age  (5.2a) and gender (5.2b). Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 

females).  The average daily water intake among the three age groups: 19 – 39 (N = 6), 40 – 59 (N = 11) and 60 – 84 

(N = 16) were marginally non-significant (p = 0.058).   

 

5.2b 5.2a 

(Years) 
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5.3.2 Variations in Sugar-Sweetened and Total Beverage Intakes. 1) Sugar-

sweetened beverages (SBB): Repeated measure ANOVA indicated no significant effect 

for within subject variability for repeated BEVQ measurements taken over time (p = 

0.51); therefore, subsequent analyses were performed on BEVQ data taken at the initial 

time for all 33 subjects.  The average daily intake of SSB varied widely among subjects, 

ranging from 0 fl oz. to 38 fl oz (1.1 L); while, the average daily total beverage intake 

varied from 18 fl oz. (0.5 L) to 98 fl oz (2.9 L).  There was no correlation neither between 

the intake of SSB and age (R2 = 0.03, p = 0.18).  When grouped by age categories: 19 

– 39, 40 – 59, and 60 – 84, the mean SSB intake levels were not significantly different 

among the three age groups [F (2, 32) = 1.67, p = 0.21; Figure 5.3a).  Likewise, when 

the data were grouped by gender, the mean SSB intake levels were not significantly 

different between the genders (t ratio = 1.06, p = 0.30; Figure 5.3b).  

  

Figure 5.3: Comparison of the average daily sugar-sweetened beverage (SSB) intake in healthy adults. Data 

presented as grouped by age  (5.3a) and gender (5.3b). Plotted data (N = 33) represent responses on the BEVQ 

from 33 subjects (22 females).  The differences in average daily SSB intake among the three age groups: 19 – 39 (N 

= 6), 40 – 59 (N = 11) and 60 – 84 (N = 16) were non-significant (p = 0.21).   

 

2) Total beverage intake: the self-reported BEVQ measurements for the total beverage 

intake were not significantly varied over time as assessed by repeated ANOVA (p = 

0.65).  Subsequent analysis performed on the initial BEVQ data indicated no significant 

difference between the mean daily total beverage intake levels among the three age 

5.3b 5.3a 
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groups [F (2, 32) = 1.78, p = 0.19; Figure 5.4a].  Likewise, when the data were grouped 

by gender, the mean daily total beverage intake levels were not significantly different 

between the genders (t ratio = 0.29 p = 0.78; Figure 5.4a].  There was no correlation 

between the mean total daily beverage intake and age  (R2 = 0.09, p = 0.09). 

 

 Figure 5.4: Comparison of the average daily total beverage intake in healthy adults. Data presented as grouped by 

age  (5.4a) and gender (5.4b).  Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 

females).  The differences in average daily SSB intake among the three age groups: 19 – 39 (N = 6), 40 – 59 (N = 11) 

and 60 – 84 (N = 16) were non-significant (p = 0.19).   

 
 
5.3.3. Impact of Drinking Water and Other Beverages Choices on Total Water and 

Calorie Intake. Subjects varied in their drinking water preferences (Table 5.1 and 

Figure 5.5).  The majority of subjects preferred tap water over the other choices, 

namely, bottled water, no preference (i.e., any), or filtered tap water. Only one of the 33 

subjects indicated a preference for bottled water.  When the mean daily drinking water 

intake levels were compared to water preferences, the highest level of water 

consumption (48 fl oz. or 1.4 L) corresponded to the one bottled water user, while the 

lowest mean water intake level (18.4 fl oz. or 0.54 L) corresponded to tap water users 

(Figure 5.6a).  Excluding the one bottled water wateruser, comparison of the mean 

intake levels for each water preference indicated a statistical significance [F(2, 31) = 

4.33; p = 0.023].  Post hoc comparisons using the Wilcoxon’s Rank Sum test indicated 

5.4b 
5.4a 
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that the mean intake level for tap water was significantly different from the filtered water 

users (p = 0.026); although not statistically significant, the mean intake levels for tap 

and no preference or “Any” were notably different (p = 0.058).  When categorized by 

age groups, among all three age groups, tap water was most commonly preferred 

followed by filtered water; while among the age groups 40 – 59 and 60 – 84, no 

preference or “Any” was the second most common response (Table 5.2 and Figure 5.6). 

 
 

Table 5.1: Variations in Subjects Drinking Water Preference and Water Intake. 

Drinking Water 

Preference 

Number of Subjects 

(N) 

Mean ± Standard Deviation (fl oz.), 

Mean Daily Water Intake  95% CI  

Tap 23 18.4 ± 8.8 or  [0.54 ± 0.26 L] 14.6 – 22.3  

Bottled 1 48 -- 

Any 6 26.0 ± 9.0 or  [0.77 ± 0.27 L] 16.5 – 35.5 

Other 3 32.0 ± 6.9 or  [0.95 ± 0.20 L] 14.8 – 49.2 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Relationship between water preference and average daily water intake levels in healthy adults. Plotted 

data (N = 33) represent responses on the BEVQ from 33 subjects (22 females).  Error bars represent 1 standard 

error from the mean. Of the 33 subjects, only one preferred bottled water; this subject had the highest drinking 

water intake at 48 fl oz.  
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Table 5.2: Variations in Subjects’ Drinking Water Preference by Age Group 

Drinking Water Preference 

Age Group 

Number of Subjects 

(N) Tap Bottled Any Filtered 

19 – 39 (4 females) 6 5 0 0 1 

40 – 59 (8 females) 11 7 1 2 1 

60 – 84 (10 females) 16 11 0 4 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Relationship between water preference and average daily water intake levels in healthy adults, as 

grouped by age.  Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 females).  Of the 33 

subjects, only one preferred bottled water; this subject had the highest drinking water intake at 48 fl oz. 

 

 
With regard to calorie intake, sugar-sweetened beverage (SSB) and “other” beverage 

choices, such as milk, 100% fruit juice, and alcoholic drinks contributed to the bulk of 

the total daily calorie intake.  As categorized by age groups, the 19 – 39 year olds 

represented the highest mean consumption of plain water and sugar sweetened 

beverages in terms of volume; while the age group, 49 – 59 consumed the highest 

volume of “other” beverage choices.  Among the age group 60 – 84, plain water and 

SSB represented the lowest mean level of consumption in terms of volume (Figure 

5.7a).  In terms of calorie intake, the highest mean calorie intake from SSB was 

observed within the age group 19 – 39, while the highest mean calories intake from 

“other” beverages was observed within the age group 60 – 84 (Figure 5.7b).  
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 Figure 5.7: Contributions of beverage types to overall average daily beverage intake in healthy adults. Beverage 

intakes are presented in terms of volume by fluid ounce (Fig. 5.7a) and calorie intake (Fig. 5.7b) within different 

age groups. Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 females).  

 

In terms of calories, the linear correlations between daily intake of beverages and the 

total daily calorie intake was notably higher for the SSB (R2 = 0.20, p = 0.009) than 

“other” beverages, which showed no correlation (R2 = 0.07, p = 0.13; Figure 5.8).  The 

finding indicates that in this group of subjects, contribution to daily caloric intake from 

beverages is higher for SBB than “other” caloric beverages.  With regard to all 

beverages, the correlation between total beverage intake volume and caloric intake 

remained significant, but relatively small (R2 = 0.31, p = 0.0007; Figure 5.8).  

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 5.8: Correlations between average daily beverage intake and total caloric intake from beverages in healthy 

adults. Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 females).  
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5.3.4 Relationship between Water Consumption and Sensitivity to Metallic Flavor.  

The sensitivity levels for ferrous iron flavor varied greatly among subjects and ranged 

from 0.003 - 14.14 mg/L Ferrous.  These values are both under and exceed the USEPA 

guideline of 0.3 mg/L total iron for aesthetic standard.  Subjects who were >50 years of 

age had higher threshold values and were less sensitive to the flavor of iron.  There was 

no correlation between individuals’ estimate of metallic flavor threshold and their 

drinking water intake levels (R2 = 0.05, p = 0.25); however, there was a weak correlation 

and a significant declining trend in total beverage intake and individual taste/flavor 

sensitivity as measured by metallic flavor threshold (R2 = 0.35, p = 0.0014; Figure 5.9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9: Correlations between drinking water intake, total beverage intake, and individual sensitivity to metallic 

flavor, as measured by flavor recognition threshold for iron in drinking water. Plotted data represent 26 subjects 

(18 females).  Sensory-associated decrease in consumption was significant for total beverage intake (R
2
 = 0.35, p = 

0.001). 

 

 
When the average flavor threshold data and corresponding drinking water intake levels 

were plotted by age group, the low water intake level in the elderly age group of 60 – 84 

coincided with a lower sensitivity to metallic flavor as indicated by a considerably higher 

mean metallic flavor threshold level in this group (Figure 5.10).  Regardless, the mean 

flavor threshold levels of the three age groups were not significantly different [F (2, 25) = 

1.93; p = 0.17]. 
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Figure 5.10: Comparison of average daily water intake and metallic flavor threshold levels by age group among 

healthy adults. Flavor threshold data were available for 26 subjects (22 females). Plotted data (N = 33) represent 

responses on the BEVQ from 33 subjects (22 females).  BEVQ measurements were taken at initial time point for all 

32 subjects.  Error bars represent 1 standard error from mean. 

 

5.3.5 Discussions on Findings.  This study provides additional data in support of 

previous findings indicating a declining trend in water intake among elderly population 

greater than 60 years of age.  The water needs of individuals can vary widely based on 

age, gender, body size, and environmental conditions (IOM 2004; Popkin 2010).  The 

adequate intake level (AI) for water from all sources, namely, drinking water, beverages, 

and foods, is based on estimated median intakes among healthy people in the U.S. 

national survey data.  In terms of plain water intake, our study showed that the decline 

in elderly group of 60 – 84 was highly significant while the total water intake from all 

beverage sources was only marginally significant when compared to the younger group 

of 19 – 39 year olds.  Additionally, the average daily total water intake levels for all three 

adult age groups, ranging from 1.9 to 2.5 liters were below the AI levels as established 

by the Institute of Medicine (IOM) (Figure 5.11); however, our conclusions are limited by 

the fact that the contribution of water from food sources was not determined by our 

study.  The national survey data for adults estimates that water intake from food 

sources constitute about 20% of the total daily water intake in a typical American diet.  

Based on this estimate, 20% water contribution from food sources would respectively 

equal to 0.54 L and 0.74 L of the total AI level for adult females and males.  If these 
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amounts were added to the average total intake levels from our study, the average total 

daily beverage intake would still remain below the AI levels for both genders.  

 

Figure 5.11: Average daily total water intake by age group among healthy adults in comparison to the adequate 

intake (AI) levels.  The AI is based on the U.S. national Survey data and as established by the Institute of Medicine. 

Plotted data (N = 33) represent responses on the BEVQ from 33 subjects (22 females).  Data represent BEVQ 

measurements were taken at initial time point for all 32 subjects.  Error bars represent 1 standard error from 

mean. 

