
 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, March 2011 
http://fri.wisc.edu/docs/pdf/FRI_Brief_SodiumReplacement_March2011.pdf Funded in part by the American Meat Institute Foundation 

 

 FRI FOOD SAFETY REVIEWS 

Understanding Sodium Replacements  
from a Food Safety and Health Risk Perspective 

M. Ellin Doyle 
Food Research Institute 

University of Wisconsin–Madison  
Madison WI 53706 

 

34BContents 
Introduction....................................................................................................................................2 
Adverse Health Effects of High Dietary Sodium Intake ...............................................................2 
 General...................................................................................................................................2 
 Hypertension .........................................................................................................................2 
 Cardiovascular disease (CVD) ..............................................................................................4 
 Bone disease...........................................................................................................................5 
 Other reported health effects of salt .......................................................................................5 
Possible Adverse Effects of Low-Salt Diets...................................................................................5 
 Inadequate sodium or chloride intake.....................................................................................5 
 Inadequate dietary iodine .......................................................................................................6 
Roles of Salt in Foods ....................................................................................................................6 
 Flavor .....................................................................................................................................6 
 Texture ...................................................................................................................................6 
 Safety .....................................................................................................................................7 
Strategies in Formulation of Reduced-Sodium Foods ...................................................................8 
 Flavor .....................................................................................................................................8 
 Texture ...................................................................................................................................9 
 Safety .....................................................................................................................................9 
Sodium/Salt Substitutes and Additives: Safety Concerns ............................................................10 
 Potassium, calcium, magnesium, and other minerals ...........................................................10 
 Organic acids........................................................................................................................10 
 Flavor enhancers and bitter blockers ....................................................................................11 
 Thickeners and emulsifiers...................................................................................................11 
Perspective ...................................................................................................................................12 
References....................................................................................................................................12 
 



2 FRI FOOD SAFETY REVIEW: Sodium Replacements: Understanding Food Safety and Health Risks  
 

 

Corresponding author: M. Ellin Doyle, Ph.D., medoyle@wisc.edu Food Research Institute, UW–Madison, March 2011 
http://fri.wisc.edu/docs/pdf/FRI_Brief_SodiumReplacement_March2011.pdf Funded in part by the American Meat Institute Foundation 

 

INTRODUCTION 
Excess dietary sodium has been reported to adversely 
affect health by increasing blood pressure and ap-
pears to have other negative health effects as well 
(63). According to data from NHANES (2005–2006), 
over 95% of men and over 75% of women in the U.S. 
now exceed the recommended daily tolerable upper 
intake of sodium (2.3 g/d, equivalent to 5.8 g NaCl, 
table salt*) that was established by the Institute of 
Medicine (73) and recommended in the 2010 Dietary 
Guidelines for Americans (121). For persons who are 
51 and older and those of any age who are African-
American or have hypertension, diabetes, or chronic 
kidney disease, the recommended maximum daily 
intake is 1.5 g sodium (147). Because these at-risk 
groups comprise 50–70% of the adult population and 
a majority of people develop hypertension as they 
age, the American Heart Association recommends 
that 1.5 g sodium/day should be the target intake for 
the general population (8).  

Consequently, state and national governments 
and the World Health Organization are considering 
strategies to reduce overall population sodium intakes 
as part of a program to reduce hypertension and car-
diovascular disease, improve public health, and re-
duce healthcare costs (51;62;152). It has been esti-
mated that about 80–85% of the sodium consumed in 
Europe, Australia, and North America is salt that has 
been added to processed and restaurant foods. Al-
though foods such as sauces, gravies, spreads, and 
processed meats often have the highest concentra-
tions of sodium, breads, grains, and cereals are usu-
ally major contributors to dietary sodium intake 
because they are eaten in greater quantities. In Japan 
and China, soy sauce, salt added during cooking, and 
salted fish and vegetables are primary sources of 
dietary sodium (6;113;153). Therefore, in Western 
countries food processors are being pressured to 
reduce sodium levels in their products. An interna-
tional organization of experts from 81 countries, 
WASH (World Action on Salt and Health), is con-
sulting with food companies and governments to plan 
effective programs for reducing salt intakes 
(http://www.worldactiononsalt.com/). 

Because sodium affects the taste, texture, and 
safety of foods, the consequences of reducing sodium 
levels in various foods must be evaluated carefully 
(32;37;40;85). This report will briefly review health 
concerns associated with high intakes of sodium and 
important functions of salt in foods. Other food com-
ponents that may substitute for some of the functions 
of salt in foods will be discussed with respect to 
potential safety considerations. 
________ 
* 100 mmol sodium = 2.3 g sodium = 5.8 g table salt 

ADVERSE HEALTH EFFECTS OF HIGH 
DIETARY SODIUM INTAKE 

General 

Sodium is an essential nutrient, the cation mainly 
responsible for regulating extracellular fluid volume 
and plasma volume. It also determines membrane 
potential of cells and participates in the active trans-
port of some molecules across cell membranes. Other 
cations, including potassium and calcium, interact 
with sodium and influence its physiological effects 
(1). 

Humans can survive on diets with a wide range 
of sodium concentrations as demonstrated by the 
1985–1987 INTERSALT study of blood pressure and 
electrolyte excretion in 32 countries, including re-
mote unindustrialized populations as well as major 
Asian, European, and North American nations. Low-
est salt intakes were recorded among the Yanomamo 
Indians in Brazil, and highest intakes occurred in 
residents of Tianjin, China. In European and North 
American countries, median daily sodium intakes 
ranged from 2.3 g to 4.3 g (75). A recent review of 
more than 100 publications documenting sodium 
intake in adults and children in countries around the 
world also reported that adults in most countries con-
sume >2.3 g sodium/d, greatly exceeding physiologi-
cal needs of <0.6 g sodium per day* (16).  

Approximately 98% of dietary sodium is ab-
sorbed in the intestine, and excess sodium is excreted 
mainly by the kidneys. In healthy adult humans at 
steady state conditions, urinary sodium excretion 
roughly equals intake. Several hormones and the 
sympathetic nervous system enable healthy humans 
to adapt to different dietary salt levels and maintain 
plasma levels of sodium within an optimal range by 
altering the excretion of sodium in sweat and urine in 
response to changes in dietary sodium intake. How-
ever, as people age or develop certain chronic dis-
eases, kidney function declines thereby diminishing 
the efficient excretion of excess sodium. This can 
lead to an increase in plasma volume and may stress 
the cardiovascular system by inducing hypertension. 
Hypertension, in turn, is correlated with higher risk 
for coronary heart disease, stroke, and end-stage renal 
disease (61;63). 

