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Abstract
Methodology developed over the past 50 years to assess the
nutritional adequacy of pet food has resulted in diets that
extend companion animal life expectancy. Supplementation of complete and balanced diets can enhance immune
function, improve coat growth rates, maintain black coat
coloration, and improve coat quality. Utilization of coat
parameters to assess individual nutritional status may show
promise when dietary protein and mineral levels are close to
the minimum recommended levels. A human model employing multiple parameters including gut microflora shows promise in identifying individuals at risk of developing chronic
diseases such as type II diabetes. In the future, a similar approach
may be possible in companion animals once we have identified consistent markers of health and understand more
about the gut microbiome.

Introduction
The current industry gold standard assessment of nutritional adequacy (or essentiality) of a particular diet for
companion animals involves the feeding of diets for a defined
period of time, monitoring body weight maintenance (or
correct rates of weight gain), and a final blood test to assess
a limited number of markers of hepatic and renal health, and
nutritional adequacy. These robust standards have been
established over the past 50 years, 1 and the feeding of diets
developed using this testing procedure, together with improved
veterinary care, have continued to extend pet cat and dog
life expectancy. 2 However, as the life span of companion
animals continues to increase, the incidence of chronic
diseases in these animals also is increasing 3,4,5 due in part
to dietary overconsumption.
In reality, nutritional adequacy testing assesses the lower
end of nutrient requirements and thus may well be below the

optimal range of the nutrient in terms of biological activity. 6
Superimposed on this are nutrient interactions in the diet and
significant individual variations within a population that are
taken into account when interpreting the feeding test results. 7
In addition, an animal’s nutrient requirements may change
throughout the year due to fluctuations in body weight, coat
growth 8,9 and reproductive activity. 10 Other factors that also
need to be considered when assessing nutrient requirements
include activity level (workload in working dogs or level of
exercise in pet animals 11), variation in body function with
age (e.g., loss of digestive function 12), and episodes of stress
(e.g., disease and infection 13,14). It is therefore difficult to
accurately assess any plane of nutrition (minimum, adequate
or optimal) with this degree of temporal and inter- and
intra-animal variation.
So, how can we improve the current nutrient requirement
standards and truly define essential or optimal nutrition
provided by the diets we feed our pets throughout their
lifetime? And, should we consider feeding different diets at
different times of the year to take into account seasonal
changes in nutritional needs?
A number of examples exist demonstrating that nutrient
requirements for optimal performance of specific physiological processes (such as immune responses, melanin production and hair growth) are greater than the maintenance
nutritional levels in some individuals. Some of these will
be discussed in the following sections of the paper.