 

According to the dietary intake panel of the institute of medicine, for a healthy person, 

daily consumption below the AI may not be indicative of additional risk for dehydration 

and related chronic diseases because a normal hydration status is associated with a 

wide range of intakes (IOM 2004).  The composition of body weight is an important 

factor in variations between individual water needs since the majority of body water is 

contained in fat-free body mass (IOM 2004; Jequier and Constant 2010).  Additionally, 

water needs in individuals may vary based on activity level, diet, and environmental 

conditions.  In older adults, a 3% loss of body weight is considered significant and 

indicative of a risk for dehydration.  Since aging has been associated with loss of body 

weight, the risk of dehydration is considered to be higher in the elderly than younger 

adults.  Likewise, infants are at a greater risk of dehydration due to their smaller total 

body weight.  However, the risk of dehydration in the elderly is primarily associated with 

those in assisted living facilities and or hospitals; otherwise, in healthy older adults, 

maintenance of body water balance is comparable to that of younger adults 

(Bossingham et al. 2005).  
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As indicated by our study, the significant decline in the intake of plain water among 

elderly adults in the age group 60 – 84, coincided with reduced taste sensitivity, in this 

case to the flavor of metals in drinking water.  More significantly, the decline in total 

beverage intake correlated with reduced sensitivity to metallic flavor (Figures 5.9 and 

5.10).  The significance of the observed relationship between total water intake and 

metallic flavor is important, in terms of our current understanding of mechanisms of 

metallic flavor perception.  Our previous research has shown that diminished sensitivity 

to metallic flavor in elderly adults is associated with impaired smell functions (Mirlohi et 

al. 2011).  Since both taste and smell functions are essential components of flavor 

perception (Meilgaard and Civille 2007), impairment of sensory function can ultimately 

impact overall sensitivity to flavor perception from foods and beverages. 

 
Additionally, in our study, total beverage intake among elderly adults was dominated by 

a higher intake of “other” beverages, such as 100% fruit juice, unsweetened and/or 

artificially sweetened coffee or tea, milk, and alcoholic beverages (typically wine) 

compared to sugar-sweetened beverages (SSB) and plain drinking water (Figure 5.7).  

One possible reason for this is that reduced taste sensitivity may be a factor in 

consumption of more flavorful beverages instead of plain water.  Although previous 

studies have associated aging with decline in taste sensitivity (De Graaf and Zandstra 

1999; Mojet et al. 2001), whether this reduced sensitivity influences the preference for 

specific beverages is a subject of debate (Kennedy et al. 2010; Mojet et al. 2005). Other 

noted factors associated with reduced fluid intake and dehydration risk in older adults 

are swallowing disorders, decreased olfactory sensation and decreased taste (Asai 

2004).  Oral problems associated with aging, such as the use of dentures and missing 

teeth can also discourage or inhibit fluid intake (Wotton et al. 2008).  

 
With regard to SSB intake, it is encouraging to note that it represented the lowest intake 

of total beverage consumption in all three age groups as assessed by our study (Figure 

5.7).  However, it should be noted that our subject group consisted of mainly university-

educated adults, either students, and/or current or retired staff and faculty members.  

Additionally, no data on body mass indices were obtained on our subjects, although no 

participant was observationally identified as obese or overweight.  Previous researchers 
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have shown that socioeconomic factors have association with higher intake of SSB in 

low-income households (Rehm et al. 2008). On the other hand, our study showed that 

in terms of caloric intake, at 49%, the contribution to the average total daily intake of 

calories from SSB was highest among younger adults (age group: 19 – 39).  While at 

75% and 76%, older adults in respective age groups of 40 – 59 and 60 – 84, consumed 

their highest beverage calories from non-SSB beverages.  These findings are consisted 

with national trends as reported by other researchers (Bleich et al. 2009).  Regardless, it 

is important to note that consumption of plain water in place of caloric beverages is 

widely promoted as a healthy beverage alternative (Popkin et al. 2005), as well as a 

simple measure to minimize weight gain and/or even contribute to weight loss (Davy et 

al. 2008; Dennis et al. 2009; Patel and Hampton 2011). 

 
Finally, with drinking water being a vital resource, a necessity to maintain health, and a 

widely promoted beverage for weight control in children as well as adults, understanding 

of the factors that implicate consumers’ tendencies to drink water is important.  Our 

findings indicate that factors such as water preference and flavor perception may 

influence the level of consumption.  Interestingly, among our subjects, tap water was the 

most preferred water choice, yet the least consumed.  Previous research has identified 

multiple factors such as flavor, risk perception, chemical perception, prior experience, 

and trust in water utilities as contributors to consumer’s perception of water quality 

which ultimately influence their consumption and choice of water (Doria 2010; Doria et 

al. 2009; Imgrund et al. 2011; Jones et al. 2006).  In our study, lower drinking water 

intake in older adults aged 60 – 84 years coincided with lower sensitivity to metallic 

flavor.  Although reduced taste sensitivity may not necessarily be associated with 

reduced consumption level as indicated by a recent study which reported tap water 

consumers showed similar taste sensitivity to chlorine but differed in their acceptability 

of chlorine flavor (Puget et al. 2010).  

 
5.4 Conclusions 

The relationship between water consumption, water requirement, and osmotic balance 

in humans is rather complex.  While consumption of adequate water intake is essential 

for maintenance of health, the level of intake is widely varied depending on life stage, 
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activity level, and environmental conditions.  There is a wide range of prescribed 

recommendations for adequate or minimum daily intake levels for water, as lows as 1.1 

liters to as high as 3.7 liters; whether consumption levels below the prescribed 

recommendations is associated with dehydration and risk of diseases remains to be 

subject for debate.  Regardless of the level of uncertainty that may be associated with 

our knowledge on the precision of the human body’s regulatory mechanism for water 

balance under varying hydration statuses and life stages, the benefits of drinking water 

consumption as a preferred beverage for weight management and maintenance of 

health can not be underestimated.  In this regard, understanding variables that influence 

individual consumption is important both in terms of public health as well as consumer 

acceptability.  While relatively limited in scope, the results of our study indicate that in 

addition to consumer acceptability and choices, physiological factors such as age-

associated variations in individual and/or population taste sensitivities should be taken 

into consideration when examining beverage intake patterns and dehydration risks 

among susceptible populations, such as the elderly. 
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Chapter VI 

 

Role of Salivary Fluid in Metallic Flavor Production Associated with  

Iron and Copper Induced Lipid Oxidation 

 
Abstract 

Iron and copper are recognized for their unpleasant metallic flavors, as well as their 

toxicities due to their abilities to induce oxidative stress in living cells through lipid 

oxidation (LO) processes.  Human perception of metallic flavor is associated with 

retronasal detection of aromas from LO by-products formed and released through 

interaction of metals with salivary constituents.  Using salivary LO (SLO) as an indicator 

of metallic flavor intensity, this study compared levels of iron and copper induced SLO in 

artificial saliva and investigated the individual and interactive influences of fatty acids, 

proteins, and nitrite in the production and/or inhibition of metallic flavor.  A series of SLO 

experiments were conducted on five different mixtures of artificial saliva (AS) that 

contained different combinations of both inorganic and organic constituents.  AS 

samples were separately spiked with Fe(II) and Cu(II) at concentration of 180 µM. AS 

mixtures supplemented with linoleic acid (LA), were also treated with varying 

concentrations of Fe(II) and Cu(II); test samples were subjected to 37°C heat for 15 

minutes; SLO was measured in all samples using the TBARS method and reported as 

micromoles of TBARS/L of saliva, as well as normalized by LA or protein content. The 

results indicated that in the absence of the two salivary proteins, alpha-amylase and 

mucin, SLO levels in AS mixtures containing only inorganic salts and/or LA was 

significantly lower (p < 0.0001), while addition of nitrite in the presence of LA and 

proteins did not influence the SLO levels.  The addition of Fe(II) and Cu(II) to AS 

supplemented with LA resulted in incremental increase in SLO with increasing metal 

concentration; Cu(II) induced SLO levels were 3-10 times less than that of Fe(II). The 

results indicate that SLO profiles for Fe(II) and Cu(II) are characteristic of their metallic 

flavor attributes; salivary proteins can be a source of positive interference in measures 

of SLO by the TBARS method. 
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Key Words: Copper, Iron, Metallic Flavor, Lipid Oxidation, Protein, Saliva, TBARS 

 
6.1 Introduction 

Transition elements, iron and copper, are recognized as two major flavor producing 

metals in  drinking water (USEPA 2009; World Health Organization (WHO) 2003). They 

are associated with many taste complaints among drinking water consumers as 

indicated in a survey of North American utilities (Suffet et al. 1996).  In human sensory 

studies, perceived flavors of iron and copper have been characterized as metallic, salty, 

bitter and astringent (Epke and Lawless 2007; Hong et al. 2010; Ömur-Özbek and 

Dietrich 2011; Zacarias et al. 2001). Ferrous iron typicaly imparts the strongest metallic 

flavor, followed by cupric and cuprous salts, while bitterness and astringency are 

typically associated with the taste of copper (Ömur-Özbek 2008). 

 
In addition to their distinctive, unpleasant flavor attributes, iron and copper are essential 

elements for maintaining bodily functions in all organisms; iron for its oxygen carrying 

capcity and copper as an enzyme cofactor (Cvetkovic et al. 2010). While elemental iron 

and copper are vital nutrients, their toxicity potentials is widely recognized due to their 

ability to cause oxidative stress in living cells by damaging memberane lipids and DNA 

(Jomova et al. 2010). Oxidative stress is defined as an imbalance between production 

of free radicals and reactive oxygen species, and their destruction by the protective 

actions of antioxidants and enzymes within the body (Durackova 2010). As associated 

with inducing oxidative stress, excessive iron and copper accumulation in the body have 

been linked to many serious diseases, such as alzheimers, parkinsons, and cancer 

(Jomova et al. 2010; Letelier et al. 2010). Oxidation by-products of memebrane lipids 

and/or proteins are often used as biomarkers of disease and deterioration of food 

matrices (Adibhatla and Hatcher 2010; Alexandrova et al. 2007; Sun et al. 2011). Two 

widely used biomarkers of lipid oxidation are malondialdehyde (MDA) and 

hydroxynonenal (HNE). The method of thiobarbituric reactive substances (TBARS) is 

widely utilized as an indirect indicator of lipid oxidation by-products (including MDA) in 

biological tissues and fluids, as well as food products (Guillen-Sans and Guzman-

Chozas 1998; Khalili and Biloklytska 2008; Livnat et al. 2010).  
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Intriguingly, metal-induced lipid oxidation in the oral cavity, as measured by TBARS in 

human saliva after oral exposure to iron and copper, has been linked to the mechanism 

by which humans are able to detect the metallic flavor of iron and to some extent copper 

due to the release of volatile and odorous by-products of lipid oxidation in the oral cavity 

(Epke and Lawless 2007; Ömur-Özbek and Dietrich 2011; Ömur-Özbek 2008). The 

metallic flavor is thought to be perceived through retronasal detection of aromas 

associated with odorous aldehydes, such as hexanal, heptanal, 1-octen-3-one produced 

due to iron-induced LO reactions (Dietrich 2009; Glindemann et al. 2006; Tamura et al. 

2009), since nose closure results in diminished or loss of this metallic flavor perception 

(Ömur-Özbek and Dietrich 2011). Within the oral cavity, lipid oxidation is caused by free 

radicals attacking lipid membranes (Ömur-Özbek 2008) and salivary lipids that are 

produced through the salivary glands (Larsson et al. 1996). Metals act as catalysts in 

the free radical processes that breakdown polyunsaturated fats (Repetto et al. 2010), 

while salivary nitrite has been shown to inhibit lipid oxidation in meat products under 

acidic conditions (Gorelik et al. 2007). Salivary proteins also play an important role in 

interaction of saliva with metals and thus may influence flavor perception (Hong et al. 

2010). A recent study has shown that interaction of salivary protein, alpha- amylase, 

with copper impacts its solubility and thus contributes to the sensation of astringency 

associated with the flavor of copper in drinking water (Hong et al. 2009a).  Another 

major salivary protein, mucin, has also been shown to have a high affinity for copper 

(Tang 2010). In biological samples, binding of lipid oxidation by-products, such as MDA 

and HNE, to proteins has been identified as an indirect cause of protein oxidation which 

also contributes to oxidative stress (Shacter 2000). In food systems, some proteins 

demonstrate antioxidant activities through their metal-binding properties which indirectly 

inhibit iron-catalyzed lipid oxidation reactions (Elias et al. 2008). 