Hypertension  

Hypertension is a recognized risk factor for cardio-
vascular disease and is often associated with other 
cardiovascular risk factors. Approximately two-thirds 
of adults in the U.S. have either hypertension, defined 
as untreated systolic blood pressure (SBP) >139 mm 
or diastolic blood pressure (DBP) >89 mm, or pre-
hypertension with SBP 120 to 139 mm or DBP 80 to 
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89 mm. Untreated hypertension is associated with 
increased incidences of diabetes, heart disease, 
stroke, and kidney disease. Therefore, there is univer-
sal agreement that interventions that reduce or pre-
vent development of high blood pressure would sig-
nificantly improve health (35). Age, body mass 
index, activity levels, and dietary sodium and potas-
sium are all known to affect blood pressure. Some 
analysts question the importance of dietary sodium, 
relative to other factors, as a cause of hypertension in 
the general population (68).  

Evidence supporting the connection between 
sodium intake and blood pressure includes: (i) epi-
demiological studies including surveys of populations 
with different sodium intakes; (ii) studies of large 
populations that have achieved significant average 
reductions in salt intake; (iii) clinical studies in which 
people consume diets with high or low sodium levels; 
and (iv) experimental studies with animals, including 
chimpanzees and salt-sensitive rats. Other studies 
have investigated physiological effects of sodium in 
the body to understand how it impacts blood 
pressure. 

Data from numerous epidemiological studies 
indicate that higher intakes of salt or sodium are 
associated with elevated blood pressure in popula-
tions overall. The INTERSALT study found that 
4 groups of people living in nonindustrialized areas 
with very low sodium intakes had low blood pressure 
readings that did not increase with age. Data from 
another 45 populations in more industrialized areas 
indicated that higher urinary sodium excretion was 
significantly correlated with blood pressure and age-
related increases in blood pressure. A negative asso-
ciation was observed between potassium excretion 
and blood pressure at most centers (75). The 
INTERMAP study of blood pressure and urinary 
sodium levels in over 4600 adults in the U.S., U.K., 
Japan, and China revealed that several dietary vari-
ables, including sodium, were correlated with blood 
pressure measurements (16).  

Finland initiated major efforts to reduce cardio-
vascular disease and promote health following publi-
cation of data in the late 1960s showing that Finnish 
men had a very high rate of coronary heart disease 
mortality. Public information campaigns and collabo-
rations with the food industry to develop lower-salt 
foods were instituted. Dietary salt intake among Fin-
nish men declined from 12.0–13.2 g/d in 1979 to 8.6–
9.5 g/d in 2002. During this time, mean SBP in males 
declined by an average of 8 mm despite an increase 
in mean body mass index (92). Other population 
intervention programs involving thousands of people 
in Japan, China, and Portugal also demonstrated de-
creases in average population blood pressure in 
response to a reduction in dietary sodium (61).  

Inconsistent changes in blood pressure have been 
reported from short term studies (1 week or less) em-
ploying high- and low-salt meals or diets. These 
results have been cited by those who are skeptical of 
programs to reduce dietary sodium (167). However, 
these trials may not reliably predict results of cur-
rently recommended, long-term, modest decreases in 
dietary sodium.  

Many longer term studies documented reduc-
tions in blood pressure in persons consuming low-
sodium diets. A randomized double-blind crossover 
trial of a modest reduction of salt (from 9.7 to 6.5 g 
salt/day) demonstrated that the lower sodium diet was 
associated with significant reductions in blood pres-
sure in white, African-American, and Asian subjects 
with mildly raised blood pressure in the U.K. (65). A 
recent, randomized crossover trial of low- and high-
sodium diets (50 and 250 mmol/day for 7 days each) 
reported significant reductions of SBP and DBP of 
22.7 and 9.1 mm Hg in patients with resistant hyper-
tension (blood pressure that remains elevated despite 
the use of 3 antihypertensive medications) (123). A 
meta-analysis of 28 dietary interventions that lasted 
for at least 1 month demonstrated that reductions in 
dietary sodium significantly decreased blood pressure 
in both normotensive and hypertensive individuals 
(87). 

Some individuals appear to be “salt-sensitive” 
and experience a significant drop (at least 10%) in 
blood pressure when consuming a low-salt diet, while 
others are “salt-resistant.” A high prevalence of salt 
sensitivity occurs among persons with hypertension, 
diabetes, chronic kidney disease, and metabolic syn-
drome as well as among persons over 40 and African-
Americans (23;61). USDA estimates that these at-
risk individuals constitute nearly 70% of the adult 
population in the U.S. (51). Gender differences have 
also been reported, with females exhibiting greater 
salt sensitivity (66).  

Salt sensitivity appears to be caused by impaired 
kidney function — either a decrease in ultrafiltration 
of sodium from blood or an increased renal tubular 
reabsorption of sodium into blood. Chronic kidney 
disease, genetics, changes in physiology during 
aging, obesity, diabetes, and some dietary and life 
style variables can all affect kidney function. This 
condition also appears to be a risk factor for cardio-
vascular disease independent of its effects on blood 
pressure (87;154). Data from some studies on salt 
sensitivity indicate that 67% of hypertensive people 
are moderately to strongly salt sensitive while 42% of 
normotensive people have some degree of salt sensi-
tivity. A reduction of sodium intake would likely 
benefit all these people (83;130). 

Experimental studies with several species of 
animals documented increases in blood pressure with 
higher salt intakes (61). Chimpanzees fed diets with 
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high levels of potassium and high or low levels of 
sodium had significantly lower SBP and DBP on the 
lower sodium diets (42). A review of long-term 
experiments on salt and hypertension in animals 
noted that salt has 2 distinct effects: (i) a rapid rise in 
blood pressure in response to increased salt occurring 
over days or weeks, and (ii) a slow, progressive 
increase in blood pressure during a significant portion 
of the lifetime of normal individuals. In some species 
this long-term increase in blood pressure appeared 
irreversible and may correspond to the age-related 
increase in blood pressure observed in human popu-
lations (148). 