Immune System
Increasing evidence suggests that supplementing a complete and balanced diet with specific dietary compounds can
enhance immune function.15 This suggests that complete
and balanced diets for maintenance and growth may not
always be sufficient for optimal immune system function
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and indeed may not be sufficient to compensate for factors
that impair immune function.
Any modulation of the immune system needs to result in
a balance such that the animal is not immunosuppressed or
overstimulated. The immune system needs to be optimally
and appropriately active when faced with an immunological
challenge and not overstimulated leading to chronic inflammation, allergy or autoimmune disorders. There is considerable literature describing the immunomodulatory effects
of various feed ingredients and pronutrients in a wide range
of species. 14,16 Most immunomodulatory nutrients have a
concentration range within which consumption will result
in optimal immune function, however, consumption at levels
either above or below this range may result in immunosuppression. For many immunomodulatory nutrients, excess
consumption is not an issue as the levels required to elicit
immunosuppression are difficult to achieve; for others, the
excess level at which immunosuppression occurs may be
relatively low and easily reached even with moderate supplementation. It is, therefore, important to clearly define the
optimal immunomodulatory concentration levels of each
nutrient. Equally important is the generation of speciesspecific data as significant interspecies variation exists in the
immunomodulatory effects of various feed ingredients, 17
and there are significant gaps in our current knowledge on
the immunomodulatory effects of various ingredients when
fed to cats and dogs.
Optimal immune function can be defined as the ability to
fight and/or prevent infection and disease; however, difficulties arise in assessing this practically. Monitoring frequency
of illness and long-term survival are two approaches, but
neither assesses immune function in the short term and large
numbers of animals are needed to investigate both outcomes.
A number of immune parameters, such as lymphocyte
proliferation, phagocytosis and natural killer cell activity,
can be assessed relatively easily in supplementation studies.
Although these methods can give indications of changes in
immune function parameters, long-term clinical outcomes
in response to these changes remain unclear. Information on
the frequency, severity and mortality rates from infection and
disease challenge studies could potentially give a much clearer
answer as to immune status, but this would come at a potentially high ethical cost. Other approaches investigating the
ability of ingredients to enhance antibody production against
a vaccine challenge do provide relevant information on the
immune function system; however, such studies only assess
the adaptive arm of the immune system.
Most of the methods currently available for assessing
optimal immune function are imperfect, and therefore, the
results from work assessing the impact of dietary supplementation on immune function should be interpreted with
this caveat in mind.
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Skin and Coat
Traditionally, skin and hair were considered as simply a
passive barrier to fluid loss and mechanical injury. 18 More
recently, it has become apparent that the common integument
of the skin and hair has to be regarded as a large complex
organ containing molecular and cellular processes that
control essential physiological responses to environmental
variables. 19,20 Hair is composed of approximately 95% protein, which is rich in the sulphur-containing amino acids
methionine and cystine. 21 Normal growth of hair and keratinization of the skin thus create a high demand for protein
and may account for between 25 and 30% of the animal’s
daily protein requirement 20,22 Not surprisingly, deterioration
of coat quality is often the first sign of nutritional stress in the
pet because the body diverts nutrients to maintain essential
internal functions rather than support the integument. 23,24
This is not a major issue in most companion animals where
shelter is provided or the animal lives inside the family home,
but in some working dogs, for example, a reduced insulatory
capacity may represent a loss of fitness and performance, and
they could suffer as a result. However, in both cases deterioration of coat quality may provide owners with an early and sensitive tool to assess nutritional adequacy at an individual level.
Mammalian hair color is determined by the quantity and
type of melanin pigment synthesized by melanocytes at the
base of hair follicles. 25 Melanin is a complex polymer derived
from the amino acid tyrosine.26 Two types of melanin are
recognized: a black-to-brown eumelanin and a reddish
brown-to-yellow phaeomelanin.26 A series of studies established that black hair color in cats (eumelanin production)
was maintained or restored by dietary concentrations of the
amino acids tyrosine or phenylalanine that were significantly
greater than those required for either maximal nitrogen
balance or weight gain. 25,27,28 These results have recently
been extended to dogs, 29 and clearly show that the levels
of nutrients required for the optimal functioning of specific
physiological systems can be significantly higher than
maintenance levels.
Coat growth rate and coat quality show that nutrient
requirements of an individual also vary seasonally. Studies
in our colony in New Zealand show clear seasonal patterns of
coat growth, 30 with a 4.6-fold difference in daily hair growth
at the extremes of the sinusoidal annual hair growth rhythm
(62 µg/cm 2/day in winter vs 289 µg/cm 2/day in summer).
Given that hair consists almost entirely of protein, 31,32 and
we have recorded a similar seasonal pattern in body weight
with body weight gain coinciding with winter coat growth, 9
this suggests that the protein requirements to support hair
and body growth will vary substantially during the year as
well. We have extended this work to investigate domestic
longhaired cats, which show a less extreme seasonal hair
growth pattern than domestic shorthaired cats but grow
more hair during the year (100 µg/cm 2/day in winter vs 290

µg/cm 2/day in summer). 33 Results from this study suggest
that protein requirements for hair growth and skin keratinisation are even higher in these longhaired cat breeds and
may also have implications for some of the extreme hair coats
exhibited by dog breeds (e.g., Yorkshire Terrier).
Research also has indicated that the optimal dietary
mineral levels of zinc, copper, manganese, and selenium
required for coat quality characteristics during periods of
hair growth may be significantly higher than current recommendations for growth and maintenance. 34,35 We have
investigated the mineral supplementation of zinc, copper,
manganese, and selenium to a complete and balanced diet
on hair growth (over 7-day periods) and coat quality during
summer coat growth in cats. 36 A control group (n=8) fed a
complete and balanced diet (containing inorganic zinc
(50 mg/kg DM), copper (9.5 mg/kg DM), selenium (0.47 mg/kg
DM), and manganese (6.2 mg/kg DM)), and a test group (n=8)
fed the same diet supplemented with organic sources of zinc
(150 mg/kg DM), copper (15 mg/kg DM), selenium (0.5 mg/kg
DM), and manganese (50 mg/kg DM) were maintained on
these diets for 16 weeks. As well as assessing hair growth
over the trial period (growth over a 7-day period at 5 points
during the study), a judging panel from a local cat club
blinded to the treatment groups assessed coat glossiness,
softness, greasiness, and overall condition at the beginning
and end of the study. The average rate of hair growth was similar in both groups at the start of the study (178.3 µm/day and
173.1 µm/day, respectively), but was higher (P<0.05) in the
mineral-supplemented group compared to the control animals by the end of the study (91.5 µm/day vs 72.7 µm/day). In
addition, the judging panel reported a 48.2% improvement in
assessed coat parameters in the supplemented group compared to a 36.1% improvement in the control group. The study
showed that coat quality improved in both groups as the
summer coat replaced the previous winter coat. However, the
additional mineral supplementation at levels significantly
above maintenance improved both the growth of the summer
coat in cats as well as visible and tactile characteristics. 36