 
In addition to their unpleasant sensations, nutritional values, and toxicity potentials, 

metallic flavors such as those associated with iron and copper have often been 

experienced as phantom taste phenomenon by cancer patients undergoing 

chemotherapy and radiation (Comeau et al. 2001; Hong et al. 2009b). Unpleasant 

metallic sensations in the mouth have also been associated with side-effects of some 
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drugs as well as symptoms of some diseases (Doty and Bromley 2004; Nagler and 

Hershkovich 2005). While the causes of metallic taste disorders are not clear and 

subject of current research, study of salivary fluid and its constituents has been used in 

diagnostic applications (Bahar et al. 2007; Tenovuo 1989).  

 
Using salivary lipid oxidation (SLO) as an indirect measure of metallic flavor intensity, 

the central aim of this study was to compare the levels of iron and copper induced SLO 

in artificial human saliva and to verify whether the presence of proteins in saliva 

influences the TBARS measurements intended to quantify lipid, not protein oxidation.  

Additional study objectives were to investigate the individual and interactive influences 

of fatty acids, proteins, and nitrite in the production and/or inhibition of metallic flavor. 

The findings will provide additional insights in understanding the implicating factors 

associated with metallic flavors of iron and copper upon interaction with salivary fluid as 

well as considerations in interpreting TBARS measurements in complex matrices, such 

as saliva where both lipids and protein can become oxidized upon exposure to redox 

active metals.  

 
6.2 Materials and Methods 

6.2.1 Artificial Saliva Mixture.  Artificial saliva was prepared according to the recipes 

utilized by Tang (2010) and Hong et al (2006).  This contained a mixture of inorganic 

components, consisting of NaCl (0.1256 g), KCl (0.9639 g), KSCN (0.189 g), KH2PO4 

(0.655 g), Na2SO4 (0.337 g), NH4Cl (0.178 g), CaCl2 (0.172 g) and NaHCO3 (0.631 g), 

dissolved in 1000 ml Nanopure water to make an artificial saliva stock solution.  Both 

0.216 g of mucin (Sigma-Aldrich, St. Louis, MO; CAS No. 84082-64-4) and 20,000 units, 

0.541 g, of α-amylase (Sigma-Aldrich, St. Louis, MO; CAS No. 9001-19-8) were mixed 

in 100 mL of the inorganic saliva mixture to make the protein-spiked saliva solution.  To 

make the lipid-amended saliva solution, 30 mg of linoleic acid (ACROS, New Jersey, 

USA, CAS No. 60-33-3) was added to 100 mL of the inorganic saliva mixture.  Linoleic 

acid was used, as it is one of the major fatty acids in oral membrane lipids as well as a 

major constituent of total salivary lipids (Larsson et al, 1996).  Nitrite-amended saliva 

solutions contained 250 mM of NO2
- using sodium nitrite salt (Sigma-Aldrich, St. Louis, 

MO; CAS No. 237213).  Reported concentrations of nitrite in human saliva range from 
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60 – 1600 mM (Gorelik et al. 2007), while total lipids and protein concentrations range 

from 2.4 to 80 mg/L and 0.6 to 4.0 g/L, respectively (Larsson et al. 1996; Tenovuo 1989; 

Actisa et al. 2005; Aydin 2007; Slomiany et al. 1983).  

 
6.2.2 Metal Salts Stock Solutions. A 1.0 g/L iron and copper stock solutions were 

prepared using ACS grade iron (II) sulfate heptahydrate (Sigma-Aldrich, PA, CAS # 

13463-43-g) and copper (II) sulfate pentahydrate (Sigma-Aldrich, PA, CAS # 13463-43-

g) in Nanopure® water.  Metal solutions were prepared immediately prior to use in 

testing to minimize air oxidation.  The stock solutions were added in microliter amounts 

to achieve the targeted dosage of iron and/or copper in each of the artificial saliva test 

solutions described in the next section. 

  
6.2.3 Salivary Lipid Oxidation Experiments with Artificial Saliva. Salivary lipid 

oxidation (SLO) experiments were conducted on artificial saliva samples that contained 

or excluded different salivary constituents in order to examine the extent of SLO under 

each condition.  Test samples consisted of: 1) artificial saliva (AS) solution that 

contained only the inorganic constituents noted above, 2) AS solution amended with 

linoleic acid, (AS + LA), 3) AS solution supplemented with alpha-amylase and mucin 

(AS + Protein), 4) AS solution supplemented with both proteins and lipid (AS + LA + 

Protein), and 5) AS solution spiked with proteins, lipid, and nitrite (AS + LA + Protein + 

Nitrite). Test samples (1 through 5) were separately spiked with ferrous iron and cupric 

copper at concentration of 180 mM.  Additionally, the test sample, AS + LA, was treated 

with varying concentrations of ferrous and cupric salts in order to examine the effect of 

metal concentration on the level of SLO induced by each metal.  The concentration 

series for both ferrous and cupric consisted of 0, 4.5, 9, 18, 45, 90, 180, and 360 mM.  

The pH level was measured in each test sample using an ion selective pH electrode 

(Fisher Accumet).  Upon addition of the metals, all test samples were placed in a 37 °C 

water bath for 15 minutes to simulate the temperature in the oral environment.  The 15-

minute time was based on a typical salivary flow rate of 5 mL per fifteen minute 

(Benaryeh et al. 1986).  At the end of the incubation period, samples were immediately 

cooled and analyzed for lipid oxidation using the method of TBARS (Spanier 1991).  

The TBARS method was modified to work with liquid samples and to enhance readings 



 144

at low concentrations (Wang 2009).  For all experiments, four replicate analyses were 

performed.  Table 6.1 provides a summary of the artificial saliva test samples 

identifications and treatment conditions, along with designated abbreviations to be 

referred to in subsequent data analysis. 

 

Table 6.1: Artificial Saliva test sample descriptions and abbreviations 

Organic Supplements (g/L) 

Abbreviation 

 

Artificial Saliva  

Sample Description 
Linoleic Acid, LA Proteins  

(Alpha amylase + Mucin) 

Metal Concentration (µM):  

Fe(II) or Cu(II) 

AS1 AS 0 0 0, 180 

AS2 - P AS + Protein 0 3.78 0, 180 

AS3 - LA AS + LA 0.03 0 0, 4.5, 9, 18, 45, 90, 180, 360 

AS4 - LAP AS + LA + Protein 0.03 3.78 0, 180 

AS5 - LAPN AS + Protein + LA + Nitrite 0.03 3.78 0, 180 

 

6.2.4 Data Analyses.  Statistical software, JMP 9.0 (SAS, Cary, NC), was used for all 

data analyses.  One-way analysis of variance (ANOVA) and comparison of the means, 

using Tukey HSD or Wilcoxon/Kruskal Wallis Rank sum test, were performed on the 

mean salivary lipid oxidation in the test samples.  The salivary lipid oxidation (SLO) was 

reported as delta SLO, as the arithmetic difference between the measured salivary 

TBARS in the AS samples without and with iron or copper.  SLO levels as TBARS (in 

micromoles) were normalized by the amount (in grams) of the added linoleic acid (LA) 

or protein.  For statistical comparisons, three sets of analyses where performed.  In one 

set, SLO data were normalized by the concentration of the added LA in the 

corresponding artificial saliva samples, which included AS3 - LA, AS4 - LAP, and AS5 – 

LAPN. In another set of analyses, SLO data were normalized by the amount of the 

added protein in the corresponding artificial saliva samples, which included AS2 - P, 

AS4 - LAP, and AS5 - LAPN.  Lastly, a set of analyses were performed on the SLO data 

“as is” (i.e., not normalized by LA or protein); this included all five combinations of the 

AS samples.  All statistical analyses were performed at alpha level of 0.05 and results 

were presented as means ± standard error (SEM).  
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6.3 Results and Discussion 

6.3.1 Variations in Metal-induced Lipid Oxidation in Artificial Saliva. Addition of 

ferrous iron and/or cupric copper induced some salivary lipid oxidation (SLO) in all 

artificial saliva solutions, with the exception of the artificial saliva (AS) solution that 

contained no organic components (AS1); this solution showed very little or no notable 

amount of LO (Figure 6.1).  Tables 6.2 and 6.3 provide summaries of the mean SLO 

data.  Table 6.2 includes mean SLO data, reported as micromoles/L of saliva, without 

being normalized by the added linoleic acid (LA) and/or protein contents in the AS 

samples.  Table 6.3 provides a summary of the data as normalized by LA and/or protein 

contents in the AS samples.  The results of the data analyses on each set of data is 

presented as follows: 

 
Analysis of the Non-Normalized Data (Table 6.2; Figure 6.1), the highest level of SLO 

was measured in the artificial saliva samples supplemented with LA and protein (AS4 - 

LAP) and protein (AS2 – P), followed by the LA-protein-nitrite amended samples (AS5 - 

LAPN), and lastly the artificial saliva supplemented with LA only (AS3).  In samples 

treated with Fe(II) and Cu(II), there were significant differences between mean SLO 

levels in the LA-normalized artificial saliva samples [ANOVA for Cu(II): F (4,19) = 5.39; 

p = 0.0007) and for Fe(II): F (4,19) = 16.04; p < 0.0001]. Follow-up analysis on the 

means using Wilcoxon test showed significant differences between AS1 and all other 

saliva samples (p = 0.03), as well as AS3- LA and AS4 – LAP, and AS3 – LA and AS4 – 

LAPN sample means (p = 0.03). 

 
Analysis of the Linoleic Acid (LA)-Normalized Data (Table 6.3; Figure 6.2). The highest 

level of SLO was measured in the artificial saliva samples supplemented with LA and 

protein (AS4 - LAP), followed by the LA-protein-nitrite amended samples (AS5 - LAPN), 

and lastly the artificial saliva supplemented with LA only (AS3).  In samples treated with 

Fe(II), there were significant differences between mean SLO levels in the LA-normalized 

artificial saliva samples [F (2,11) = 32.42; p < 0.0001)]. Follow-up analysis on the means 

using Tukey-Kramer HSD test showed significant differences between AS2 – LA and 

AS2 – LAP sample means (p < 0.0001) and AS2 – LA and AS2 – LAPN sample means 
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(p = 0.0005). In contrast, in the Cu(II) treated samples, there were no significant 

differences between the mean SLO levels [F (2,11) = 1.93; p = 0.20)]. 

 

Table 6.2: Summary of salivary lipid oxidation (SLO) data, not normalized. 

Artificial Saliva Sample N 

Metal-induced SLO 

(micromoles/L) SEM 
(1)

 

95% Confidence 

Interval 

Lipid Oxidation Experiments with Fe(II) 

AS1 4 0.06  0.01 [0.03 - 0.09] 

AS2 - P 4 0.65 0.19 [0.04 - 1.23] 

AS3 - LA 4 0.40 0.01 [0.36 - 0.44] 

AS4 - LAP 4 1.00 0.08 [0.74 - 1.26] 

AS5 - LAPN 4 0.88 0.05 [0.71 - 1.04] 

Lipid Oxidation Experiments with Cu(II) 

AS1 4 0.05 0.01 [0.04 - 0.06] 

AS2 - P 4 0.34 0.10 [0.19 - 0.50] 

AS3 - LA 4 0.17 0.06 [0.06 - 0.27] 

AS4 - LAP 4 0.34 0.19 [0.04 - 0.64] 

AS5 - LAPN 4 0.24 0.09 [0.10 - 0.38] 

(1) SEM: standard error of the mean.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Mean Salivary lipid oxidation (SLO), measured in artificial saliva samples using thiobarbituric acid 

reactive substances (TBARS) methods; data not normalized.  Error bars were constructed using 1 standard error 

from the mean of 4 replicate analyses. Within the same group [i.e., Fe(II) bars in capital letters and Cu(II) bars in 

small letters], bars with different letters indicate statistical significance (p < 0.05) between the compared pairs. 
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 Table 6.3: Summary of salivary lipid oxidation (SLO) data, normalized by the protein and/or linoleic acid content in 

the artificial saliva mixtures. 