Other dietary constituents, including potassium, 
magnesium, and calcium, affect blood pressure. The 
DASH (Dietary Approaches to Stop Hypertension) 
diet, which provides a significant amount of these 
minerals from fruits, vegetables, and low-fat dairy 
products, has been shown to reduce blood pressure 
(1;59;73). In a study comparing consumption of 
control “typical American” diets and DASH diets 
containing several sodium levels (1.15 to 3.44 g 
sodium/d), average SBP was significantly lower on 
the DASH diet compared to the control diet at all salt 
levels. SBP also decreased significantly with a 
decrease in dietary sodium on both the “typical” diet 
and the DASH diet. The combination of the DASH 
diet and reduced dietary sodium appeared to have an 
additive effect in reducing SBP. Greater mean reduc-
tions in blood pressure were observed in persons with 
hypertension and in African-Americans than in other 
subgroups (128). The DASH diet was also shown to 
enhance the effects of hypertensive medications in 
reducing blood pressure (71). 

In an attempt to identify the important compo-
nents of the DASH diet, blood pressure in obese 
hypertensives was compared during consumption of 
their usual diet, a DASH diet, and usual diet with 
potassium, magnesium, and fiber added to match 
levels in the DASH diet. Although the supplemented 
diet reduced blood pressure, the DASH diet did this 
more effectively, indicating that multiple nutritional 
factors, beyond those tested, are important (2). Some 
evidence suggests that dietary nitrate, present in 
vegetables, may have a favorable effect on blood 
pressure by generating nitric oxide (NO) to reduce 
oxidative stress markers (21). 

Mechanisms by which sodium affects blood 
pressure and the circulatory system are not com-
pletely understood. It has been suggested that, in 
response to high salt intake, persons with salt-
sensitive hypertension do not excrete as much sodium 
in urine as salt-resistant individuals. Higher serum 
sodium levels would be followed by an expansion of 
plasma volume, an increase in cardiac output, and a 
sustained increase in systemic vascular resistance. 
This may occur in some people. However, a trial with 

healthy African-American adults demonstrated that 
salt-loading induced similar serum sodium concen-
trations and similar increases in plasma volume and 
cardiac output in salt-sensitive and salt-resistant indi-
viduals. However, blood vessels of salt-resistant per-
sons dilated in response to high salt intake and 
thereby prevented a significant increase in blood 
pressure. This vasodilation did not occur in the salt-
sensitive subjects (132).  

Cardiovascular disease (CVD)  

Correlations between sodium intake and cardiovas-
cular disease and mortality are difficult to establish 
because this disease develops over many years and is 
affected by several dietary variables and lifestyle 
characteristics. Some review papers have generally 
concluded that the overall epidemiological evidence 
for a positive correlation between sodium intake and 
CVD is not strong (3;4;150). Results from recently 
published studies illustrate the conflicting results 
from studies with different populations (29;30;48; 
50;99). A recent meta-analysis of 13 prospective 
studies investigating the relationship between dietary 
salt and development of cardiovascular disease and 
stroke concluded that data indicated that a high intake 
of salt was associated with a greater risk of these 
diseases. The associations were stronger in studies 
with a longer follow-up period and in those which 
included subjects with a wider range of sodium 
intake (139). Using the Coronary Heart Disease 
Policy Model, a computer simulation of heart disease 
and stroke in U.S. adults, the costs and effects of 
different interventions to reduce incidence of these 
diseases was estimated. Reducing dietary salt by 
3 g/d was projected to reduce annual number of heart 
attacks by 54,000 to 99,000 and to reduce strokes by 
32,000 to 66,000 annually. Reduction in dietary salt 
was more cost-effective than medications to reduce 
blood pressure (14). 

Some characteristics of vascular function, asso-
ciated with risk for cardiovascular disease, are easily 
measured and compared to salt intake. Higher dietary 
sodium levels have been reported to significantly 
increase pulse wave velocity (a measure of arterial 
stiffness) (65;145). A systematic review of 38 clini-
cal trials to assess effects of dietary nutrients on arte-
rial stiffness reported that there was limited but con-
sistent evidence that salt restriction reduced arterial 
stiffness (119).  

Dietary salt has also been reported to increase 
overproduction of reactive oxygen species (7) and 
impair relaxation that should occur in smooth mus-
cles in the endothelium of arteries in response to 
shear stress of flowing blood. Consumption of a diet 
containing 1.15 g sodium/d improved flow-mediated 
dilation in arteries in a group of overweight/obese 
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individuals as compared to that observed in persons 
consuming diets containing 3.46 g sodium/d (35). 
Potassium chloride and potassium bicarbonate also 
significantly improved flow-mediated dilation (64). 

Bone disease 

Metabolism and intercellular transport of sodium and 
calcium are linked and, therefore, high-salt diets may 
affect calcium retention and bone density. Normally 
the body absorbs about 27% of dietary calcium from 
the intestines but this can change in response to 
suboptimal or excess serum calcium levels and the 
presence of vitamin D and other nutrients. Data from 
several studies have demonstrated that a higher 
sodium intake is correlated with greater urinary 
losses of calcium (20;47;96). Age, gender, meno-
pausal status, and other dietary constituents are 
known to also affect the excretion of calcium in 
urine. 

Bone mineral density and bone turnover are 
impacted by calcium intake and excretion. Calcium 
loss in urine is not necessarily directly related to bone 
health. Persons consuming the currently recom-
mended amounts of calcium (1200 mg/d for women 
>50 years; 1000 mg/d for men and for women 
<50 years) may be able to increase intestinal 
absorption to compensate for the increased calciuria 
that is caused by an intake of an additional 2.3 g 
sodium/d. However, a calcium intake of 600 mg/d or 
less will most likely not provide enough calcium to 
compensate for increased calcium excretion (67). A 
recent study with post-menopausal women found that 
bone calcium balance was negative on low-calcium 
diets (518 mg/d) regardless of sodium intake. On 
moderate calcium diets (1284 g/d), bone calcium 
balance was positive when sodium levels were low 
(1.54 g/d), but not when they were high (4.42 g/d) 
(144).  

Other dietary constituents affect sodium and cal-
cium metabolism. The DASH diet, rich in fruits and 
vegetables, is associated with significantly reduced 
markers of bone turnover in adults as compared to the 
typical American diet (96). DASH diet contains 
approximately three times the amount of calcium, 
magnesium, and potassium and more compounds that 
generate basic ions like bicarbonate during metabo-
lism than a “typical” American diet (137;166).  

