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Abstract
Sodium and phosphorus-based food additives are among the most commonly consumed nutrients
in the world. This is because both have diverse applications in processed food manufacturing,
leading to their widespread utilization by the food industry. Since most foods are naturally low in
salt, sodium additives almost completely account for the excessive consumption of sodium
throughout the world. Similarly, phosphorus additives represent a major and “hidden” phosphorus
load in modern diets. These factors pose a major barrier to successfully lowering sodium or
phosphorus intake in patients with chronic kidney disease. As such, any serious effort to reduce
sodium or phosphorus consumption will require reductions in the use of these additives by the
food industry. The current regulatory environment governing the use of food additives does not
favor this goal, however, in large part because these additives have historically been classified as
generally safe for public consumption. To overcome these barriers, coordinated efforts will be
needed to demonstrate that high intakes of these additives are not safe for public consumption and
as such, should be subject to greater regulatory scrutiny.
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INTRODUCTION
Sodium-based food additives are among the most abundantly consumed nutrients in the
world. This is because sodium salts are not only effective anti-spoilage agents, they can also
serve as relatively cheap taste enhancers in a variety of foods. As a result, sodium additives
are heavily utilized in processed foods, accounting for the vast majority of the excess
sodium consumed throughout the world. Though discovered and utilized as a food additive
later than sodium, phosphorus-based food additives have taken on a similar wide berth of
uses, including as food preservatives and taste enhancers. Like sodium, phosphorus
additives have become nearly indispensable in food manufacturing, substantially
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augmenting the phosphorus content of processed foods. The public health consequences of
these trends have been well-publicized, particularly with respect to the link between excess
dietary sodium intake and the increasing prevalence and severity of hypertension in both the
developed and developing world. These trends have more ominous implications for millions
of individuals living with chronic kidney disease (CKD), who have reduced capacity to
excrete even normal dietary sodium and phosphorus loads. This review will focus on the
impact of sodium- and phosphorus-based food additives on total daily intake of sodium and
phosphorus in contemporary diets, the special implications this may have for individuals
with chronic kidney disease, and potential strategies for reducing the consumption of sodium
and phosphorus-based food additives in CKD patients.

Sodium Additives
Sodium-based food additives were introduced into the human diet somewhere between
5,000 to 10,000 years ago when they were found to retard the spoilage of poultry and meat
products.1 This discovery revolutionized the capacity for early societies to preserve meat for
personal consumption and/or trade purposes, markedly increasing the use of sodium in a
variety of foodstuffs. The importance of this discovery is evident from historical records
which show that access to salt was a cherished commodity in early societies, on par with the
finest measures of wealth and social standing, and in some cases, used as a form of
currency.1, 2

Historically, the primary reason to add sodium to foods was as a method for food
preservation,1 based largely upon sodium’s antimicrobial properties.3 With the advent of
refrigeration and other advances in food preservation, the primary motivations evolved
beyond just anti-spoilage agents to enhancing the taste and palatability of foods.4 Salt
(hereby referring to sodium chloride) has a number of desirable effects on foodstuffs,
including improving the intensity of flavor and augmenting the overall perception of product
thickness and fullness.5, 6 Consistent with this, there is remarkable congruity with respect to
the excessive levels of sodium consumption across countries with very different culinary
traditions,7, 8 suggesting a strong salt preference in human populations.9 Along with its
preservative and taste-enhancing effects, salt is also commonly used in the fermentation,
emulsification, leavening, and enhancement of foods,10 contributing to very high levels of
salt usage by the food manufacturing industry.