Artificial Saliva 

Sample  N 

Mean SLO  

(μmoles TBARS /  

g Linoleic Acid, LA) SEM 
(1)

 

95% Confidence 

Interval 

Mean SLO  

(μmoles TBARS /  

g Protein SEM 

95% Confidence 

Interval 

Lipid Oxidation Experiments with Fe(II) 

AS2 - P 4 -- 
(2)

 -- -- 0.17 0.05 [0.01 - 0.32] 

AS3 - LA 4 13.22 0.40 [11.94 - 14.50] -- 
(3)

 -- -- 

AS4 - LAP 4 33.40 2.73 [24.73 - 42.08] 0.26 0.02 [0.20 - 0.33] 

AS5 - LAPN 4 29.23 1.70 [23.80 - 34.65] 0.23 0.01 [0.19 - 0.27] 

Lipid Oxidation Experiments with Cu(II) 

AS2 - P 4 -- 
(2)

 -- -- 0.09 0.02 [0.05 - 0.13] 

AS3 - LA 4 5.52 1.06 [2.16 - 8.89] -- 
(3)

 -- -- 

AS4 - LAP 4 11.34 3.16 [1.27 - 21.40] 0.09 0.01 [0.01 - 0.17] 

AS5 - LAPN 4 7.97 1.47 [3.29 - 12.65] 0.06 0.01 [0.03 - 0.10] 

(1) SEM: standard error of the mean.  

(2) No linoleic acid was added to this artificial saliva sample (AS2 – P). 

(3) No proteins were added to this artificial saliva sample (AS3 – LA). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2: Mean Salivary lipid oxidation (SLO), measured in artificial saliva samples using thiobarbituric acid 

reactive substances (TBARS) methods; data linoleic acid (LA) normalized. Error bars were constructed using 1 

standard error from the mean of 4 replicate analyses. Within the same group [i.e., Fe(II) bars in capital letters and 

Cu(II) bars in small letters], bars with different letters indicate statistical significance (p < 0.05) between the 

compared pairs. 
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Analysis of the Protein-Normalized Data (Table 6.3; Figure 6.3). In the protein-

normalized samples, the highest level of SLO was measured in the artificial saliva 

samples supplemented with LA and protein (AS4 - LAP); however, in both Fe(II) and 

Cu(II) treated samples, there were no significant differences between mean SLO levels 

[for Fe(II), ANOVA: F (2,11) = 2.34; p = 0.15; for Cu(II), ANOVA: F (2,11) = 0.80; p = 

0.48)].  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.3: Mean Salivary lipid oxidation (SLO), measured in artificial saliva samples using thiobarbituric acid 

reactive substances (TBARS) methods; data protein normalized. Error bars were constructed using 1 standard error 

from the mean of 4 replicate analyses. Within each group [i.e. Fe(II) and Cu(II)], there were no significance 

differences between the mean SLO levels (p < 0.05). 
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artificial saliva sample with Cu(II) did not induce SLO until the cupric concentration 

reached 90 µM and it continued to rise, until appearing to level off at about 360 µM.  In 

all the artificial saliva solutions, the pH level was measured at 6.8 ± 1 units and the 

metals appeared to remain dissolved in solution.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Variations in the mean salivary lipid oxidation (SLO) in artificial saliva versus metal concentration as 

measured using the thiobarbituric acid reactive substances (TBARS) method. Data is linoleic acid (LA) normalized. 

Error bars were constructed using 1 standard error from the mean of 4 replicate analyses.  
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iron to salivary protein occurs when these metals are in their free ionic forms, namely 

ferrous and cupric; this binding in turn can influence their flavor attributes through 

changing the speciation of metals in saliva (Hong et al. 2009a; Hong and Kim 2011).  

Similar binding interactions are expected for iron, although a recent study demonstrated 

that flavor intensity for copper was highly correlated to the concentration of soluble 

copper in saliva, but this was not the case for iron (Hong and Kim 2011).  Recent 

experiments with artificial saliva have shown alpha-amylase to have varying binding 

capacities for free copper, with strongest binding occurring at relatively low 

concentrations of copper (< 2.5 mg/L); for example, at pH 6.5 and 2.5 mg/L total copper, 

the free copper, Cu(II), concentration in artificial saliva was less than 0.1 mg/L 

compared to about 0.6 mg/L at 5 mg/L total copper (Tang 2010). This study also 

showed that at higher copper concentration (10 mg/L), the binding capacity of alpha 

amylase decreased relative to inorganic constituents in saliva.  In the same study, 

similar experiments with the salivary protein, mucin, demonstrated a considerably 

higher binding capacity to copper.  In relating these findings to our present study, one 

can infer that in the presence of these proteins, Cu(II) becomes less available to induce 

lipid oxidation, hence, the measure of SLO in Cu(II) treated artificial saliva (AS) samples 

was notably lower than that of Fe(II) treated samples. For the same reasoning, our 

results suggest that at the given AS solution pH of 6.8, Fe(II) has a lower binding 

capacity for the two salivary proteins when compared to copper, therefore, it resulted in 

a higher iron-induced LO in the AS solution. 

 
With regard to the use of TBARS as a measure of LO in saliva, our results highlight an 

important finding, that the presence of proteins, alpha-amylase and mucin, in saliva can 

be detected by the method of TBARS, thus significantly influencing the LO 

measurements.  In fact, as noted earlier, the SLO data that were not normalized by the 

amount of protein in the artificial saliva samples, showed a significantly higher level of 

LO in the protein containing samples treated with Fe(II) as compared to the lipid-

amended samples. However, in the case of Cu(II), the presence or absence of the 

proteins in the artificial saliva did not significantly influence the measure of LO by 

TBARS. Again, these results support the previous inference that the Cu(II) due to its 
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higher binding capacity to alpha-amylase and mucin than Fe(II), had less of an influence 

on inducing LO in the protein amended saliva samples. 

 
The specificity of TBARS method to primarily detect LO by-products has been long 

questioned (Janero 1990).  As one of several secondary end-products of LO, 

malondialdehyde (MDA) is formed by decomposition of certain primary and secondary 

lipid oxidation products (Fernandez et al. 1997). MDA is measured by the TBARS 

method through its reaction with thiobarbitric acid (TBA) under low pH and heated 

conditions that results in the formation of a pink product (MDA-TBA) that is 

colorimetrically measured at a wavelength of 532 nm (Spanier 1991; Fernandez et al. 

1997).  Previous studies have shown that there are many classes of non-lipid biological 

molecules, such as proteins, nucleic acids, bile pigments, and carbohydrates that have 

been supposed to be sources of MDA production in biochemical processes (Janero 

1990; Fernandez et al. 1997).  For this reason, in cases where quantification of MDA or 

other targeted LO by-products are of interest, the use of more sensitive methods such 

as high performance liquid chromatography has been recommended (Janero 1990; 

Jardine et al. 2002).  While recognizing such implicating factors, our research finding on 

the contribution of proteins to the measure of LO by the TBARS method is reasonable.  

Additionally, with regard to saliva, other considerations, such as the use of a 

normalizing factor, namely protein and/or lipid content, may be warranted in providing 

additional insights in interpretation of results.  Since the TBARS method is intended to 

measure LO, normalizing the TBARS levels by protein content in saliva will help to 

account for the protein interference.  In fact, other researchers have recommended the 

use of a normalization factor to reduce the high variability associated with salivary 

TBARS measurements on human subjects, which is often used as a biomarker of 

oxidative stress in the study of oral diseases (Behuliak et al. 2009). 

 
Comparing the Fe(II) and Cu(II) induced salivary lipid oxidation by metal concentration 

as related to metallic flavor attributes. The results of our experiments evaluating the 

influence of Fe(II) and Cu(II) concentration on inducing lipid oxidation (LO) in artificial 

saliva amended with linoleic acid, clearly indicate that iron has a notably higher LO 

inducing capacity than copper. This is expected since Fe(II) iron is a stronger reducing 
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agent than Cu(II) copper (Jensen 2003). Additionally, the differences between the LO 

profiles of Fe(II) and Cu(II) may be reasonable, given the recently reported findings 

(Tang 2010). Using the MINEQL+ chemical equilibrium modeling software, Tang 

modeled chemical speciation of Fe(II) and Cu(II) in artificial saliva containing only 

inorganic constituents. According to the model, at a given pH of 7.0 and metal 

concentration of 10 mg/L, the contribution of free iron, as Fe(II), to the total soluble iron 

in solution is 2.5 times greater than Cu(II), while at a lower pH of 5.5, the relative 

contributions of Fe(II) and Cu(II) are nearly equal (ratio = 1.09). Since our experiment 

was only conducted at a pH of 6.8, it is not possible to state whether at a lower pH of 

5.5, the LO profiles for the two metals may have been more similar as it could be 

predicted based on the speciation model. 

 
In range with previously reported measures of free fatty acids in human saliva (Larsson 

et al 1996), the concentration of linoleic acid (LA) in artificial saliva samples for our 

experiments was 30 mg/L, while the maximum metal concentration tested was about 20 

mg/L.  As noted earlier, in the concentration range of 0 to 360 µM (equivalent to 20 

mg/L Fe(II)), metal-induced LO continued to rise with increasing metal concentration.  

Conducting similar experiments with artificial saliva at concentrations equal or higher 

than the amount of fatty acid in the sample, would provide additional insights on the LO 

profiles for the two metals, specifically, identifying the concentration at which LO will 

cease to rise any further, given a fixed reaction time.  Regardless, it is clearly noted that 

in the presence of LA, Cu(II)-induced LO is considerably lower than the Fe(II)-induced 

LO. This difference in pattern of iron and copper induced LO has been observed in 

previous studies (Repetto et al. 2010).  As an example, a toxicological study by Repetto 

and colleagues investigated the role of transition metals, Fe(II), Cu(II), Co(II), and Ni(II) 

on inducing lipid oxidation in the presence of liposomes and showed that Fe(II) induced 

the highest level of LO, followed by Cu(II), while cobalt and nickel had the lowest LO 

(Repetto et al. 2010). 

 
In relation to metallic flavor attributes for iron and copper, our results suggest that by 

virtue of its higher level of metal-induced LO, upon oral intake, Fe(II) would produce a 

higher metallic flavor than Cu(II). Reported population thresholds for metallic flavor of 
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ferrous iron range from 0.03 to 0.5 mg/L among individuals with varying sensitivities and 

ages (Omur-Ozbek and Dietrich 2011; Mirlohi et al. 2011), while for cupric copper 

reported population thresholds range from 0.4 to 2.5 mg/L (Zacarias et al. 2001; 

Cuppett et al. 2006).  Recognizing the findings from previous studies that indicate 

metallic flavor sensations from foods and beverages are associated with the detection 

of odorous by-products of LO (Epke and Lawless 2007; Ömur-Özbek 2008; Tamura et 

al. 2009), metallic flavor detection threshold for Fe(II) and Cu(II) are consistent with their 

respective LO profiles as demonstrated by our study. For Fe(II), LO became 

measurable by the TBARS method at a concentration of 0.5 mg/L (9 µM), while for 

Cu(II), LO was measurable at a concentration of 5.7 mg/L (90 µM), approximately 10 

times greater than that of Fe(II).  