Typical American diets produce a low-grade 
metabolic acidosis (average of +48 mEq/d), while 
diets of preagricultural humans were net base-
producing (average of –88 mEq/d). Cereal grains, the 
most commonly consumed foods in modern diets, 
yield net acid when metabolized (137). An elevated 
intake of sodium chloride has also been shown in 
human clinical studies to result in low-grade meta-
bolic acidosis (45;47). Low-grade metabolic acidosis, 

caused by diets deficient in fruits and vegetables and 
containing excess sodium chloride, may negatively 
impact bone health by increasing bone resorption and 
calcium excretion (106;158).  

Other reported health effects of salt 

Epidemiological data from the Health Professionals 
Follow-up and the Nurses’ Health studies found that 
persons following a DASH-style diet (including low 
dietary sodium) had a markedly decreased risk for 
kidney stones (143). High urinary sodium concentra-
tions are correlated with high urinary calcium levels, 
and increased calcium excretion in persons on high-
salt diets may contribute to formation of calcium 
oxalate stones (116). One study of stone formers fol-
lowing a low-sodium diet for three months found that 
their urine contained lower levels of sodium, calcium, 
and oxalate than at baseline (114). However in one 
other study, urinary sodium and calcium concentra-
tions were positively correlated in stone formers but 
urinary sodium and urine calcium oxalate supersatu-
ration were negatively related (41)  

Some research suggests that high dietary sodium 
levels are associated with other health issues, 
including gastric cancer, kidney disease, and severity 
of asthma. Data supporting these connections are not 
as extensive as data on sodium and hypertension, but 
a high dietary intake of sodium may affect develop-
ment or severity of some of these conditions (63).  

POSSIBLE ADVERSE EFFECTS  
OF LOW-SALT DIETS 

Inadequate sodium or chloride intake 

Some studies have reported that low sodium intakes 
are associated with higher rates of stroke or cardio-
vascular death, and it has been proposed that in 
industrial societies the relationship between sodium 
intake and mortality follows a J-shaped curve. 
According to this hypothesis, both very low and very 
high intakes of sodium are associated with greater 
cardiovascular mortality. Others have suggested that 
people consuming very low levels of salt may already 
be sick and that it is the underlying illness rather than 
the very low sodium intake that causes increased 
mortality. Low sodium diets may have adverse 
effects on the sympathetic nervous system, the 
rennin-angiotension system, and insulin sensitivity 
(27). Data from NHANES did not demonstrate a sig-
nificant association between mortality and sodium 
intake (28). 

The Institute of Medicine recommends that 
healthy adults (ages 9–50 years) consume 1.5 grams 
of sodium and 2.3 grams of chloride daily, corre-
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sponding to 3.8 grams of salt. At this level, the body 
would be able to replace the sodium and chloride lost 
daily through sweat and excretion. But most people 
greatly exceed these recommendations, indicating 
that moderate reductions in salt intake are probably 
not of great concern (73). 

Inadequate dietary iodine  

Iodine is an important component of thyroid hor-
mones that are required for normal growth, develop-
ment, and metabolism. Most foods are naturally low 
in iodine, with the exception of seafood (fish, shell-
fish, and seaweed). Bread and dairy products have 
been important dietary sources in the U.S. because of 
the addition of iodate as a dough conditioner and the 
use of iodophors for cleaning teats and milk contain-
ers. However, the use of both of these compounds has 
decreased in recent years, and people in many indus-
trialized countries now experience mild iodine defi-
ciency (163;164). 

Recommended daily intake of iodine is 150 μg 
for most adults and 250 μg for pregnant and lactating 
women. Iodine status of the general U.S. population 
is considered adequate but there are some subgroups 
of the population, including women of reproductive 
age and non-Hispanic Blacks, who are at risk of 
iodine deficiency because of their relatively low 
dietary iodine intake (NHANES data). In fact, about 
29% of U.S. adults are mildly deficient in iodine, and 
11% and 2.5% are moderately and severely deficient, 
respectively (18;122). 

Countries around the world currently add sodium 
or potassium iodate or iodide to table salt to prevent a 
variety of iodine-deficiency disorders in adults and 
children. Iodized salt contains 77 μg iodine/g in 
Canada and the U.S. (18), and fortification levels in 
other countries range from 15 to 100 μg iodine/g. 
Some iodine is lost from fortified salt during storage 
and during cooking. Iodized salt is not generally used 
in processed foods because of concerns about oxida-
tion reactions, color changes, and other issues (157). 
Because approximately 80% of dietary salt in Europe 
and North America comes from processed and restau-
rant food, reductions in salt levels in processed foods 
would likely have a minimal impact on iodine intake 
in these countries.  

However, national sodium reduction strategies 
also encourage consumers to limit the amount of salt 
added to foods in cooking and at the table. Analysis 
of some NHANES data indicated that dietary salt 
restriction was associated significantly lower urinary 
iodide concentrations in women but not in men (142). 
Analyses of food consumption data from the Nether-
lands indicated that the age group of most concern for 
iodine sufficiency, if salt intake were significantly 
reduced, was children (1–3 years of age) (149). Cur-

rently, there are no conclusive data indicating that 
salt restriction will seriously impact iodine status in 
consumers but with the fairly high prevalence of mild 
iodine deficiency, this situation should be monitored. 

ROLES OF SALT IN FOODS 

Flavor 

Saltiness is one of the basic tastes perceived by 
humans. Sodium and lithium are the only cations 
with a taste that is primarily salty. Potassium and 
calcium have some component of saltiness to their 
taste but they also have other flavors, sometimes 
described as “metallic” or “bitter.” Sodium chloride 
is the saltiest sodium compound. As the size of the 
anion associated with sodium increases, perceived 
saltiness decreases.  

In addition to their own salty flavor, sodium 
compounds, such as sodium chloride and mono-
sodium glutamate, enhance the flavor of other ingre-
dients in foods (129). Salt also suppresses or masks 
bitter flavors. It has been estimated that about 25% of 
the population are nontasters (insensitive to ordinary 
levels of bitter compounds) and about 25% are 
supertasters (very sensitive to bitter compounds). 
Therefore, significantly decreasing the salt in some 
foods may make them unpalatable to as many as a 
fourth of consumers while an equal number may not 
even notice the change (86). 

Sodium chloride affects growth and metabolic 
activities of cheese starter cultures and yeast and 
sourdough starters for bread. In addition to their other 
functions in foods, these microbes synthesize impor-
tant flavor and aroma compounds (99). 