Individualized Nutrition
Coat quality has been proposed as a tool to provide an
individual assessment of underlying nutritional status. 19
As indicated earlier, coat or feather quality is the first parameter to decline and the last to recover when mismatching
occurs between nutrient requirements and dietary nutrient
provision. 19,24 It is clear from our work in coat quality in cats 36
that utilizing coat parameters to assess individualized nutrition may show promise when dietary protein and mineral
levels are close to the minimum recommended levels.
However, in order to identify at-risk individuals with
a predisposition to developing chronic diseases that are
increasingly prevalent in companion animal populations,3,4,5
approaches other than the assessment of coat quality may be

required. In humans a sophisticated approach has recently
been reported for improving dietary methods for controlling
elevated postprandial blood glucose levels that are a major risk
factor for prediabetes and type II diabetes. 37 This approach
involved the assessment of multiple parameters within an
individual such as blood measures (e.g., complete blood count
(CBC) and glycosylated hemoglobin (HbA1c%)), dietary history,
anthropometrics, physical activity, and gut microbiota. A high
variability in the glucose responses to identical meals was
identified in the 800-person cohort, and a machine-learning
algorithm integrating all the parameters listed above was able
to accurately predict the personalized postprandial glycemic
response to the real-life meals. A subsequent blinded randomized controlled dietary intervention based on the algorithm
resulted in significantly lower postprandial glucose responses
and consistent alterations to the gut microbiota. We have
recently identified a similar level of variation in glycemic
responses of siblings to the same diet in our feline colony
(unpublished findings). Thus, a similar approach in cats in
particular may allow us to identify individuals at risk of developing chronic diseases and individually tailor diets to modify
postprandial glucose responses and alter gut microbiota.