 
6.4 Conclusion 

In addition to being used as an indicator of metallic flavor production in saliva for 

sensory studies, the TBARS method has been used as biomarker of oxidative stress in 

various disease conditions.  Our research findings provide additional insights in 

understanding the implicating factors associated with metallic flavors of iron and copper 

upon interaction with salivary fluid as well as considerations in interpreting TBARS 

measurements in complex matrices, such as saliva where both lipids and protein can 

become oxidized upon exposure to redox active metals.  In this regard, normalization of 

TBARS measurements based on protein and/or lipid content is warranted. 
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Chapter VII 

 

In-vitro Evaluation of Iron-induced Salivary Lipid Oxidation Associated with 

Exposure to Zero-valent Iron Nanoparticles (nZVI) 

 
Abstract 

Zerovalent iron nanotechnologies are widely used for groundwater remediation and 

increasingly considered for advance oxidation treatment in drinking water applications.  

Iron nanoparticles have been detected in drinking water systems and considered for 

food fortification; therefore, human exposure potential through ingestion can be a 

concern.  This study aimed to assess whether ingestion of iron nanoparticles from 

drinking water could be detected through flavor perception using in-vitro salivary lipid 

oxidation as an indicator for metallic flavor perception.  Ten female subjects ages 29 to 

59 years donated saliva samples for use in the in-vitro experiments.  Test samples 

consisted of 1:1 mixture of saliva and bottled drinking water (Control) and three 

treatment solutions, spiked with ferrous sulfate, stabilized nZVI, and an 

aggregated/microsized suspension of zerovalent iron metal powder, mZVI.  Upon 

mixing, samples were subjected to 15-minute incubation at 37ºC to resemble oral 

conditions.  Salivary lipid oxidation (SLO) was measured in all samples as micromoles 

of TBARS/mg Fe.  Exposure to iron in all three forms induced significant amount of SLO 

in all treatment samples as compared to the control (p < 0.0001).  The mean SLO levels 

were the highest in the ferrous, followed by nZVI, and mZVI treatments; the differences 

in the mean SLO levels were significant (p < 0.05).  The findings indicate that oral 

exposure to ZVI nanoparticles may induce sensory properties different from that of 

ferrous salt, likely predictive of a diminished detection of metallic flavor by humans. 

 

 

 

Key Words: Nanoscale iron, zerovalent iron, salivary lipid oxidation, oxidative stress, 

ferrous iron.
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7.1 Introduction 

Metallic iron in its zerovalent form has been widely used in the treatment of 

contaminated groundwater since the early 1990s when it was first discovered that 

chlorinated hydrocarbons such as trichlorethene (TCE) could be dehalogenated in the 

presence of iron metal (Gillham and Ohannesin 1994; Matheson and Tratnyek 1994).  

Since then, the use of metallic iron as applied in the form of permeable reactive barriers 

(PRBs) has been widely reported in groundwater remediation sites (USEPA 2008). 

More recently, scientific explorations in the field of nanoscience have opened many 

more intriguing possibilities with reported uses of zerovalent iron nanoparticles (nZVI) 

for the removal of toxic contaminants such as nitrate, perchlorates, arsenic, hexavalent 

chromium, uranium, and antibiotics from drinking water, and the use of magnetic iron 

oxides for targeted drug delivery and food fortification (Cao et al. 2005; Fang et al. 

2011; Ghauch et al. 2009; Hilty et al. 2010; Tanboonchuy et al. 2011). 

 
Consequently, with widespread usage and increasing applications, concerns for 

environmental exposure and toxicity impacts arise.  For nZVI, the most likley potential 

for human exposure is through accidental dermal contact during manufacturing and 

slurry application, or ingestion of drinking water from contaminated wells and surface 

waters (Keenan et al. 2009). Inhalation can also be an important route of exposure 

through aerosals, iron oxide/carbon balck particles, and atmospheric dust (Keenan et al. 

2009; Guo et al. 2009; Shi et al. 2011).   

 
Few studies have investigated toxicity impacts of nZVI in the aquatic environment due 

to the ubiquitous nature of iron in the form of oxides as well as the limited mobility of 

iron nanoparticles once oxidized to form ferrous, ferric, and iron oxides. Although based 

on these characteristics, exposure potential to humans and higher organisms is 

believed to be unlikely, toxicity concerns are increasing as more engineered 

nanoparticles are being developed to enhance the mobility of nZVI through the use of 

particle stabilizing agents, such as surfactants, polymers, and polyelectrolytes. 

Additionally, the highly reductive property of nZVI that makes it so appealing in terms of 

removal of toxic contaminants, has been recognized as a mean by which surface and/or 

ground water contaminants can be effectively captured and transported through drinking 
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water systems. For example, nanoscale iron oxides have been found bounded to 

copper in surface waters many kilometers downstream from mining sites (Hochella et al. 

2005). In a drinking water system, a sample of 20 nm particles was found to contain 

lead and iron, the iron was tentatively identified as its oxide form, hematite (Wigginton et 

al. 2007; Zhao et al. 2011).       

 
While elemental iron is a vital nutrient for the maintenance of body functions in all 

organisms, its toxicity potential is widely recognized due to its ability to cause oxidative 

stress in living cells by damaging membrane lipids and DNA. Oxidative stress is defined 

as an imbalance between production of free radicals and reactive oxygen species, and 

their destruction by the protective actions of antioxidants and enzymes within the body 

(Durackova 2010). As associated with inducing oxidative stress, excessive iron 

accumulation in the body has been linked to many serious diseases, such as 

atherosclerosis, Alzheimer’s, Parkinson’s, and cancer. Several types of metal 

nanoparticles, namely, titanium, silver, iron oxides, copper, manganese oxide, and 

aluminum, are known to induce inflammation in brain tissues and alter key protein 

functions that can ultimately lead to development of neurodegenerative diseases 

(Bondy 2011).   

 
The ability of iron to induce oxidative stress in biological tissues and fluids has been 

quantified by measuring lipid oxidation products using the method of thiobarbituric 

reactive substances (TBARS). Intriguingly, iron-induced salivary lipid oxidation in the 

oral cavity, as measured by TBARS, has been linked to the mechanism by which 

humans are able to detect the flavor of iron from the release of volatile and odorous by-

products of lipid oxidation in the oral cavity (Ömur-Özbek 2008). Using salivary lipid 

oxidation (SLO) as an indirect measure of metallic flavor intensity, the aim of this study 

was to compare iron-induced SLO between soluble ferrous iron and nanoparticles of 

zerovalent iron in micro and nano scale suspensions.  
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7.2 Materials and Methods 

7.2.1 Human Subjects.  The study was approved by the Institutional Review Board 

(IRB) at Virginia Tech (IRB Project No. 06-395).  Human subjects were recruited from 

the community, students, faculty and staff of Virginia Tech and Blacksburg, Virginia by 

means of paper and email  flyers. Subjects were required to have no chronic oral or 

general health problems, be non-smokers, and not pregnant.  All subjects read and 

signed an informed consent form in accordance with the approved IRB protocols. Ten 

female subjects, ages 29 – 59 years, donated saliva for use in this study. 

 
7.2.2 Saliva Collection.  Subjects were asked to refrain from eating, drinking, and 

smoking for at least one hour prior to collecting their saliva sample.  Three daily saliva 

collection sessions were conducted within the same week and time frame of 10 am to 

12 noon. For each daily session, subjects were first asked to thoroughly rinse their 

mouth with Aquafina® bottled water and wait 1 minute to stabilize the conditions in their 

mouth.  Then, subjects’ oral pH was measured using a pH indicator strip (Cen-

Med/Fisher M95883) by placing the pH strip on their tongue until it became moist with 

their saliva; then, using the color scale, the pH was read and recorded after 1 minute 

and while the strip was still moist.  Subjects were asked to expectorate approximately 4 

mL of saliva into 50 mL propylene tubes during each session for a total volume of 12 mL 

collected over the three daily sessions.  Between daily collections, saliva samples were 

kept stored in a freezer; at the end of final collection, saliva samples were frozen 

immediately and stored at -50 ºC for up to one month until analysis.  

 
7.2.3 Preparation of Iron Solutions.  Three different stock solutions of iron were 

prepared immediately before use in the experiments.  The stock solutions included iron 

(II) sulfate (Sigma-Aldrich, PA, CAS # 13463-43-g) and two aqueous dispersions of 

manufactured nZVI products, NANOFER 25S and NANOFER STAR (kindly provided by 

Nanoiron Ltd., Rajhrad, Czech Republic, EU).  As described by the manufacturer, 

NANOFER 25S is a stabilized water dispersion of nano zerovalent iron particles 

consisting of Fe, Fe3O4, C, and organic stabilizer.  The NANOFER STAR is an air-stable 

nZVI powder, consisting of Fe(0) surface stabilized nanoparticles coated by a thin 

organic surface layer to protect against air oxidation and allow for ease of transport and 
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long-term storage.  The iron solutions were prepared by mixing the iron salt or the 

nanoiron product with bottled drinking water (Aquafina®) to provide for 10 mg/L of total 

iron concentration in the resulting solution.  For the NANOFER 25S, the suspension as 

provided by the manufacturer, contained approximately 15% Fe(0) and it was diluted 

accordingly to the targeted concentration of 10 mg/L total Fe. The NANOFER STAR 

solution was prepared by mixing 1 part (10 g) of the powder with 4 parts (40 mL) of the 

bottled drinking water to provide for approximately 15% Fe(0) suspension; then, the 

mixture was diluted to the targeted concentration of 10 mg/L total Fe. Since pH level is 

important in iron chemistry as well as stability of nanoparticles in suspension, pH was 

measured in the stock solutions as the prepared samples using pH indicator strips 

(Cen-Med/Fisher M95883).  The total iron concentration of each stock solution was 

quantified using inductively coupled plasma – mass spectroscopy (Thermo Electronic 

Corporation, X-Series ICP-MS, Waltham, MA), following Standard Method 3120B 

(American Public Health Association (APHA); the American Water Works Association 

(AWWA); the Water Environment Federation (WEF) 2005). 

 
7.2.4 Zerovalent Iron Nanoparticles (nZVI) Characteristics. Characteristics of the 

iron nanoparticles (NPs) were provided by the manufacturer: the average particle size 

was  < 50 nm; the specific surface area was > 25 m2/g with spherical morphology; the 

dispersion density was 1210 kg/cm. Additionally, freshly prepared solutions of the iron 

nanoparticles were analyzed by dynamic light scattering (Zetasizer™ Nano Series; 

Beckman Coulter Inc., CA, USA) to verify the size distribution and zeta potentials for 

each of the prepared nZVI suspensions. For the size and zeta potential determination, 

the suspensions had to be diluted 100 times (i.e., approximately 0.15% Fe(0) solutions).  

 
7.2.5 In-vitro Experiments.  In-vitro experiments were performed using individual 

saliva samples from each of the ten subjects, as well as a single pooled saliva sample 

from multiple subjects.  In-vitro test samples were prepared by mixing equal volumes of 

saliva and iron stock or control solutions.  The control sample consisted of equal 

volumes of saliva and bottled drinking water (Aquafina®).  While, the treatment groups 

consisted of equal volumes of saliva and iron stock solutions.  Corresponding to each 

iron stock solution, there were three treatment groups identified as Fe(II), nZVI, and 
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mZVI. For each experimental run, a minimum of three replicates per control and 

treatment group was prepared.  After preparing the mixture of saliva and test samples in 

50 mL propylene test tubes, they were placed in a 37ºC water bath for 15 minutes to 

resemble the oral cavity conditions.  After the 15-minute incubation time, test samples 

were immediately analyzed for salivary lipid oxidation using the thiobarbituric acid 

reactive substances (TBARS) method as a measure of iron-induced oxidative stress 

within the oral cavity.  The TBARS method (Spanier 1991) was modified to work with 

liquid samples and to enhance readings at low concentrations (Wang 2009).  