Texture 

Sodium chloride interacts with other major compo-
nents in foods, thereby affecting the texture of foods. 
For example, salt increases hydration of proteins and 
enhances the binding of proteins to each other and to 
fat. These reactions stabilize emulsions of ground 
meat mixed with fat and promote development of a 
network of gluten proteins in yeast breads. 

In meat, 1.5 to 2.5% (w/w) added salt enables 
proteins to bind more water, thereby increasing ten-
derness and decreasing fluid loss in heat-processed 
products. Actin and myosin in meat proteins swell in 
the presence of salt, binding water and fat and 
allowing formation of heat-stable emulsions of com-
minuted meats, such as frankfurters. These myosin 
proteins bind to each other, thereby improving the 
texture of processed meats (99;159) and also 
restructured fish products (120).  

Solubility of proteins and the water content of 
cheese are also affected by salt. These, in turn, 
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determine rheology, texture, and changes that occur 
during cooking. In pasteurized process cheeses, 
emulsifying salts (citrate, orthophosphates, poly-
phosphates), often containing sodium, are added to 
aid in the hydration of para-casein, the emulsification 
of fats, and stability (55;81).  

Yeast bread and some other baked goods require 
some salt to control growth of yeast and develop an 
extensible gluten network. Salt helps control hydra-
tion of glutenin and gliadin proteins, which is critical 
for the development of enough gluten to trap small 
air bubbles in the dough to produce a high-quality 
bread. Optimal salt concentrations stabilize gluten 
and prevent stickiness. Too little salt allows exces-
sive growth of yeast, resulting in oversized bread 
with poor texture. In cakes and quick (non-yeast) 
breads, salt is added primarily for flavor. However, 
sodium carbonate and sodium bicarbonate, used for 
leavening in these products, contribute to the total 
sodium content (22;97).  

Safety 

Salt (sodium chloride) and drying have been used for 
thousands of years to decrease water activity (aw) in 
meat, fish, vegetables, eggs, and some fruit, thereby 
preserving these fresh foods for later consumption. 
Available water is a critical factor affecting microbial 
growth on and in foods. Fresh foods, process cheese, 
and low-salt bacon have a high aw (0.95 to 1.0), as do 
highly perishable foods such as fresh meat and fish 
(aw >0.99) (25). Consequently, there is sufficient 
water to support growth of most bacterial pathogens 
and spoilage organisms if other conditions do not 
limit growth. Salt is added to meat and fish particu-
larly as a deterrent to growth of Clostridium 
botulinum (32;120). 

On the most basic level, salt preserves food by 
exerting a drying effect, drawing water out of cells of 
both the food and microorganisms through the proc-
ess of osmosis. Salt concentrations required to inhibit 
microbes vary with species. Campylobacters are 
highly sensitive to salt, with 0.5% NaCl being opti-
mal for growth (38). On the other hand, proteolytic 
C. botulinum tolerate up to 10% NaCl and, when 
other growth conditions are favorable, Staphylococ-
cus aureus can grow in the presence of >20% NaCl. 
Minimum water activity levels allowing growth of 
some important foodborne microbes, when other 
growth conditions are near optimal, are listed in 
Table 1. At some aw levels, bacteria are capable of 
growth but not toxin production. For example, 
S. aureus can grow aerobically at 37ºC at an aw of 
0.86, but only produces enterotoxin if aw is at least 
0.90 (165). 

 

Table 1. Approximate minimum water activity values 
for growth of some foodborne microbes. 

Microbe 
Minimum 

water activity Reference 

Campylobacter jejuni  0.98  (38) 

Clostridium botulinum B  0.94  (117) 

Clostridium botulinum E  0.97  (117) 

Escherichia coli  0.95  (101) 

Listeria monocytogenes  0.92  (141) 

Salmonella spp.  0.95  (25) 

Staphylococcus aureus  0.86  (135) 

 
Shelf-stable sauces, processed meats, and 

cheeses rely, in part, on sodium chloride for safety 
and preservation. In addition to sodium chloride, 
other salts, sugars, and proteins in foods decrease 
available moisture. Hard cheeses, ham, and bacon 
have a water activity of 0.90 to 0.95 (25). Water lost 
during processing/cooking increases sodium 
concentrations on a finished product basis. For 
example, 100-g samples of fresh raw pork belly,   
raw cured bacon, and cooked bacon contain, 
respectively, 0.032 g, 0.833 g, and 2.3 g sodium. 
(Data from USDA National Nutrient Database: 
http://www.nal.usda.gov/fnic/foodcomp/search/) (115). 

Other sodium-containing compounds are also 
used for food preservation. For example, disodium 
phosphate is a critical component for safety of shelf-
stable pasteurized process cheese products (140), and 
sodium nitrite is important for preventing growth and 
toxin production of C. botulinum in cured meats (31). 
Because these compounds as well as sodium salts of 
organic acids and other sodium phosphate com-
pounds are added to foods to prevent microbial 
growth and improve texture, sodium reduction strate-
gies must also consider these sources of added 
sodium. As noted in Table 2, sodium lactate is the 
largest potential contributor to sodium content, after 
sodium chloride. However, formulating certain foods 
with reduced amounts of these compounds may have 
a negative effect on food safety.  
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Table 2. Amount of sodium contributed by some common sodium-containing additives as compared to that  
contributed by sodium chloride. 

Sodium compound Typical use % sodium in compound mg of Na/100 g food 

Chloride 1.5 to 2% 39.34% 590 to 790 

Benzoate 0.1% 15.95% 16 

Diacetate 0.1 to 0.4% 16.18% 16 to 65 

Lactate 1.5 to 3% 20.51% 310 to 620 

Propionate 0.3% 23.93% 70 

Sorbate 0.3% 17.14% 50 

Nitrite 0.012% 33.32% 4 

Acid pyrophosphate (SAPP) 0.35% 20.72% 73 

Tripolyphosphate (STPP) 0.35% 31.24% 109 

Pyrophosphate (TSPP) 0.35% 34.57% 121 

Hexametaphosphate (SHMP) 0.35% 22.55% 79 

 

 

 

STRATEGIES IN FORMULATION 
OF REDUCED-SODIUM FOODS 
Salt plays multiple roles in foods, making it difficult 
to reformulate safe food products that have lower 
levels of sodium while retaining taste and texture that 
consumers find acceptable. A recent review discussed 
a number of strategies and compounds that have been 
considered for their potential to replace salt in vari-
ous foods (40). There has been a progressive increase 
in patents granted for products that can be used to 
improve the sensory value of reduced-sodium foods. 
Recent patents using different approaches to achieve 
lower salt levels were recently described (146). 