Gut Microbiota
Gut microbiota provide a number of functions essential
to the optimal health and well-being of their mammalian
host, including digestive processes (e.g., fiber breakdown),
synthesis of energy and vitamins for the host, stimulation of
immune responses, and protection against “opportunistic”
pathogens. The role of gut microbiota in mammalian health
is well established, with a clear association between microbiota and the occurrence of periodontal disease, diabetes
and obesity having been demonstrated in rodent and human
models. 38,39,40 These associations have led to increasing
interest in the potential use of diet to alter the composition
of gut microbiota in domesticated cats and dogs as a means
to improve pet health and well-being. However, our knowledge of the gut microbiota of companion animals has increased
substantially over the past decade, 41 but it still lags behind
our knowledge of the human microbiome.
Cats are obligate carnivores and as such have evolved to
metabolize diets that are high in animal protein and fats.
Their intestinal tracts reflect these requirements, being relatively short and thick-walled to protect against piercing by
bone fragments. Although it has been suggested that the
composition of their intestinal microbiota may reflect their
unique dietary requirements, 42 studies have shown that the
cat and dog have similar phyla to humans (Firmicutes, Bacteriodetes, Proteobacteria, Fusobacteia, and Actinobacteria), and
the diversity of the microbiome does not appear to be lower. 41
Studies investigating the effects of dietary protein on gut
microbiota show that high-protein diets, either in kibble or
can varieties, reduce the proportions of Bifidobacterium,
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Lactobacillus and Megasphaera and increase the proportions
of Clostridium. 43-46 In humans, Bifidobacterium, Lactobacillus
and Megasphaera are considered “beneficial” microbes,
whereas Clostridium are often associated with disease. Thus,
it has been suggested that high-protein diets may be detrimental to the cat. In reality, however, substrate (nutrient)
availability will determine the “abundance” of a microbe,
which, in turn, determines the pattern of nutrients arising
from microbial breakdown to the small intestine/host (e.g.,
butyric acid). Similarly, every microbe has a function, with
overlap in function between genera. Therefore, the definition
of a “good change” in gut microbiota or establishment of an
optimal gut microbiota may depend on whether you are a
carnivore or an omnivore. As outlined by Deng and Swanson,41
insights into the understanding of how microbial and host
physiology intersect may provide evidence for the optimal
nutrition for our pets.
Results from our laboratory show clear associations of
specific microbial taxa with diet composition, macronutrient
digestibility and fecal health score. 47 For example, the carbohydrate content of the diet is positively correlated with
Bacteroides and negatively correlated with Clostridiaceae.
In contrast, the digestibility of protein and energy and fecal
health score are negatively correlated with Bacteroides and
positively correlated with Clostridiaceae. 47 By understanding
the relationship with fecal microbiota and physiological
parameters, we will be able to gain better insights into the
effects of diet on the health of our pets.
The diet consumed by the companion animal not only
affects the microbial composition of the hindgut but also
the function of the intestinal microbiome. Our research has
shown large changes in the composition of fecal microbiota
in the domestic cat associated with either short-term exposure
to changes in commercial diet 43 or following the feeding of
postweaning diets. 44 Similarly, the functional metagenome
of the fecal microbiota of these cats was also changed. 48
For example, differences in the pathways by which intestinal
microbiota synthesize essential vitamins such as vitamin K,
vitamin B1 (thiamine), vitamin B9 (folic acid), and vitamin
B12 (cobalamin) differ among cats fed kibble or can diets.48
However, whether these differences have any physiological
relevance is yet to be determined.
The food-microbe-host interaction has formed the basis
for the concept of “personalized nutrition,” whereby variation
within the population (be it humans, cats or dogs) is considered when treating or preventing a disease. 37 Ideally, determining the effects of diet or disease on fecal transcriptomic
and fecal metabolomics would provide a clearer and more
definite idea of what is occurring in the intestine with respect
to disease or changes in diet, however, no laboratory has
attempted to investigate these parameters in the cat or dog.
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Conclusions
Although there is increasing information in the scientific
literature with regard to the association between diet and
disease in cats and dogs, 49,50 considerable work still is
required to better understand how dietary manipulation
in these pet species can be utilized to promote health and
well-being. We believe opportunities exist to utilize more
sensitive measures alongside our current tools and to better
assess individual nutritional needs throughout the year.
However, there are many knowledge gaps that need to be
filled before personalized nutrition becomes a viable option
for our pets in the future.
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Abstract
In determining nutrient requirements,
we may be relying on the animal’s
ability to adapt or accommodate to
different intakes. Accounting for nutritional adaptation can be challenging
from a scientific point of view but has
practical implications when determining nutrient requirements. How does
metabolic flexibility impact the methods
we use and our ability to determine
nutrient requirements? Protein and
amino acid metabolism will largely be
used as examples as it is one of the
more complex metabolic pathways
and a frequently discussed topic.

adaptation is that it represents a new
or steady state compared to a similar
system not required to adapt. 5 Second,
it is important to note that adaptation
does not leave all body functions unaffected, thus it involves choices between
maintaining some functions at the expense of others.6 The difference between
adaptation and homeostasis is that
homeostasis represents the same steady
state, relying on regulatory factors that
resist any imposing changes. 5 Homeostasis also happens on a different time
scale than adaptation. Homeostasis
occurs minute to minute or hour to hour,
whereas adaptation is a slower response
to the external environment. 5 The outcome of adaptation is
often homeostasis.
Waterlow has summarized the concepts of nutritional
adaptation as eight succinct points: 1) All animals adapt
to their environments, otherwise they would not survive.
2) Adaptation often involves overspecialization and therefore
loss of adaptability. 3) The adapted state is a sustainable
state. 4) Adaptation and normal are two sides of the same
coin. 5) Adaptation has a cost. 6) For every function there is
a range of acceptable or sustainable states; adaptability keeps
function within the acceptable range. 7) We need to define the
acceptable range. 8) When applying these principles to humans
and possibly animals, we cannot escape value judgments. 37
In contrast, Frisancho defines accommodation as “responses
to environmental stresses that are not wholly successful
because even though they favor survival of the individual,
they also result in some significant losses in some important
functions.” 4 Accommodation is used to describe a response
that is not fully successful or one in which the preservation
of a function of interest has not been achieved. 6