 
7.2.6 Data Analyses.  Statistical software, JMP 9.0 (SAS, Cary, NC), was used for all 

data analyses.  One-way analysis of variance (ANOVA) and comparison of the means, 

using Tukey HSD or Wilcoxon/Kruskal Wallis Rank sum test, were performed on the 

mean oxidative stress responses as measured by salivary lipid oxidation in the control 

and test samples.  The salivary lipid oxidation (SLO) was also reported as delta SLO, as 

the arithmetic difference between the measured salivary TBARS in the control and the 

iron containing test samples.  To normalize the measured iron-induced SLO levels, the 

delta SLO values in micromoles of TBARS were divided by the concentration of total 

iron in milligrams.  All statistical analyses were performed at alpha level of 0.05 and 

results were presented as means ± standard error (SEM).  

 
7.3 Results and Discussion  

7.3.1 Particle Size and Zeta Potential Characteristics of the Nanoparticles.  The 

particle size distribution for the stabilized suspension of the nZVI, NANOFER 25S 

ranged from 18 to 110 nm with an average size of 52 nm; the zeta potential was 

measured at - 60 mV (Figure 7.1a).  The prepared suspension using the stabilized 

powder form, NANAOFER STAR behaved as micro rather than nanoparticles, with the 

average size estimated at 635 nm and the zeta potential measured at - 19 mV.  Plots of 

size and zeta potential could not be obtained due to difficulty of obtaining a stable 

suspension; however, an electron microscopic view of the air-stabilized particles as 

provided by the manufacturer is shown in Figure 7.1b.  Based on this characterization, 

when the NANOFER 25S product was used in the in-vitro experiments, test samples 
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were identified as nZVI, whereas, designation of mZVI was used when NANOFER 

STAR product was used, thus characterizing the particles as greater than 100 nm. 

 
7.3.2 Measure of pH in Saliva and Test Samples. The pH levels in saliva ranged from 

6.0 to 7.0 (mean = 6.4; SD = 0.33).  In the three iron stock solutions, the pH was 5.0; 

while in the control and all treatment samples, the measured pH was 7.0.  

 

 

Figure 7.1: Particle size distribution and zeta potential for the stabilized suspension of zerovalent iron 

nanoparticles (nZVI). The nZVI products included NANOFER 25S (Figure 7.1a) and NANOFER STAR (Figure 7.1b: 

http://www.nanoiron.cz/en/nanofer-star). Both products were kindly provided by Nanoiron Ltd., Rajhrad, Czech 

Republic, EU.  
 

7.3.3 Iron-induced Oxidative Stress Response.  In the in-vitro experiments performed 

using individual saliva as well as the pooled saliva samples, addition of iron to human 

saliva induced oxidative stress response.  This was indicated by significantly higher 

level of salivary lipid oxidation (SLO) in the test samples containing iron when compared 

to the control samples (Table 7.1); this observation was consistent in the experiments 

with individual saliva samples [F (3,45) = 15.60; p < 0.0001); Figure 7.2] as well as the 

pooled saliva sample [F (3,11) = 164.32; p < 0.0001); Figure 7.2].  

 
In experiments conducted using individual saliva samples from the 10 subjects, the 

analysis of variance on the iron-induced delta SLO levels (i.e., SLO response in 

 NANOFER 25S  Fig. 7.1a  Fig. 7.1b 
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treatment group minus SLO response in control group) indicated a significant difference 

between at least one pair of the mean responses [F (2, 35) = 3.72, p = 0.035].  Follow-

up comparison of the mean delta SLO responses, using Wilcoxon’s test, indicated a 

significance difference only between the Fe(II) and nZVI treatments (p = 0.038) and 

Fe(II) and mZVI (p = 0.044), but no significant differences between nZVI and mZVI [(p = 

0.47); Table 7.1; Figure 7.3]. 

  
Table 7.1: Summary of oxidative stress response as measured by in-vitro salivary lipid oxidation (SLO) 

 

Treatment N 

Mean SLO  

(μM TBARS) 
SEM 

(1)
 

95% Confidence 

Interval 

Delta SLO
 (2)

 

(μM TBARS/mg Fe) SEM 

95% Confidence 

Interval 

In-vitro Experiments with Individual Saliva Samples 

Control 10 0.229 0.031 [0.159 – 0.299] - - - 

Fe(II) 10 2.264 0.303 [1.578 – 2.950] 0.421 0.062 [0.282 – 0.561] 

nZVI 13 1.494 0.208 [1.040 – 1.948] 0.235 0.037 [0.155 – 0.315] 

mZVI 13 1.051 0.172 [0.676 – 1.425] 0.245 0.057 [0.120 – 0.369] 

In-vitro Experiments with Pooled Saliva Samples 

Control 3 0.117 0.023 [0.017 – 0.216]    

Fe(II) 3 1.020 0.035 [0.868 – 1.171] 0.095 0.002 [0.087 – 0.103] 

nZVI 3 0.777 0.042 [0.597 – 0.956] 0.062 0.006 [0.038 – 0.086] 

mZVI 3 0.389 0.020 [0.303 – 0.475] 0.043 0.005 [0.022 – 0.064] 

(4) SEM: standard error of the mean.  

(5) Delta SLO: salivary lipid oxidation (SLO) in the treatment sample minus the SLO in the control sample; SLO 

levels were normalized based on the measured amount of total iron in the sample. 

 

 

In experiments conducted with the pooled saliva sample, the analysis of variance on the 

iron-induced delta SLO levels indicated a significant difference between at least one 

pair of the mean responses [F (2, 8) = 34.75, p = 0.0005].  Follow-up comparison of the 

mean delta SLO responses, using Tukey HSD test, indicated a significance difference 

between the following treatment pairs: Fe(II) and nZVI (p = 0.0045), Fe(II) and mZVI (p 

= 0.0004), and marginally non-significant difference between nZVI and mZVI (p = 

0.058); (Table 7.1; Figure 7.3). 
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Figure 7.2: Oxidative stress response as measured by salivary lipid oxidation (SLO) using thiobarbituric acid reactive 

substances (TBARS) substances.  Blue bars represent mean SLO responses in in-vitro experiments using individual 

saliva samples from 10 subjects.  Purple bars represent the mean SLO response in in-vitro experiments using a 

single pooled saliva sample for 3 duplicate experiments.  Error bars constructed using 1 standard error from the 

mean. Asterisks indicate statistical significance (p < 0.05) in treatment group when compared to the control. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: Iron-induced oxidative stress response as measured by delta salivary lipid oxidation (SLO) using 

thiobarbituric acid reactive substances (TBARS) substances.  Delta SLO levels were normalized by mg of total Fe. 

Blue bars represent mean SLO responses in in-vitro experiments using individual saliva samples from 10 subjects. 

Purple bars represent the mean SLO response in in-vitro experiments using a single pooled saliva sample for 3 

duplicate experiments.  Error bars constructed using 1 standard error from the mean. For each set of experiments, 

mis-matched letters indicate statistical significance (p < 0.05) between the means responses among the treatment 

groups. 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Control Fe(II) nZVI mZVI

Treatment

Sa
liv

ar
y 

Li
p

id
 O

xi
d

at
io

n
 (

SL
O

) 

(M
ic

ro
m

o
le

s 
TB

A
R

S 
/ 

L)

Mean SLO - Individual  Sal iva Samples Mean SLO - Pooled Sal iva Sample

* 

* 

* 

* 

* 

* 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

Fe(II) nZVI mZVI

Treatment

Sa
liv

ar
y 

Li
p

id
 O

x
id

at
io

n
 (

S
LO

) 

 (
M

ic
ro

m
o

le
s 

TB
A

R
S

 /
 m

g
 F

e)

Mean SLO - Individual Saliva Samples Mean SLO - Pooled Saliva Sample

A 

a 

B 

b 
b 

B 



 167

7.3.4 Discussions on Findings. Assessing the impact of nanoparticle size and/or 

aggregation on iron-induced salivary oxidative stress response. The results of our study 

indicate that ferrous iron salt, being the most soluble as compared to the two nanoiron 

products, induced the highest level of oxidative stress response in human salivary fluid 

as measured by lipid oxidation.  After ferrous iron, the stabilized suspension of nZVI 

product, NAOFER 25S, produced the next highest level of iron-induced oxidative stress, 

followed by the stabilized powder, NANOFER STAR, showing the least oxidative stress 

response.  Based on these observations, one can infer that in the case of zerovalent 

iron, potential for iron-induced salivary oxidative stress is higher when particle size 

becomes smaller.  Whereas, when the particles get larger by size characteristics and/or 

aggregation effect, the oxidative stress declines.  Prior research studies exploring the 

impact of particle size on nanometals toxicity have produced varying results.  With 

regard to iron nanoparticles, toxicity, which is often associated with oxidative stress 

response in biological system, is induced by the production of reactive oxygen species 

(ROS) through Fenton reactions.  In one study, nanometer or micrometer particle size 

toxicity varied by the type of metal; for example, cupper oxide in its nano form induced 

higher oxidative stress in human lung cells when compared to micro size particles.  

While in the case of iron, iron oxide (Fe2O3) induced lower toxicity with no considerable 

difference between the particle sizes in terms of induced oxidative stress (Karlsson et 

al. 2009).  Other studies have shown that pH, particle surface chemistry, and presence 

of ligands are important factors in comparing toxicity levels of nZVI particles and ferrous 

iron (Keenan et al. 2009; Kim et al. 2011; Phenrat et al. 2009).  

 
Exploring the role of pH and zeta potential on iron nanoparticles behavior in salivary 

fluid. In aqueous systems, the role of pH in influencing zeta potential is critical as it 

indirectly influences particle charge and stability through changing the zeta potential in 

aqueous suspensions (Zetasizer Nano Series Technical Notes).  Nano sized particles 

can become attached to one another and effectively behave as micro sized particles by 

physical aggregation (Phenrat et al. 2008; Tratnyek and Johnson 2006).  Solution pH, 

as well as zeta potential, influence zerovalent nanoparticles’ tendencies to agglomerate 

(USEPA 2008).  Additionally, other factors such as ionic strength and particle 
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concentration influence the agglomeration of particles (Phenrat et al. 2008).  With 

regard to zeta potential, particles begin to agglomerate at zero zeta potential, thus 

becoming less mobile and reactive; while particles with large positive or negative zeta 

potentials are considered to be stable, thus resistant to agglomeration (Zhang and Elliott 

2006).  The particle stability range is defined at zeta potentials greater than +30 milivolts 

(mV) and less than -30 mV   (Zhang and Elliott 2006).  Previous research has indicated 

that the zeta potential for uncoated nZVI particles to be -30 ± 3 mV, making them 

virtually immobile (Saleh et al 2008); while stabilized nZVI become increasingly mobile 

with higher zeta potentials, as high as -50 ± 1.2 mV (Saleh et al. 2008).  In groundwater 

applications, nZVI particles have been shown to have a 0 zeta potential at a pH of 

approximately 8.1; as the pH increases, zeta potential becomes negative, approaching 

–30 mV at pH 8.4, and likewise, gaining positive zeta potential below pH 8.1 (Zhang and 

Elliott 2006).  