Flavor 

Simply reducing the amount of salt (without replac-
ing it with other substance(s) is a potential strategy 
for foods in which salt is primarily a flavoring. Small 
stepwise reductions, of 5 to 10%, in levels of sodium 
chloride in foods are often not even noticed by con-
sumers. Successful examples include: (i) a 33% 
reduction in salt levels in cereals in the U.K. during a 
7-yr period; (ii) a 33% sodium reduction in Kraft 
processed cheese; and (iii) a reformulation of Heinz 
products that resulted in an 11 to 18% decrease in 
sodium levels. These reductions in salt content may 
be not only tolerated but even better liked than the 
original food formulation (86). 

Enhancing saltiness of foods may be accom-
plished by physical or chemical means. Sodium chlo-
ride interacts with taste receptors only when it is in 
solution. Therefore, physical processes that increase 
the solubility of salt crystals will increase the sensa-
tion of saltiness for a given amount of salt. For 
example, finer salt crystals could be used to coat 

snack foods to deliver sufficient saltiness with less 
sodium. Electrostatic coating of chips improves adhe-
sion of small salt particles and may be used to give a 
more even coating (17).  

Peptides from a variety of hydrolyzed proteins and 
the sweeteners trehalose and thaumatin enhance the 
salty taste of foods and permit reduction of sodium 
chloride levels without significantly altering taste 
(19;105). One recommended additive that allows 
reduction of sodium content of foods is monosodium 
glutamate that provides an umami flavor (79;86). Salad 
dressings, soup, and stir-fried pork produced with less 
salt and added naturally brewed soy sauce were judged 
acceptable by consumers (90). Dried bonito (fish) 
enhances the saltiness and palatability of a Japanese 
steamed egg custard, thereby allowing a reduction in 
sodium content (100).  

Odors of foods also affect perceptions of taste. A 
recent European study found that salt-associated odors 
could enhance perception of saltiness. Panelists 
presented with a series of solutions containing a stan-
dard, small amount of salt rated those with aromas such 
as bacon, cheese, ham, peanuts, and anchovy as saltier 
than solutions with no added aroma or those that 
smelled like tomatoes. Solutions with a carrot odor 
were rated as less salty than the no-aroma solution 
(93;94). Certain well-selected odors may effectively 
compensate for changes in taste of low-sodium foods. 

Potassium chloride (KCl) is the most common 
compound used to substitute for the salty taste of 
sodium chloride (NaCl). However, it usually cannot be 
used to replace more than 30–40% of the sodium 
chloride in foods because of metallic or bitter off-
flavors. Combinations of potassium chloride and 
potassium lactate have been used to reduce salt levels 
by 30–50% in fermented sausages and salted minced 
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pork (57;108). Magnesium sulfate, some calcium and 
ammonium compounds, amino acids, and dipeptides 
also have a salty taste but, again, it is not a “pure” 
salt taste and there are off-flavors (86). Other addi-
tives may be needed to improve flavor. 

A wide variety of “sea salt” preparations are now 
sold as alternatives to refined salt. Sea salts contain 
several calcium, potassium, and magnesium com-
pounds and often other minerals that contribute to 
flavor. Composition of these salts varies with geo-
graphic origin and method of harvest. Assays of 38 
commercial sea salts revealed that a few had higher 
concentrations of sodium than ordinary table salt and 
all contained other minerals that affected flavor and 
time-intensity of salty taste (39). Non-sodium miner-
als constitute nearly 60% of a few varieties of sea salt 
and their use may significantly reduce sodium intake 
(86;124). A mineral salt containing 50% sodium 
chloride and 44.5% potassium chloride, along with 
calcium and magnesium carbonates and magnesium 
sulfate was used in the formulation of several meat 
products. Although it significantly decreased sodium 
content, these meats were ranked lower than the stan-
dard products by a taste panel because of differences 
in odor, taste, and consistency (133).  

Discovery and formulation of “bitter blockers” to 
reduce objectionable flavors in salt substitutes and 
low-salt foods are currently the focus of much 
research. Sweeteners may be used to interfere with 
the perception of bitter compounds. Dihydroxyben-
zoic acid and its salts have been reported to effec-
tively counteract metallic aftertastes without affecting 
sweetness (102). A review on bitter-masking mole-
cules describes recent advances in the discovery and 
development of these compounds (95). 

Texture 

While small reductions in salt content may result in 
minor alterations in flavor that are acceptable to con-
sumers, lower salt levels may adversely affect 
texture, requiring addition of moisture, fat, gums, 
polysaccharides, emulsifiers, alginates or other 
seaweed derivatives (26;49;69;70;78) to maintain a 
texture similar to the original product. Formulation of 
low-salt meat batters is technologically challenging 
because a reduction in sodium chloride levels 
requires other ionic compounds to replace the water-
holding, protein-binding, and fat-binding functions of 
the salt that is eliminated. Comminuted meat 
products containing less than 1.5% salt form unstable 
emulsions with poor texture (159). Potassium, 
calcium, and magnesium chlorides and several 
polyphosphate compounds can be used to stabilize 
meat emulsions in reduced-sodium meats. KCl and 
NaCl, at equal ionic strengths, interact identically 

with meat proteins, but calcium and magnesium 
chlorides are not as effective (5;54). 

Lower salt levels can also impact the growth of 
microbes such as desirable fermentative bacteria and 
yeast that influence the texture and flavor of some 
foods. These effects may be mitigated to some extent 
by changing the amount of yeast or starter culture used 
and by adjusting mixing and other mechanical 
processes during manufacture. KCl has similar effects 
on yeast growth and rheological properties of dough as 
that of NaCl but its use is limited by its metallic off-
flavor (22). In a series of experiments to evaluate 
characteristics of wheat bread formulated with 0.6, 0.3, 
and 0% salt compared to the customary level of 1.2%, 
lower salt concentrations did not significantly impact 
the rheological properties of the dough, baking quality, 
or sensory attributes. However, omission of salt 
completely produced unpleasant flavors and a signifi-
cant reduction in structural quality of dough and bread 
(97). 