Glossary of Abbreviations
AMDR: Acceptable Macronutrient
Distribution Range
AP: Adequate Protein
DIAAS: Digestible Indispensible
Amino Acid Score
DM: Dry Matter
DRI: Dietary Reference Intakes
HP: High Protein
LP: Low Protein
ME: Metabolizable Energy
MP: Medium Protein
RQ: Respiratory Quotient

What Is Metabolic Flexibility?
Phenotypic flexibility in physiological, morphological
and behavioral traits can allow an organism to cope with
environmental changes. Flexibility with respect to energy
needs is important as it reflects the minimal energetic costs
of living and is a primary characteristic in organism performance.1 Metabolic flexibility is the capacity of an organism,
tissue or cell system to alternate readily between fuel types. 2
From an evolutionary point of view, this type of flexibility
may have provided an advantage with respect to growth,
reproduction and even disease in an environment of changing food availability. 1 More currently, in the face of climate
change, this flexibility may provide many advantages.1
Any conversation on metabolic flexibility should include
two terms often used in the same conversation: adaptation
and accommodation. The former is defined as the “modification of an organism or its parts that make it more fit for
existence under the conditions of its environment.” 3 This
adjustment can be temporary or permanent, acquired through
short-term or life-long processes, and may include behavioral,
cultural, genetic, physiological, or structural changes designed
to improve the organism’s functional performance in the face
of an ever-changing environment. 4 One of the key points of

How Is Metabolic Flexibility Measured?
There are a variety of ways one can scientifically evaluate
metabolic flexibility. One general approach is the use of
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indirect calorimetry, which gives information regarding the
amount of energy an animal uses. Indirect calorimetry also
provides a respiratory quotient (RQ) (sometimes referred to
as a respiratory exchange ratio). The respiratory quotient is
calculated as the ratio of the volume of CO2 produced to the
volume of O2 consumed. Respiratory coefficients for animals
range from 1.0 (the value for pure carbohydrate oxidation) to
~0.7 (the value for pure fat oxidation). A value between these
numbers represents a mixed diet composed of both carbohydrate and fat. A respiratory quotient may exceed 1.0 for an
animal metabolizing carbohydrate to synthesize fat (as some
animals do during hibernation). The respiratory quotient can
include a contribution from protein; however, due to the complexities of amino acid metabolism, no single respiratory
quotient can be assigned to the oxidation of protein in the diet.
When it comes to evaluating metabolic flexibility with
regard to protein and amino acid metabolism and requirements, other approaches also are considered, but are not
limited to, nitrogen balance, body composition, muscle strength,
amino acid kinetics, 3-methyl histidine, and measurement of
urea cycle enzymes. Many of these will be discussed in the
context of various research studies in these proceedings.