Since most food items contain relatively low amounts of sodium naturally, the introduction
of sodium additives into human food supplies effectively increased the average daily
consumption of sodium from less than 400 mg per day in pre-historic times to an average of
4,000 mg per day in modern times, far above current recommendations for daily intake
(Table 1).8, 11 It is estimated that only 10% of daily salt intake in Western populations
comes from natural sources, whereas 75% comes from salt added to processed foods by
manufacturers, and the remaining 15% from salt added during cooking or other discretionary
uses.12 While Asian populations manifest similarly high levels of added sodium intake,8

there is important variability in the sources of added sodium in Eastern vs. Western
countries. This was perhaps best demonstrated in the INTERMAP study, a large
international cooperative study that estimated the quantity and sources of sodium intake in
4,680 individuals 40 to 59 years of age from Japan, the People’s Republic of China, the
United Kingdom and the United States.13 This study showed that the majority of sodium
intake in the United Kingdom and the United States came from processed breads, cereals,
grains, meats, sauces and canned items with only a very small fraction (5 - 10%) coming
from salt added in home cooking or at the table.8 In contrast, the majority of salt intake in
Japan came from soy sauce, salted fruits and vegetables, miso soup, and fish, whereas in
China, the vast majority of sodium intake (76%) came from salt added during home cooking
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or at the table. These differences highlight the importance of regional factors in determining
the sources of sodium intake in the developed and developing world.

Health Impact of Sodium Additives in Individuals with Chronic Kidney Disease
—Large observational studies have shown that excess salt intake is associated with adverse
health outcomes among individuals with normal kidney function, including hypertension,
cardiovascular disease events and excess urinary albumin excretion.14-17 Randomized trials
have largely corroborated these relationships,18-20 most notably the Dietary Approaches to
Stop Hypertension (DASH)-Sodium Collaborative Research Group that showed that diets
low in sodium significantly reduced blood pressure in study participants.21 These findings
are in line with animal data showing that excess dietary sodium intake increases systemic
blood pressure, induces left ventricular hypertrophy and promotes vascular damage.15, 22

The adverse effects of excess dietary sodium intake are magnified in individuals with CKD.
Much like individuals with normal kidney function who are classified as “salt sensitive,”23

individuals with CKD have impaired neurohormonal mechanisms for enhancing excess
sodium excretion in the urine, resulting in maladaptive increases in systemic blood pressure,
renal plasma flow, and ultimately glomerular filtration pressure.24, 25 All of these factors, in
turn, strongly contribute to the development of hypertension, vascular injury, and their
sequelae including proteinuria and progression of renal failure, in CKD patients.2, 26 Since
sodium additives make up the lion’s share of excess sodium consumption in the food supply,
reducing the intake of sodium additives is paramount to improving cardiovascular and renal
outcomes in CKD patients consuming a typical Westernized diet.

Regulation of Sodium Additive Use—Since only a small fraction of sodium consumed
on a daily basis comes from discretionary sodium use (with the notable exception of the
People’s Republic of China), sodium additives in processed foods represent the single
greatest barrier to lowering sodium intake in CKD patients, particularly those who do not
have the financial means to purchase fresh foods. As such, any serious public health efforts
to reduce the intake of sodium in CKD patients will have to include a strategy for reducing
the use of sodium additives by the food manufacturing industry.

In order to understand the key regulatory barriers to attaining this goal in the US, it is
helpful to review some of the legal framework underlying food additive regulation. Much of
the framework is based upon the 1958 Food Additives Amendment (FAA) to the Federal
Food, Drug, and Cosmetic Act of 1938.27 In brief, this amendment defined any substances
intentionally added to food by manufacturers as “food additives,” and required
manufacturers to obtain approval from the Food and Drug Administration (FDA) prior to
adding these substances to food (it should be noted at this juncture that the legal definition
of a “food additive” as established by the FAA differs quite a bit from the more colloquial
uses of the term—for this reason, food additives will be put in parentheses when referring to
the legal sense of the term here on out). This approval included the requirement that
substances meet the relatively steep safety standard of “reasonable certainty of no harm”
under the conditions of its intended use. Importantly, however, substances that were used in
ways generally recognized as safe (GRAS) or that were used in ways previously sanctioned
by the FDA or the Department of Agriculture prior to the enactment of the FAA were
excluded from this definition. This is critical in that most uses of salt at that time (and
continuing through today) were able to be excluded from the definition of a “food additive”
under these provisions, exempting salt and other sodium-based ingredients from undergoing
the stringent pre-market reviews of safety required for “food additives” by the FAA.