 
In human saliva, the pH remains relatively neutral, with levels ranging from 5.5 to 7.5 

(Mirlohi et al. 2011).  The zeta potential of human saliva has been estimated to be at 0 

at pH of 3 and becoming negative with increasing pH levels, with a maximum zeta 

potential of –15 mV at pH 8.0 (Rykke et al. 1996).  At the neutral pH of 7.0, a zeta 

potential of approximately –10 mV has been measured in human saliva (Rykke et al 

1996).  Based on these saliva characteristics and with consideration of zeta potentials 

for nZVI particles, one can infer that with higher negative charge, stabilized nZVI 

particles may be less likely to agglomerate when combined with salivary fluid at pH 7.0, 

and thus more reactive.  On the other hand, already agglomerated nZVI particles, 

having a smaller negative zeta potential may be more likely to reach a 0 zeta potential, 

once mixed with saliva.  Additionally, interaction of surfaced charged nZVI nanoparticles 

with the numerous salivary proteins present in human saliva can further impact their 

agglomeration properties (Rykke et al 1996); this factor could in turn influence the 

particles availability for inducing lipid oxidation.  

 
Predicting flavor perception of iron nanoparticles based on salivary lipid oxidation 

phenomenon. Iron as well as copper induced lipid oxidation in the oral cavity has been 

associated with the perception of metallic flavor by human subjects (Mirlohi et al. 2011; 
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Ömur-Özbek and Dietrich 2011).  With regard to oral lipid oxidation, flavor perception 

has been associated with retronasal detection of odors produced from volatile by-

products of lipid oxidation in the oral cavity, namely odorous aldehydes and ketones 

(Ömur-Özbek 2008; Tamura et al. 2009).  Prior research has demonstrated that the oral 

intake of iron-spiked drinking water has resulted in significant increase in in-vivo salivary 

lipid oxidation as measured by TBARS concentration in saliva before and after the oral 

intake or iron (Ömur-Özbek and Dietrich 2010; Mirlohi et al 2011).  These findings are 

consistent with our current in-vitro study on iron-induced salivary lipid oxidation (SLO).  

With regard to flavor perception, the significantly reduced iron-induced salivary lipid 

oxidation by nZVI and mZVI particles observed in our study, may be predictive of 

sensory properties of ZVI nanoparticles different to that of ferrous salt.  Possibly, 

reduced SLO may correspond to less metallic flavor detection, although smell functions 

are important in retronasal detection of metallic flavor as nose closure has been 

associated with significant decline or loss of metallic flavor perception by humans 

(Ömur-Özbek and Dietrich 2011; Lawless et al. 2004; Lim 2005).  With regard to 

sensory properties, a recent study did in fact indicate that nanoscale iron particles, 

being less soluble than ferrous sulfate, were highly bioavailable when fed to rats in iron 

fortified food matrices; the nanosized particles also imparted considerably less color and 

taste change in food (Hilty et al. 2010).  Although higher bioavailability would translate 

to benefits for iron-deficient populations (Zimmermann and Hilty 2011) and potential 

risks to vulnerable populations with hereditary iron overload disease (Brewer 2010). 

 
Limitations of the current study and insights for future research. Our study aimed to gain 

some insights on predicting the ability of humans to detect iron nanoparticles through 

oral exposure, as human senses are often the first line of defense in detecting 

contaminants.  While our research is limited by small scale, it provides many insights for 

future studies:  

1. Our results indicate a high variability among human subjects on in-vitro salivary 

lipid oxidation response, with coefficient of variations ranging from 45% to 60% 

when using individual saliva samples.  While with the pooled saliva sample, the 

coefficient of variation in the SLO response ranged from 3% to 16%, thus 
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enhancing the ability to detect significant differences between the mean SLO 

responses among the treatment groups.  Therefore, in future research studies, 

in-vitro experiments should be conducted with pooled saliva. 

   
2. Exploring the roles of salivary pH and zeta potential on how nZVI particles may 

be behave upon oral intake is intriguing.  Further studies exploring the change in 

zeta potentials of salivary and nZVI fluid mixtures at varying pH levels would 

provide insights on agglomeration tendencies of nZVI particles and their 

subsequent impact on salivary lipid oxidation.  

 
3. Lastly, with human salivary fluid enriched with numerous proteins, including 

those with metal binding capacities, fatty acids and lipids, electrolytes, and 

antimicrobial agents, human saliva can be used as an innovative and simple 

mean by which interactions of nZVI and other metal nanoparticles in biological 

fluids can be studied.   

 
7.4 Conclusions 

With increasing and innovative use of nanoparticles in variety of applications, concerns 

for potentially toxic exposure to humans as well as other organisms are well founded, as 

discussed earlier in this manuscript.  While our research focused on iron nanoparticles, 

not typically a concern for toxic exposure to humans, similar in-vitro studies with toxic 

metals such as copper would be beneficial in assessing the potential for human sensory 

detection of copper nanoparticles through oral exposure.  Like iron, copper is a flavor 

producing metal; however, due to its toxicity, it is regulated in drinking water based on 

aesthetics, as well as health-based standards (USEPA 2009).  Additionally, both copper 

and iron nanoparticles have been found in drinking water systems due to release of 

corrosion products from pipe surfaces (Wigginton et al. 2007; Vargas et al. 2010).  
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CHAPTER VIII 
 

Perspectives on the Current Findings and Insights for Future Research  
 

This research explored the many aspects of metallic flavor in drinking water through 

applications of sensory science, medicine, health, and the environment.  

Characterization of flavor metals in drinking water is a multifaceted issue.  Flavor 

producing metals, such as iron, copper, and zinc are essential nutrients, can be toxic, 

and are known to produce unpleasant tastes and flavor attributes in water as well as 

other food and/or beverage media.  On the other hand, their occurrence in drinking 

water can add nutritional quality to water as a healthy beverage resource.  Another 

important issue associated with metallic flavor is the variations in human perception.  

The population variability must consider the ranges of sensitivities among healthy 

individuals as well as those with specific diseases and/or conditions that may influence 

their sensory abilities.  As illustrated in Figure 8.1, understanding all these variables and 

issues requires a collaborative and holistic approach in order to address the many 

factors that may influence human consumption and resulting impacts on health.  In this 

regard, insights gained through this research provide additional perspectives for further 

scientific explorations, as outlined below: 

 
On the aspects of sensory science: one important and unique finding is the 

observation that human sensitivity to metallic flavor can diminish by age.  Unlike, the 

five basic tastes of bitter, salty, sweet, sour, and umami, little is known about the 

influence of age on metallic flavor perception by humans.  Given the fact that humans 

are routinely exposed to trace metals through multiple routes and specifically drinking 

water, the issue of sensitivity can have important implications on health.  This issue can 

be further explored through additional research to find answer to questions such as: 

 
• To what extent do smell functions influence age-associated sensitivity to metallic 

flavors? 
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              Figure 8.1: Characterization of metallic flavor in drinking water, The Big Picture. 

 

• How are the orthonasal and retronasal odor perceptions related in terms of 

metallic flavors?  Would the retronasal sensory threshold for a person insensitive 

to metallic flavor be equal, or close to that of their overall flavor threshold? 

 
• Are individuals insensitive to metallic flavor anosmic to specific odorants 

associated with metallic flavors? 

 
• How prevalent is insensitivity to metallic flavor?  Is it mostly associated with 

elderly populations?  Are individuals taking medications at a greater of risk of 

insensitivity to metallic flavor, since they may develop taste dysfunctions? 

 
• Since beverages such as orange juice, wine, and alcoholic drinks, can contain 

relatively high levels of trace metals, namely copper and iron, how does human 

sensitivity to metallic flavor vary in these beverages compared to plain water?  

Metallic Flavor in 

Drinking Water 
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Does intake of these beverages make one less sensitive to metallic flavor 

perception? 

 
On the health aspects: with regard to water consumption for health, one important and 

novel finding is that diminished sensitivity to metallic flavor may influence total water 

intake among elderly populations who are most susceptible to dehydration.  

Additionally, reduced intake of water may result in increased intake of less healthy 

beverage choices.  Insufficient water intake can lead to chronic dehydration, which in 

turn can lead to fatigue and risk of developing diseases.  Dehydration can also result in 

reduced salivary flow, which in turn can influence taste perception, thus having a 

circular effect on health status.  Further research in exploring the underlying causes of 

declining drinking water consumption behavior among the elderly can be helpful in 

finding answers to questions such as: 

 
• Are there any relationships between basic taste sensitivity and beverage intake 

behavior among the elderly?  Does diminished sensitivity to metallic flavor 

influence beverage choices?  Can beverage intake levels and choices under- or 

over- expose the elderly to trace metal nutrients that have been implicated in 

numerous diseases of aging?  

  
• Are there factors other than taste sensitivity influencing drinking water behavior 

among healthy elderly adults? 

 

On the aspects of medicine: this study was the first to use salivary lipid oxidation 

(SLO) as an indirect measure of iron-induced oxidative stress response, associated with 

exposure to oral metallic stimuli.  Our findings indicate that SLO can possibly be used 

as a novel assessment tool to study chemosensory functions in malignant glioma 

patients over the course of their treatment, in addition to the traditionally used self-

reported taste and smell assessment questionnaires.  However, due to the wide 

between-subjects variability, the use of SLO measures may require grouping of patients 

based on their initial chemosensory assessment.  With this consideration, the use of a 

higher alpha level (0.08 – 0.1) may be more reasonable when planning statistical 
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evaluations for future clinical trials.  With regard to potential biomarkers, study of other 

salivary biomarkers, such as proteins, electrolytes, pH, and metals may be useful.  

Although in this regard our results did not show considerable variations in such salivary 

parameters over the course of the cancer treatment; however, specific biomarkers, such 

as salivary proteins may provide clues on the causes of taste and smell disorders since 

some salivary proteins have implications on metallic flavor perception due to their metal-

binding abilities.  

 
On the aspects of environment: with consideration of health-implicated relevance of 

trace metal nanoparticles in the environment, this research took first steps in assessing 

sensory properties of zerovalent iron nanoparticles (nZVI) through novel application of 

in-vitro salivary lipid oxidation as an indirect measure of metallic flavor perception by 

humans.  While limited in scope, the preliminary research findings provide many 

insights for future research in this area: 

 
• The findings from this research indicate that oral exposure to nZVI would likely 

evoke a weaker metallic sensation than that of ferrous iron; this can be predictive 

of a diminished detection of metallic flavor by humans when exposed to nZVI.  

This finding has important implications in terms of potential for human 

overexposure; while our research focused on iron nanoparticles, not typically 

considered to be a concern for toxic exposure to humans, similar in-vitro studies 

with toxic metals such as copper would be beneficial in assessing the potential 

for human sensory detection of copper nanoparticles through oral intake. 

 

• Additionally, since metal nanoparticles in drinking water distribution systems 

would most likely be present in conjunction with other trace metal nanoparticles, 

such as copper and lead, in-vitro studies using combination of these metal 

nanoparticles would be of interest. 
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Comprehensive Cancer Center of Wake Forest University 

CCCWFU # 97408 

 

Changes in Oral Mucosal Oxidative Stress Responses in Patients with Newly 

Diagnosed Malignant Brain Tumors Treated with Combined Modality 

Therapy 

 
You are being asked to participate in a research study.  In order to decide whether or not you 
should agree to be part of this research study, you should understand enough about its risks and 
benefits to make an informed judgment.  This process is known as informed consent. 
 
This consent form gives detailed information about the research study that the investigator will 
discuss with you.  Once you understand the study, you will be asked to sign this form if you wish 
to participate. You will have a copy to keep as a record. 
 
 
PURPOSE OF THE RESEARCH STUDY: 
 
The purpose of this study is to see if there is a change in the chemical reactions that happen 
inside the mouth and back of the nasal cavity in cancer patients when they receive a treatment 
such as radiation and chemotherapy. 
 