Why Is Metabolic Flexibility Important?
Metabolic flexibility is important as it allows us to adapt
or accommodate to nutrient availability in both health and
disease. The availability of energy and other nutrients varies
greatly over time. Physiologic, metabolic and environmental
conditions change routinely, and organisms must adapt in
kind. Scientific data supports that dogs adapt respiratory
quotient to variations in carbohydrate and fat concentrations. 7 Several studies underscore the metabolic flexibility
in cats fed wide variations in dietary protein, providing
minimal protein requirements were met. 8,9,10
Using indirect calorimetry, Russell, et al. (2002) investigated
substrate oxidation when cats were fed moderate (35% ME)
or high-protein (52% ME) diets. 9 Protein oxidation increased
when cats were consuming a high-protein diet. The authors
concluded that cats are more capable at adjusting protein
metabolism than reported based on previously published
enzyme data. However, only diets exceeding the minimum
requirement for protein were evaluated, and adaptation to
these protein concentrations could have been easily explained
by allosteric and substrate/intermediate level regulation of
the urea cycle and/or change in liver size. 8
A second study evaluated protein oxidation in cats fed
diets with protein concentrations below, at and above their
requirement in order to test their ability to adapt substrate
oxidation to dietary macronutrient concentration. 8 Semipurified diets were fed containing protein at 7.5% (low protein,
LP), 14.2% (adequate protein, AP), 27.1 % (medium protein,
MP), and 49.6% (high protein, HP) of the calories. Using
indirect respiration calorimetry and nitrogen balance, the
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ratio of protein oxidation:protein intake was highest when
cats consumed the LP diet. 8 Protein oxidation approximated
protein intake, provided the diet met the cat’s minimum
protein requirement. 8,9,10 Overall, the results supported the
hypothesis that cats adapt protein oxidation to dietary intake
provided protein requirements are met. However, the cats were
unable to decrease protein oxidation to maintain nitrogen
balance if fed diets below their protein requirement. 8
Taken together, the cat demonstrates metabolic flexibility,
albeit limited, to adapt to low-protein diets. This may be the
result of evolutionary adaptation to a natural diet consisting
of primarily protein. 11 The ability to upregulate urea cycle
activity is a protective mechanism against ammonia toxicity
after a high-protein meal and allows the utilization of amino
acid carbon skeletons for gluconeogenesis. 8 High rates of
protein oxidation only become a detriment when dietary
protein content is below the cat’s minimum requirement.
Consequently, the cat exceeds its ability to adapt and faces
a negative nitrogen balance, whereas most omnivores would
continue to thrive. 8
One study evaluating urea kinetics in the cat reported
protein turnover to be one-half to one-third that in other
mammals. 12,13 The results of this study did not explain the
cat’s need to catabolize amino acids at the high rates reported
in numerous other studies. 12,13,14 Based on this finding, the
authors concluded that the high-protein requirement is
probably not due solely to their inability to downregulate
hepatic protein catabolism in response to variations in dietary
protein intake. 10,12,13,14
More recently a model was proposed to explain the cat’s
high-protein requirement.14 In summary, the model says that
“… cats do not have a high-protein requirement per se, but
rather a secondarily high elevated protein requirement in
response to a high endogenous glucose demand …”14 The
hypotheses that serve as the basis of this model include:
1) For its size, the cat has a relatively large brain and, secondarily, a high metabolic demand for glucose. Despite consuming
a low-carbohydrate diet, the cat has developed metabolic
strategies to meet a high-glucose requirement that does not
include hyperketonemia. 2) Amino acids are directed to
gluconeogenesis independent of dietary carbohydrate intake
(obligatory gluconeogenesis). 3) Obligatory amino acid-based
gluconeogenesis results in endogenous nitrogen losses that
exceed the amount predicted for the cat’s size, thereby explaining why the cat has a minimum protein requirement above
that of other noncarnivorous species.14
While some may consider the capacity to upregulate urea
cycle enzymes to assist with nitrogen disposal as metabolic
flexibility, others may see this as a potential impairment.
Indeed, Eisert rejects the idea that obligate gluconeogenesis
reduces metabolic flexibility and leaves the cat incapable of
adapting to a low-protein diet. The author instead offers the
hypothesis that the risks of a transient negative nitrogen

balance in a cat consuming a high-protein diet are relatively
small compared to a possible compromise in brain function
or other organ systems due to low glucose concentrations. 14

What Happens when Metabolic Flexibility
Is Impaired?
There are other examples in the scientific literature of
metabolic inflexibility. The concept of metabolic inflexibility
was originally proposed as a phenomenon of impaired fuel
switching in skeletal muscle in obesity and diabetes but applies
equally to fuel selection in the heart. 2 Cardiac muscle has a
high-energy requirement and a preference for fatty acids as
a fuel source. Therefore, it might be a natural conclusion that
obesity-related differences in fatty acid availability and
uptake might be detrimental to the heart. In support of that
hypothesis, many studies report increases in myocardial fatty
acid uptake and utilization in the physiological states of
obesity and insulin resistance. 2,15 Further, it is apparent that
the increased fatty acid uptake can contribute to impairments
in myocardial function. 16,17

How Do We (or Should We) Consider
Metabolic Flexibility when Determining
Nutrient Requirements?
It may help to consider the concepts of metabolic flexibility,
adaptation and accommodation in relation to amino acid
oxidation and protein metabolism and requirements by
considering a few studies. One is an experiment designed
to determine the effects of leucine metabolism and body
protein turnover in healthy adult humans. 18 Subjects were
fed leucine intakes of 30 mg/kg/day or 7 mg/kg/day for three
weeks. The lower amount fed in this study, 7mg/kg/day,
was suggested as the mean requirement based on earlier
nitrogen balance studies.19 The rate of protein turnover, as
determined by the rate of nonoxidative leucine disappearance
(or uptake into proteins), was significantly lower after three
weeks for those subjects consuming 7 mg/kg/day. However,
leucine balance was similar and approached equilibrium
at both intake amounts. The investigators interpreted their
findings to suggest that the lower leucine intake (7 mg) was
below the limit of adaptive mechanisms and was, in fact, an
accommodation to achieve body leucine balance at the expense
of leucine uptake (protein synthesis) and protein turnover.
The difficult question is whether the similar leucine balance
between the two groups is equivalent in terms of health given
that leucine uptake was diminished (and presumably reflects
a lower rate of total body protein turnover) in subjects consuming 7 mg/kg/day.
It has been postulated that whole body protein turnover is
important as it is associated with a change in the turnover of
skeletal muscle proteins, which play a pivotal role in adaptation to inadequate nutritional conditions, trauma or illness. 20,21
Evidence supports that a high rate of protein turnover also