Recognizing the importance of reviewing the GRAS status of substances over time, the FDA
in 1969 designated a Select Committee on GRAS Substances (SCOGS) to review the safety
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profile of all current GRAS substances (including salt).10 The findings of this report raised
substantive concerns about whether salt met the “reasonable certainty of no harm” safety
standard, which could put it status as a GRAS substance in peril and thus, subject it to
greater regulation. However, the FDA did not modify the status of salt after reviewing the
results of the report, saying in essence that it did not have enough evidence to overturn its
GRAS status.10 There have been further attempts to reduce salt intake over the past 32
years, including a publication of a “Policy Notice” in 1982 in which the FDA called for a
reduction in salt in processed foods through public education, voluntary industry efforts, and
expanded disclosure of sodium content on product labels.10 More recently, the FDA has
proposed to mandate the listing of sodium content of foods in fast food establishments and
restaurants in order to make it easier for consumers to identify lower sodium options.10 In
addition, a 2010 Institute of Medicine report detailed a number of strategies to gradually
reduce sodium content of processed foods over time.10 To date, however, these efforts have
led to only marginal reductions in sodium additive intake in the US.28

Phosphorus Additives
Dietary phosphorus consists of both “organic” sources of esterified phosphorus, such as
meats, dairy products and vegetables, and “inorganic” forms of phosphorus that are
commonly added to processed foods and beverages.29-31 Unlike sodium, organic or natural
forms of phosphorus are plentiful in the food supply, making up the majority of phosphorus
consumed on a daily basis.32 However, phosphorus-based additive use exploded during the
20th century,33 substantially augmenting total phosphorus intake in modern diets.

Phosphorus-based additives serve a number of critical functions for food manufacturing,
including pH stabilization, metal cation sequestration, emulsification, leavening, hydration,
and bactericidal actions, among others.33 Because of this wide diversity of applications, the
use of phosphorus additives in the food manufacturing industry is immense—for example,
over 40 million pounds of phosphorus additives were used annually in the US during the
1970’s by the meat industry alone,33 a figure that has likely grown over the past 40 years as
demand for convenience and fast foods has increased. The magnitude of the use of
phosphorus additives in the meat industry pales in comparison to that of the baking industry,
which utilizes the highest quantities of phosphorus additives because of the key role that
phosphorus acids play as dough leavening agents.34 In a report commissioned by the U.S.
Department of Commerce in 1972, baked goods were estimated to contain nearly 10-fold
higher amounts of phosphorus additives than meat products.35 Phosphorus additives,
including those complexed with sodium, are also commonly used in milk and dairy products
(particularly processed cheeses), seafood, and beverages. Dark colas and sodas in particular
are the beverages that contain the highest amounts of phosphorus additives, principally in
the form of phosphoric acid.36

Most individuals in the U.S. easily receive—and in fact usually exceed—the recommended
daily allowance (RDA) of dietary phosphorus. Although the current RDA for phosphorus is
700 mg per day for adults (Table 1),37 the most recent estimates of average daily intake for
US adults 20 years of age and older is ~1550 mg for males and ~1120 mg for females, due
in large part to the high intake of phosphorus-rich foods in the American diet.38 The nearly
ubiquitous distribution of phosphorus additives in processed foods augments phosphorus
intake even further,39 with estimates ranging from 250 to 1,000 mg of extra phosphorus per
day.40-42 should be noted, however, that some of the studies from which these estimates
were derived have important limitations. For example, in one highly-cited study, healthy
volunteers were fed a balanced diet consisting of additive-free food for four weeks, after
which they were fed a diet that looked virtually identical with the only difference being that
instead of being additive-free, the foods were additive-rich.40 The measured content of
phosphorus in the additive-rich diet was approximately 1,000 mg higher per day than in the
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additive-free diet, suggesting that additive-enhanced foods can nearly double total
phosphorus intake per day. However, the meat products used as additive-rich foods in this
study were manufactured using quantities of phosphorus additives nearly twice that
normally used by the meat industry,33 likely exaggerating the difference in phosphorus
content between the diets. Furthermore, the study was specifically designed to accentuate
the differences between an additive-free and an additive-rich diet, and thus, may not be
representative of more real-world scenarios in which individuals are consuming a mixture of
both. Nevertheless, irrespective of the exact quantity, studies have shown that phosphorus
additives can substantially increase phosphorus contents of processed foods.29, 32, 43