Reducing sodium chloride in cheese presents many 
challenges, as described in a recent review (81). 
Reductions of up to 0.5% salt in Cheddar cheese and 
up to 35% in cottage cheese have been judged 
acceptable by consumers. Partial substitution of KCl 
for NaCl does not adversely affect starter culture 
activity or texture, although there are flavor issues with 
higher potassium concentrations (126). Magnesium 
chloride and calcium chloride do not appear to be good 
substitutes for NaCl in cheeses because texture 
becomes crumbly, soft, or greasy. Protein enrichment, 
by addition of ultrafiltered whole milk retentate during 
cheese-making, produces good-quality low-sodium 
cheeses with a good texture (55). 

Complete elimination of emulsifying salts in 
process cheese products can reduce sodium levels by 
20 to 40%. However, the result is a gummy cheese 
product with separation of oil and water. A careful 
blending of different cheese ingredients and optimi-
zation of processing conditions can produce a more 
stable product. Other ingredients, such as starches and 
gums, can also be used to maintain an acceptable 
cheese spread texture (55).  

Safety  

If less salt is added to a food, water activity will be 
increased, potentially allowing growth of spoilage and 
pathogenic microorganisms. On a molar basis, KCl 
appears to have antimicrobial effects similar to NaCl in 
some media and food systems. However, challenge 
studies in specific foods should be done to confirm that 
that KCl can safely replace NaCl. 

Other compounds such as organic acids, bacte-
riocins, and essential oils from herbs and spices 
(13;33;34;52;53;108;110;111;125;138) may be useful 
in ensuring safety and shelf life of low-sodium food 
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products. Effects of these additives should also be 
assessed in foods, as their efficacy may be altered by 
other food components such as fat (56). 

SODIUM/SALT SUBSTITUTES AND 
ADDITIVES: SAFETY CONCERNS  

Potassium, calcium, magnesium, and other 
minerals 

Sodium substitutes often contain other minerals, par-
ticularly potassium, some of which may have health 
consequences to some persons if consumed in excess. 
Dietary reference intakes have been established for 
dietary minerals and other nutrients by the Institute of 
Medicine. These are presented in Table 3 along with 
indications of adverse effects of excess consumption. 

Decreases in dietary sodium levels would be 
beneficial for those with kidney disease but increased 
intakes of other minerals used as sodium substitutes 
in foods may be detrimental. Chronic kidney disease 
(CKD) results in an imbalance of numerous minerals 
in the body; dietary recommendations advise CKD 
patients to decrease dietary potassium and phosphate 
intake because the body can no longer efficiently 
excrete excess amounts of these minerals. Loss of 
kidney function affects serum levels of phosphates, 
calcium, potassium, and magnesium, and this 
increases risk for calcification of artery walls, cardiac 
arrhythmias, and other metabolic disturbances 
(15;84;88). Overuse of salt substitutes containing 
potassium chloride may be an issue for dialysis 
patients. 

There is also a reported case of an individual 
with diabetes and some cardiac health issues who 

was on a salt-restricted diet and ingested 7–8 
teaspoons/day of a salt substitute containing 53% 
potassium. He developed very high serum potassium 
levels and near-fatal respiratory failure (80).  

Organic acids 

Organic acids have been widely used as preservatives 
in some foods for many years and, overall, data indi-
cate that these compounds are of low toxicity with little 
or no genotoxic or carcinogenic potential. Reports of 
significant adverse reactions are rare. However, four 
potential issues have been reported: (i) Benzoate 
appears to provoke hypersensitivity reactions in certain 
individuals but this does not appear to be common. 
(ii) Several reports indicate that under acidic conditions 
and during irradiation, small amounts of the known 
carcinogen benzene can form from benzoates. 
Therefore, benzoates should probably not be used in 
foods that will also be irradiated. (iii) Under some 
conditions, sorbates have been reported to degrade 
during long storage times to form genotoxic 
compounds, and sorbates were reported to form 
mutagens with nitrites. This is considered an unlikely 
event with current procedures of meat processing. 
(iv) At very high dietary levels (4% of diet) over 
extended feeding periods, propionates have caused 
forestomach cancers in rodents. This is very unlikely to 
occur in humans. Currently available information is 
summarized below. 

Sodium diacetate is an approved GRAS substance for 
use as an antimicrobial and was approved by FSIS in 
2000 for use in meat and poultry products up to a 
concentration of 0.25% by weight of total formulation 
(Federal Register 65:3121–3123 and 65:17128–17129). 
No adverse reactions have been reported for humans or 

 

Table 3. Dietary reference intakes for some minerals (72;73;74). 

Mineral Age/sex AI (mg/d)* UL (mg/d)* Effects of excess intake 

Calcium 31 – 50 (M&F) 
51–70 (F) 
51–70 (M) 

1000 
1200 
1000 

2500 
2000 
2000 

Kidney stones, renal insufficiency, hypercalcemia 

Chloride 19 – 50 (M&F) 
50 – 70 (M&F) 

2300 
2000 

3600 
3600 

Hypertension (with sodium) 

Iodine 19 – 70 (M&F) 
19 – 50 (pregnant) 

0.15 
0.22 

1.10 
1.10 

Elevated thyroid stimulating hormone 

Magnesium 19 – 30 (M/F) 
31 – 70 (M/F) 

400/310 
420/320 

350* 
350* 

Osmotic diarrhea (from supplements) 

Phosphorus 19 – 70 (M&F) 700 4000 Metastatic calcification, interference with calcium 
absorption 

Sodium 19 – 50 (M&F) 
50 – 70 (M&F) 

1500 
1300 

2300 
2300 

Hypertension; cardiovascular disease 

* AI = adequate intake; UL = upper limit of intake without adverse effects.  
Magnesium upper limit is for intake from pharmacological agents; no upper limit from naturally occurring Mg in foods. 
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animals and no recent acceptable daily intake (ADI) 
has been established. In 1973, FAO stated that up to 
15 mg/kg body weight/day was acceptable (36). 
Calcium acetate (diacetate) is also a GRAS substance 
that is available commercially for use as a thickener 
and an acidulant. Potassium diacetate has not been 
designated as GRAS but has demonstrated 
antimicrobial effects in a meat system (77). 

Sodium and potassium lactates are GRAS sub-
stances that were approved by FSIS in 2000 for use 
as antimicrobials in meat and poultry products, singly 
or in combination, up to a concentration of 4.8% by 
weight of total formulation (Federal Register 
65:3121-3123 and 65:17128-17129). A 2-yr study 
demonstrated no toxic or carcinogenic effects in rats 
given water containing 0, 2.5, or 5% calcium lactate 
in drinking water (98). 