is beneficial. Crabtree and Newsholme proposed that highsubstrate passage through metabolic pathways ensured a
precise and sensitive control mechanism to assure metabolic
intermediates can be readily derived when cell or tissue
demands were increased. 22,23 These same investigators went
on to demonstrate that glutamine, derived from protein or
amino acid metabolism in muscle where branch-chain amino
acids provided the nitrogen for glutamine synthesis, was
necessary for lymphocytes and other rapidly dividing cells. 24
A high rate of protein turnover would assure continued
glutamine availability to meet lymphocyte function. Speculatively, a reduced rate of protein turnover (and availability of
glutamine) might have adverse consequences. This example
underscores the need to account for the principles of metabolic regulation when it comes to determining nutrient requirements. In particular, it highlights some of the changes in the
systems responsible for maintenance of protein and amino
acid balance at reduced protein intakes, which include:
1) reduced amino acid oxidation, 2) a decline in protein
synthesis, and 3) changes in protein degradation.6
It also is important to acknowledge the interdependency of
energy intake and protein requirements. 25 Energy balance has
a significant effect on nitrogen balance. Increasing energy
intake at a fixed quantity of nitrogen increases nitrogen
retention. It has been documented in the scientific literature
that different combinations of protein and energy restriction
can result in different biochemical changes and clinical signs.6,26
Furthermore, it appears there is a reduced efficiency of energy
retention (utilization) in rodents and monkeys consuming
protein-restricted diets. 27,28 Young and Marchini have speculated that the less-efficient retention in energy may offer an
adaptive capacity to ingest more of the low-protein diet, thereby
obtaining more nitrogen and amino acids to meet requirements.6
A more recent example in cats illustrates the discrepancy
in protein requirements using nitrogen balance and assessment of lean body mass.29 Adult male, neutered cats were
adapted to a 36.6% protein (DM) extruded diet for one month
and then either a low-(21.9% DM), moderate- (28.2% DM),
or high-protein (36.6% DM) diet for two months after which
time nitrogen balance and lean body mass were assessed.
Weight loss increased in a linear manner with decreasing
protein intake despite no significant differences in energy
intake. Nitrogen requirements based on nitrogen balance
were 1.5 g protein/kg body weight versus 5.2 g protein/kg
body weight using lean body mass. The authors concluded
that nitrogen balance studies are inadequate for determining
optimum protein requirements. Moreover, cats can adapt to
low dietary protein intakes and maintain nitrogen balance
while depleting lean body mass.
This study raises the need to consider several possible
methods of adaptation to low-protein diets. The first is simply
the reduction in obligatory nitrogen loss. Obligatory nitrogen
losses are defined as all nitrogen losses on a protein-free
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diet and are assumed to represent the minimal metabolic
demands for nitrogen and amino acids. 30 The second is an
increased efficiency of protein utilization. The efficiency of
protein utilization is the slope of the line relating nitrogen
balance to intake. Efficiency of utilization is a critical component in determining nutrient requirements. Nutrient requirements = metabolic demand (obligatory nitrogen losses)/
efficiency of utilization. It has been shown that dogs depleted
of nitrogen used dietary nitrogen more efficiently than comparable control dogs.31 It is assumed that variation in efficiency
of utilization exists even within like populations and that this
variation can be significant. The variation also may reflect
highly variable biological values for protein sources thought
to be of high quality.
A third adaptation is reflected in lean body mass. Waterlow
(1985) has stated that a person on a submaintenance intake,
provided it is not too low, will eventually achieve nitrogen
equilibrium at the expense of loss of lean body mass. 32
However, he proceeds to raise the question, “At what point
does this loss begin to matter in functional terms?” It has
been suggested that there is probably an upper limit to lean
body mass beyond which it will not increase regardless of
protein intake. 32 Below this limit, there must be a range of
levels that are functionally adequate and acceptable. 33 While
functionality was not tested in their study, Laflamme and
Hannah postulated that loss of lean body mass or reduced
protein turnover can have adverse health consequences.29,34,35,36
As lean body mass is lost, a pattern emerges. Brain is preserved,
as are liver and other organs partly preserved, at the expense
of lean body mass and skin. It has been suggested that we
should consider titrating loss of lean body mass to special
functions to find breakpoints and where adaptation fails. 37
Waterlow surmised, “There are likely numerous factors that