Importantly, despite their widespread use, phosphorus additives are typically unaccounted in
the estimated phosphorus content of processed foods because food manufacturers are not
required to list their quantities.31 Thus, not only do phosphorus additives increase daily
phosphorus intake, they represent a largely “hidden” dietary phosphorus load in typical
American diets. This is noteworthy in that phosphorus additives are absorbed with much
greater efficiency in the gut (> 90%) than organic forms of phosphorus in animal or
vegetable proteins (~50-60%), with potentially important consequences.31 Indeed, a study
showed that foods with higher phosphorus bioavailability significantly increased serum
phosphate and fibroblast growth factor 23 (FGF23) concentrations in CKD patients,44

suggesting that the high bioavailability of phosphorus additives may potentiate their adverse
impact on phosphorus homeostasis in CKD.

Health Impact of Phosphorus Additive Use in CKD patients—Unlike sodium, data
on the health impact of phosphorus additives are sparse in the general population, and nearly
non-existent in individuals with kidney disease. Although a number of studies have
examined the adverse effects of oral phosphate supplement loading in healthy
volunteers,45-47 supplement loading does not take into account the effects of food processing
or cooking on the biochemical properties of food additives, making it unclear how well these
studies captured the physiological effects of commercial food additives in humans. The few
studies that did examine the effects of additives found in commercially-processed foods
were primarily done in healthy female volunteers, and in general showed that high
phosphorus additive intake promoted bone loss, partly though disruptions in calcium
balance.48-54 Whether high phosphorus additive intake has adverse effects on blood pressure
or kidney function in healthy individuals has not been studied in detail and should be the
focus of future investigation.

To date, no physiological studies have specifically examined the impact of commercially-
derived phosphorus additives on bone and mineral metabolism in individuals with CKD.
However, one study did examine the impact of lowering phosphorus additive intake on
serum phosphate concentrations in hemodialysis patients. In this study, maintenance
hemodialysis patients were taught how to read product labeling while grocery shopping in
order to avoid purchasing items containing phosphorus additives and how to make better
choices in choosing low-phosphorus options when eating at local fast food restaurants.55

After three months of the intervention, mean serum phosphate concentrations declined by
1.0 mg/dl in patients who received the intervention as compared to 0.4 mg/dl in control
patients who did not (P for difference 0.02), suggesting a modest benefit of avoidance of
phosphorus additives in hemodialysis patients. The extent to which avoidance of phosphorus
additives improves phosphorus homeostasis in pre-dialysis CKD patients consuming typical
Westernized diets is unclear and should be the focus of future studies.

Regulation of Phosphorus Additive Use—In recognition of the already high intake of
natural forms of phosphorus in modern diets, several regulatory agencies—most notably the
Joint Food and Agriculture Organization /World Health Organization Expert Committee on
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Food Additives (JEFCA) and the aforementioned SCOGS from the FDA—commissioned
separate studies to assess the safety of phosphorus additives in processed foods. The JEFCA
report, released in 1964, evaluated all available studies examining acute and chronic
toxicities of high phosphorus intake.56 The main findings of the report were that phosphorus
compounds commonly used as food additives at that time appeared to be safe for public
consumption as long as they were not ingested in excess amounts. To aid in determining
what would constitute excess amounts, the committee recommended upper limits of daily
phosphorus additive intake deemed to be safe for healthy populations. Two thresholds were
recommended—an “unconditional zone of acceptability” and a “conditional zone of
acceptability.” The unconditional zone (30 mg/kg a day or 2,100 mg/day in a 70 kg person)
represented the level of phosphorus additive use that was deemed effective for the intended
purpose of the additive and could “be safely employed without further expert advice,” for
example from a panel of nutrition specialists.57 The conditional zone (30 to 70 mg/kg day)
represented levels that could be used safely in the community, but which should have some
level of expert supervision that could be readily available for direction or advice.