Propionates and propionic acid are approved GRAS 
substances for use in various foods, including cheese 
and bakery products. Use of sodium propionate has 
no limitations in a variety of food products (including 
cheeses, soft candies, baked goods, jams, jellies, non-
alcoholic beverages) other than current good manu-
facturing practices (21CFR 184.1784). Acceptable 
daily intakes have not been established. Propionic 
acid gives negative results in most genotoxicity 
assays (12). Tumors developed in the forestomach of 
rats fed very high levels of propionic acid (4% of 
total diet) over long periods of time but propionic 
acid is not considered a carcinogenic risk for humans 
(60). 

Sodium benzoate and benzoic acid are GRAS in the 
U.S. and are permitted in certain foods as antimicro-
bial or flavoring agents, with current maximum usage 
level of 0.1% (21CFR 184.1733). CODEX specifies 
higher permitted levels in some foods such as liquid 
eggs (0.5%) and semi-preserved fish (0.2%) 
(http://www.codexalimentarius.net). Benzoates are readily 
absorbed in the intestine but are rapidly metabolized 
and excreted. An acceptable daily intake (ADI) of up 
to 5 mg/kg body weight has been established 
(24;112). Under some conditions benzoic acid or 
benzoates may form small amounts of benzene, a 
volatile compound with known toxic and carcino-
genic effects. This has been reported to occur during 
irradiation of a turkey breast roll and ham containing 
potassium benzoate (161;162).  

Hypersensitivity reactions, including dermatitis 
(118), rhinitis (9), and asthma (10;46), have been 
reported by some individuals (43). In most cases, 
reactions appear to be mild-moderate. A few cases of 
anaphylaxis have been reported (103;104). 

At high dietary levels (1–3% of diet), benzoate 
causes toxic effects in rodents but there is no evi-
dence of carcinogenicity (24;112). 

Sorbates and sorbic acid are GRAS in the U.S. when 
used in accordance with good manufacturing practices 
(21CFR 182.3640). Sorbic acid and sorbates are 
reported to exert a very low level of mammalian 
toxicity. Allowable usage levels depend on the target 
food and range between 0.1% for fruit preserves 
(21CFR Part 150) and 0.3% for certain cheeses 
(21CFR Part 133).  

Challenge tests indicate that sorbic acid or sorbates 
can cause contact urticaria in a small number of people, 
and oral sensitivity has also been demonstrated 
(58;134;151). 

Neither sorbic acid nor sorbates appear to be car-
cinogenic in rodent studies with animals fed diets 
containing as much as 10% sorbic acid in the diet 
(151). Sorbic acid and sorbates generally do not pro-
duce genotoxic effects (11;82;109). However, solu-
tions of sodium sorbate stored for several weeks did 
exhibit weak genotoxic effects (109;131), possibly due 
to the formation of a mutagenic degradation product 
(82). Some researchers report that high concentrations 
of sorbic acid and nitrites form mutagens under acidic 
conditions (pH<3.5) (127). Ascorbate blocks this 
reaction, indicating that in cured meat products 
erythorbate or ascorbate would reduce nitrosoamine 
formation, and this would prevent mutagen formation 
at pH values that mimic gastric conditions should 
otherwise optimal conditions exist (44;136).  

Flavor enhancers and bitter blockers  

Monosodium glutamate is a widely used flavor 
enhancer that is sometimes regarded with suspicion 
because of anecdotal evidence and results from some 
small studies indicating that it may play a role in 
asthmatic attacks and migraine headaches. However 
evidence from carefully controlled studies demon-
strated that this compound is safe (79;160). 

Some sweeteners, such as thaumatin and trehalose 
are used as “bitter blockers.” Data indicate that they 
and many other sweeteners are safe for use in foods 
(91;107). 

Thickeners and emulsifiers 

Inorganic phosphates exhibit a low oral toxicity and 
humans are considered unlikely to experience adverse 
effects if total daily phosphorus consumption is 
<70 mg/kg/day (155). 

Other thickeners and emulsifiers being considered 
for improving texture in sodium-reduced foods are 
compounds that are currently approved for use in other 
foods and are generally regarded as safe. New 
compounds from novel plant sources should be tested 
for possible toxic or allergic effects at relevant con-
centrations (89;156). 
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PERSPECTIVE 
Sodium chloride is an important nutrient and an 
essential ingredient in producing safe foods with 
acceptable texture and sensory characteristics. How-
ever, population surveys indicate that a great majority 
of people in industrialized societies consume much 
more than the current recommended amount of 
sodium chloride. Reduction of sodium levels in the 
diet is considered one important strategy for reducing 
prevalence of hypertension and cardiovascular dis-
eases. Other dietary and lifestyle changes, including 
increased exercise and intake of fruits and vegetables 
with high potassium levels and reduced intakes of 
saturated fats, are also important for good health. 

In North American and European countries, 
processed foods and restaurant foods account for 
about 70–80% of dietary intake of sodium. It is 
probably not necessary, for improving health, to 
lower salt concentrations in every food as long as 
overall dietary intake is reduced. Individuals, par-
ticularly those who are salt-sensitive, need to control 
discretionary use of salt during cooking and at meals. 
However, those who frequently eat restaurant meals 
and processed foods find it difficult to reduce total 
sodium intake. 

Food processors face the challenge of reducing salt 
content in their foods while still producing safe, 
palatable, and economical foods. Surveys have dem-
onstrated variation in sodium content in different 
brands of foods in the same category and in the same 
foods sold in different countries. This indicates that 
reductions in sodium levels in many foods are possible 
(76). Potassium salts can partially substitute for sodium 
salts in foods but flavor issues arise if too much 
potassium is used. Although populations in 
industrialized countries generally ingest too little 
potassium, high dietary potassium levels may pose a 
risk for people with kidney disease. High dietary 
phosphate is also a concern for those with reduced 
kidney function. Other substances used in reformu-
lated, low-sodium foods are primarily compounds or 
extracts that have already been approved for use in 
foods. They are considered safe at currently used 
levels, but if their usage were to greatly increase then 
safety might need to be reconsidered. Some new 
products, such as plant extracts and hydrolyzed pro-
teins from new sources, should be tested for aller-
genicity as well as toxicity. 
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