DESCRIPTION OF THE RESEARCH PROCEDURES: 
 
You have been selected to participate in this study because you have a newly diagnosed, 
recurrent or progressive malignant brain tumor. You have to be older than 18 years of age to 
participate in this study. Dr. Lesser will identify possible patients in his brain tumor clinic.  
Personnel from Virginia Tech Department of Civil and Environmental Engineering will oversee 
collection of saliva sample, perform the saliva analysis and tabulate the results of each sample 
per standard procedures.   
 
You will be asked to provide a saliva sample at the beginning of the trial before you are started 
on any treatment.  Additional saliva samples will be collected at 3, 6 and 10 weeks after you have 
started treatment.  Also saliva samples will be collected 1, 3 and 6 months later after your 
treatment is completed. You will be asked to donate saliva twice at each collection, one will serve 
as a control, and the other will be after sampling the metal salt solution. Also at each time to 
understand the metallic sensation you will be asked to put on nose clips before tasting the metal 
salt solution. You will also fill out two short questionnaires every time. 
 
The samples are not being used to treat your condition. The results of the test will not be 
available to you.  
 
 
 
DURATION OF PLANNED STUDY: 
 
We will analyze 15 patients. It will take approximately 12 months to finish the study. 
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PRIVACY: 
 
Your research and hospital records are confidential. Your identity, personal and confidential 
information will NOT be divulged to any persons.  Your medical record number will be used by 
the investigators in charge of this study to identify your saliva sample information.  In order to 
compare your sample with other patients' samples, the following information will be recorded: 
your age, sex and previous treatment you received for your cancer.  
 
BENEFITS: 
 
You will not benefit directly from this study. This study will not affect your treatment plan. No 
information obtained by this study will be made available to you.  There is the potential for this 
study to result in an improved understanding of metallic flavor perceived by cancer patients 
caused by therapy. You will not receive compensation for participation in this study. 
 
RISKS: 
 
The risks of participating in this study are minimal and are only the discomfort associated with 
producing a saliva sample. 
 
By signing this consent form you give to Wake Forest University School of Medicine your saliva 
sample for the advancement of science and will relinquish all rights and privileges obtained 
from analysis and experimental work on your cancer tissue or information obtained. 
 
For more information about risks and side effects, contact Dr. Glenn Lesser at 336-716-9527. 
 
ALTERNATIVES: 
 
You do not need to participate in this study to be treated. Your alternative is to choose not to 
participate in this study. 
 
FINANCIAL COST: 
 
There will be no additional charges to you for participating in this study. You will receive a bill 
for doctor or clinic visits, hospitalization, tests and evaluations, therapy, and/or surgery that is 
part of the customary treatment of your disease.  You or your insurance carrier will be 
responsible for these costs.  Financial compensation for such things as lost wages, disability or 
discomfort due to an injury or directly resulting from your disease or from the treatment you 
receive is not available.  You will not give up any of your legal rights by participating in this 
study as a patient at North Carolina Baptist Hospital, Inc.  However, North Carolina Baptist 
Hospital, Inc. will not provide compensation. 
 
RIGHT TO REFUSE OR WITHDRAW: 
 
The choice to enter or not to enter this study is yours.  You are in a position to make a decision if 
you understand what the doctor has explained and what you have read about the research study.  
If you decide not to participate, all usual and customary treatment will be made available 
without prejudice.  You have the right to withdraw consent at any time prior to or during the 
procedure.   
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Appendix B 
 

Taste and Smell Questionnaire for Cancer Patients  
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Appendix C  
 

Salivary Analysis Data on Cancer Patients and Healthy Subjects 

    

   CP = Cancer Patients
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                         HS = Healthy Subjects 
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CP = Cancer Patients  
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                       HS = Healthy Subjects
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Within Subject Variations over Time – Cancer Patients  

Chemosensory Assessment – Chemosensory Complaint Scores (CSCS) 

Within Subject Variations over Time – Healthy Subjects  

Iron-induce Oxidative Stress Response – Delta OLO 



 191

Appendix D 

 Beverage Consumption Data on Healthy Subjects 

 

Time 

(Weeks) Subject ID Age Age Group Gender

Water 

(fl oz) SSB (fl oz)

Avg daily 

Intake - 

Other 

Beverages 

(fl oz.)

Total 

Beverage 

(fl oz)

Avg daily 

Kcal - SBB

Avg daily 

Kcal - 

Other 

Beverages

Avg daily 

Kcal - All

Drinking Water 

Preference

BET Flavor 

Threshold 

(mg/L Fe
+2

)

0 H014 19 19 - 39 F 24 16 18.3 58.3 131.2 208.3 339.5 Tap 0.003

0 H004 26 19 - 39 M 24 2.3 0 26.3 31.2 0 31.2 Tap

0 H010 25 19 - 39 F 36 8.6 53.1 97.7 105.1 227 332.1 Other

0 H012 29 19 - 39 F 24 2.6 6.5 33.1 35.6 75.7 111.3 Tap

0 H013 29 19 - 39 F 12 1.7 16.9 30.6 22.8 220.5 243.3 Tap

0 H003 31 19 - 39 M 48 18.3 20.8 87.1 154.1 179.3 333.4 Well

0 H008 40 40 - 59 F 24 1.1 33.8 58.9 11.4 157.6 169 None 0.003

0 H009 54 40 - 59 M 20 37.7 2.9 60.6 344.1 50.5 394.6 Tap 0.007

0 H001 42 40 - 59 F 16 0 32 48 0 158 158 Tap 0.071

0 H031 42 40 - 59 F 48 1.1 5.8 54.9 15.2 92.1 107.3 Bottled 8.77

0 H032 46 40 - 59 F 36 8 20.6 64.6 106.4 282.9 389.3 None 0.58

0 H005 53 40 - 59 F 16 9.7 16.6 42.3 109.2 144.1 253.3 Well

0 H034 51 40 - 59 F 36 0 8 44 0 141.4 141.4 Other 0.077

0 H033 52 40 - 59 F 24 5.7 15.7 45.4 57.1 70.3 127.4 Well 0.077

0 H006 52 40 - 59 F 16 22.9 29.4 68.3 202 58.9 260.9 Tap 0.032

0 H015 57 40 - 59 M 16 4.3 49.7 70 57 245 302 Well 0.354

0 H011 59 40 - 59 M 24 4.3 23.1 51.4 49 196.2 245.2 Well

0 H035 60 60 - 84 F 12 1.4 14.9 28.3 11.7 50 61.7 None 0.077

0 H027 66 60 - 84 F 24 24 9.7 57.7 196.8 136.1 332.9 None 0.071

0 H007 68 60 - 84 M 8 0 41.1 49.1 0 95 95 Tap 5

0 H029 71 60 - 84 F 16 5.4 2.9 24.3 59.2 32.7 91.9 Tap 0.158

0 H020 72 60 - 84 F 12 1.1 48.6 61.7 16.3 634.5 650.8 Tap 0.158

0 H017 73 60 - 84 F 16 0 24 40 0 170.4 170.4 Well 3.536

0 H016 75 60 - 84 M 36 20 14.9 70.9 164 655.1 819.1 None 0.354

0 H024 76 60 - 84 F 24 0 41.4 65.4 0 359.6 359.6 Tap 0.354

0 H025 76 60 - 84 M 8 5.7 14.9 28.6 64.3 110.1 174.4 Tap 14.14

0 H023 75 60 - 84 M 24 2.9 4.5 31.4 38 304.4 342.4 Tap 14.14

0 H028 77 60 - 84 M 24 6 18.9 48.9 65.1 335.4 400.5 Other 3.536

0 H026 78 60 - 84 M 12 2.9 21.7 36.6 40.9 88.8 129.7 Tap 1.768

0 H019 82 60 - 84 F 24 10 22.9 56.9 138.7 146.3 285 Tap 7.071

0 H018 84 60 - 84 F 24 4.3 24 52.3 60 170.4 230.4 None 0.158

0 H022 84 60 - 84 F 8 0.57 9.73 18.3 8 136.8 144.8 Tap 14.14

0 H030 82 60 - 84 F 8 9.4 9.5 26.9 91.7 116.9 208.6 Tap 14.14

18 H004 26 19 - 39 M 24 1.1 4 29.1 15.2 74.8 90 Tap

18 H012 29 19 - 39 F 24 2.3 7.4 33.7 32.7 109.2 141.9 None

18 H013 29 19 - 39 F 24 4.3 15.4 43.7 35.1 205.8 240.9 Tap

18 H008 40 40 - 59 F 20 0 25.7 45.7 0 167 167 None

18 H009 54 40 - 59 M 24 36.3 -2.6 57.7 323.7 25.2 348.9 Tap

18 H001 42 40 - 59 F 8 1.4 29.7 39.1 11.7 115.3 127 Tap

18 H031 42 40 - 59 F 36 2.9 5.7 44.6 38 51.5 89.5 Bottled

18 H032 46 40 - 59 F 36 8 20 64 106.4 224.4 330.8 None

18 H005 53 40 - 59 F 16 9.7 16.6 42.3 109.2 144.1 253.3 Well

18 H034 51 40 - 59 F 36 0 12 48 0 73.5 73.5 Other

18 H033 52 40 - 59 F 24 0 12.9 36.9 0 19.8 19.8 Well

18 H006 52 40 - 59 F 16 18.3 28.8 63.1 161.6 58.7 220.3 Tap

18 H015 57 40 - 59 M 24 16 40.9 80.9 131.2 254.6 385.8 Well

18 H011 59 40 - 59 M 16 9.1 34 59.1 104.5 349.2 453.7 Well

18 H035 60 60 - 84 F 8 6 25.7 39.7 66.7 94.3 161 None

18 H027 66 60 - 84 F 24 16 6.9 46.9 131.2 103.3 234.5 None

18 H007 68 60 - 84 M 8 0 52.6 60.6 0 93.3 93.3 Tap

18 H029 71 60 - 84 F 16 8.6 8.5 33.1 114 66.4 180.4 Tap

18 H020 72 60 - 84 F 12 2.6 32.5 47.1 35.6 302.5 338.1 Tap

18 H024 76 60 - 84 F 24 4.3 8.6 36.9 52.3 117.3 169.6 Tap

18 H023 75 60 - 84 M 24 1.4 12.6 38 19 222.1 241.1 Tap

18 H028 77 60 - 84 M 24 8.3 13.4 45.7 93.7 249.7 343.4 Other

18 H026 78 60 - 84 M 8 0 29.7 37.7 0 182.5 182.5 Tap

18 H019 82 60 - 84 F 12 1.1 23.5 36.6 15.2 170.6 185.8 Tap

18 H022 84 60 - 84 F 8 1.4 23.2 32.6 20 222.3 242.3 Tap

30 H004 26 19 - 39 M 16 1.7 12 29.7 23.2 74.8 98 Tap

30 H012 29 19 - 39 F 24 2.6 7.1 33.7 35.6 75.9 111.5 None

30 H013 29 19 - 39 F 24 1.7 12.9 38.6 22.8 174.7 197.5 Tap

30 H008 40 40 - 59 F 24 1.1 25.8 50.9 11.4 81.6 93 None

30 H009 54 40 - 59 M 20 3.3 32.1 55.4 295.1 59.2 354.3 Tap

30 H001 42 40 - 59 F 8 4 10 22 32.8 39.6 72.4 Tap

30 H031 42 40 - 59 F 48 4.3 1.4 53.7 57 25.2 82.2 Bottled

30 H032 46 40 - 59 F 36 8 19.4 63.4 106.4 415.7 522.1 None

30 H005 53 40 - 59 F 16 8.3 22.3 46.6 90.2 195.6 285.8 Well

30 H034 51 40 - 59 F 36 8 12 56 80 187.2 267.2 Other

30 H033 52 40 - 59 F 24 0 22.9 46.9 0 56.5 56.5 Well

30 H006 52 40 - 59 F 16 22.3 29.4 67.7 194.4 59 253.4 Tap