Like the JEFCA report, the 1975 SCOGS report reviewed many of the same studies from the
1950’s through the early 1970’s, and came to the conclusion that phosphorus-based food
additives posed little threat to consumer safety when used in quantities that “are now current
or might reasonably be expected in the future.”58 As such, the FDA kept phosphorus
additives among the group of GRAS substances, saying in summary, that “None of the
GRAS phosphates is intrinsically harmful and their use in foods does not present a hazard
when the total amount of phosphorus ingested and the intakes of calcium, magnesium,
vitamin D and other nutrients are satisfactory.”58

While it is possible that phosphorus additives are safe for public consumption when used
under these conditions, critical limitations in the literature used to derive these
recommendations should prompt caution before drawing this conclusion. First, the vast
majority of animal studies cited by these reports were conducted in the 1960’s and 1970’s,
20 – 30 years before the biological basis for a direct link between excess phosphorus and
cardiovascular disease (ie, vascular calcification) was first reported.59 As a result, while
renal and bone toxicities were carefully evaluated in these studies, the impact of excess
phosphorus intake on cardiovascular health was examined in much less detail. Moreover,
critical hormones involved in phosphorus homeostasis, most notably FGF23, were unknown
in that era. FGF23 is a novel phosphaturic hormone that is stimulated by increased dietary
phosphorus intake.60 High FGF23 concentrations have been strongly associated with
cardiovascular disease, including vascular calcification, endothelial dysfunction and left
ventricular hypertrophy.61-64 Since FGF23 was not discovered until the beginning of this
century,65 none of these older studies examined the potential adverse effects of phosphorus
additives on FGF23 secretion. Finally, very few of these studies were conducted in humans.
This is a critical gap in the literature given that phosphorus toxicology research in animals
rarely accounts for food processing conditions such as cooking, which may modify the
biochemical properties of food additives.33 For all these reasons, the full public health
implications of the high use of phosphorus additives in the food manufacturing industry
remain largely unknown.

Sodium and Phosphorus-based Food Additives: Assessing the Forks in the Road
As the above discussion makes clear, addressing the high use of the additives in processed
foods is critical for meaningfully reducing sodium and phosphorus intake in the general
population, and CKD patients in particular, since these foods constitute such a large
proportion of what most individuals consume. Although a comprehensive review of all the
steps needed to arrive at this objective is beyond the scope of this review, several key points
will be emphasized below.
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First, any federally-mandated reductions in sodium will likely require either revoking
sodium’s GRAS status (i.e., re-classifying it as a “food additive”), or altering sodium’s
GRAS status to require more stringent safety standards, including limitations in the
quantities that can be added to food. Both maneuvers would likely hinge on being able to
convince the FDA (and other powerful political interests) that sodium-based additives
violate the “reasonable certainty of no harm” safety standard, and as such, require greater
monitoring and regulation. Unfortunately, this is not straight-forward, as there are a number
of practical and legal hurdles that would need to be overcome to accomplish this goal
(reviewed in-depth in reference 10). Nevertheless, the large and growing body of evidence
showing that high sodium intake poses a real and present public health danger would form a
strong foundation for sustaining such an effort. The same cannot be said about phosphorus-
based food additives. Indeed, as mentioned above, data on the impact of phosphorus
additives in humans is limited and/or largely extrapolated from animal studies over forty
years old. Therefore, before the safety of phosphorus additives can be reasonably
challenged, more studies are needed to determine the full impact of these additives on
mineral metabolism and cardiovascular health.

Second, any efforts to reduce sodium additives in processed foods, whether by federal
mandate or public education programs, will likely fail without addressing the strong salt
preference in human populations. Indeed, the single greatest barrier to the voluntary
reduction in the use of sodium additives by the food industry has been the well-founded fear
that doing so would drive consumers to higher-sodium-containing products made by
competitors.10 Because of this, any sustainable reductions in sodium additive use will likely
require slow, step-wise, and across-the-board decreases in sodium content so that consumers
gradually become accustomed to lower sodium intake, with no manufacturer gaining a
competitive edge over another. Whether similar issues apply to phosphorus additives is less
clear. However, given phosphorus additives’ diversity of applications in improving the taste,
appearance, and shelf-life of foods, it is very possible that consumer preferences could also
curtail efforts to reduce their use if these additives were lowered in too rapid or
uncoordinated a manner.

Third, it will be quite important to mind the “law of unintentional consequences” in the
process of implementing any of these initiatives. Indeed, it is quite ironic that previous
attempts to reduce the content of sodium in food additives may have inadvertently increased
the use of phosphorus additives. As postulated by one authority in the field of phosphorus
additives, interest in the use of these additives in meat products spiked in the 1980’s in
response to several position papers from the US National Academy of Sciences calling for
reductions in the use of sodium as food additives.33 This is because phosphorus can replace
many of the functions of sodium in food processing, making phosphorus additives natural
alternatives to sodium, and potentially accounting for the increase in the use of these
additives in the US over the past 30 years.50 As another sobering example, efforts to reduce
salt added to ready-to-eat foods in the United Kingdom were linked to an outbreak of
listeriosis from 2001 to 2005.10 Given sodium’s strong anti-microbial actions against
pathogens such as Clostridium botulinum and Listeria monocytogenes, it will be important
to understand the safety implications of reducing sodium or phosphorus in processed foods
before additive-lowering programs are widely adopted.

Though formidable, none of these barriers are insurmountable. As any sustainable in-roads
in reducing sodium and phosphorus intake in modern diets will require a coordinated action
at all levels, it is hoped that by having a better understanding of the scope of the issue, how
it uniquely impacts CKD patients, and the major impediments in resolving the situation, the
nephrology community can better focus its energy and efforts in successfully working with
industry, the government, and, most importantly, patients, to achieve these goals. Given that

Gutiérrez Page 7

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nutrition plays such a key role in CKD outcomes, these issues should be among the highest
priorities in the research and clinical community.
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CLINICAL SUMMARY

• Sodium and phosphorus-based food additives have a wide diversity of
applications in processed food, making them heavily utilized in the food
manufacturing industry.

• The proportion of daily sodium and phosphorus intake that comes from food
additives alone is substantial, and in the case of sodium, accounts for nearly
75% of total sodium intake per day in Westernized diets.

• Excess sodium and phosphorus intake have important links to cardiovascular
and bone disease in chronic kidney disease, making food additives a major
nutritional risk factor for adverse clinical outcomes in individuals with chronic
kidney disease.

• Since current laws classify sodium and phosphorus-based food additives as
generally safe for public consumption—essentially allowing them to be used
with little to no restrictions by the food industry—this represents a major barrier
to reductions in intake of excess sodium and phosphorus in individuals with
chronic kidney disease.
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Table 1

United States Department of Agriculture Dietary Reference Intakes for sodium and phosphorus intake by age
group

Nutrient Age RDA/AI (grams/day) TUL (grams/day)

Sodium66 0-6 months 0.12* ND

7-12 months 0.37* ND

1-3 years 1.0* 1.5

4-8 years 1.2* 1.9

9-50 years 1.5* 2.3

50-70 years 1.3* 2.3

> 70 years 1.2* 2.3

Phosphorus37 0-6 months 0.1* ND

7-12 months 0.28* ND

1-3 years 0.46 3.0

4-8 years 0.5 3.0

9-13 years 1.25 4.0

14-18 years 1.25 4.0

> 18 years 0.7 3.0

RDA, recommended daily allowance: defined as the average daily intake level sufficient to meet the nutrient requirements of nearly all (97-98%)
healthy individuals in a group, calculated from the estimated average requirement (EAR) per day—if an EAR is not available because of lack of
sufficient scientific evidence, an adequate intake level is developed instead; AI, adequate intake: defined as the recommended daily intake level
based on observed or experimentally determined approximations of estimates of nutrient intake by a group (or groups) of apparently healthy people
that are assumed to be adequate; TUL, tolerable upper limit: defined as the highest average daily nutrient intake level that is likely to pose no risk

of adverse health effects to almost all individuals in the general population.37

*
Represents AI (RDA unable to be determined)
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