promote adaptation to lower protein intakes. They may be
small and difficult to measure, but their integrated result may
be significant.” 5
As enumerated in the above examples, protein intake can
vary widely, but the benefits and costs of that variation are not
well-defined. The traditional model for determining nutrient
requirements has been to define requirements for maintenance
(using nitrogen balance) and then to account for various life
stages such as growth, gestation or lactation. This is, however,
controversial, especially regarding how adaptation should
be considered when evaluating nitrogen balance data. 38 An
adaptive metabolic demand model has been put forth to try to
address protein requirements.38 In summary, the model identifies metabolic demands for amino acids as a small but
fixed component. It also incorporates a variable, adaptive
component characteristic of habitual intake, representing
amino acid oxidation rates and not impacted by acute protein
intake. The adaptive component varies slowly with sustained
changes in intake allowing nitrogen equilibrium to be
reached. 38 In this model the protein requirements are the
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minimum intake that meets metabolic demands and maintains
appropriate body composition/growth rates after accounting
for any inefficiency of digestibility and metabolic needs. 39
Several other outcomes emerge from this model that require
consideration. Many studies examining nitrogen balance
report efficiency of utilization of dietary proteins to be about
50%, even for high-quality proteins. In the metabolic demand
model, efficiency of use is higher as metabolic demand is not
assumed to be constant. Assessment of protein quality by amino
acid scoring is complex. The model is fluid so the relationship
between metabolic demand for essential amino acids and
protein quality is complex and ever-changing. In fact, it is
further complicated because: 1) Postabsorptive protein loss
requiring replacement will vary daily, 2) Not all amino acids
liberated postabsorption will be completely oxidized (i.e.,
lysine and leucine), and 3) Postprandial protein deposition
will vary with dietary amino acid composition. 38 Considered
together, these points suggest a complex response to varying
intakes of nitrogen and amino acids. Contrast this to the
traditional model in which the amino acid requirement pattern
is consistent and measurable. The traditional approach enables
amino acid scoring and determination of biological value.
Utilization can then be predicted from protein digestibilitycorrected amino acid scoring. 40 Complete details of the
model can be found in a variety of references. 38,39,41,42
Currently, dieticians and health care professionals are
translating their own dietary guidelines into practice with
a special focus on meeting protein requirements in a widely
diverse population.43 The most recent dietary reference intakes
(DRI) for macronutrients contain expanded guidance for
determining protein needs while also considering the relation
of total calorie intake to protein, fat and carbohydrates. 43
This model also emphasizes the interrelatedness and interdependence of protein, fat and carbohydrate in diets. One
underlying goal of this approach is the prevention of chronic
disease. The interaction between macronutrients is reflected
in the acceptable macronutrient distribution range (AMDR).
Similar to points raised by Millward in his adaptive metabolic
demand model, they also are considering not only protein
quantity but also quality. The digestible indispensible amino
acid score (DIAAS) accounts not only for the amount and
distribution of essential amino acids in a protein source but
also digestibility.
The purpose of setting nutrient requirements is twofold. 38
The first is to be able to formulate safe, effective diets by
recommending appropriate amounts of nutrients. The second
is to establish the framework for indicators of risk in populations (versus the individual). Defining protein requirements
for any species continues to be controversial, in part, due to
how metabolic flexibility enters into the equation. In discussions regarding the establishment of nutrient requirements,
adaptation has been proposed to be central to the design
and interpretation of outcomes pertaining to nitrogen and

amino acid requirement studies.38 In a relatively recent review,
Hegsted wrote, “If the requirement of any nutrient is to be
defined, the subjects must be allowed time to adapt. Otherwise, one simply estimates the nutrient supply in the current
diet, which is of little nutritional significance.” 44 That said,
how does one approach accounting for metabolic flexibility
and/or adaptation in a practical and meaningful way? While
suggestions on how to achieve this goal have been and continue to be proposed, clear consensus on a path forward has
not been forthcoming. Clearly, this area deserves further
investigations but is difficult, in part, due to the likely need
to impose artificial conditions to try to answer many of the
proposed questions. Future research should emphasize
biochemical and metabolic responses to protein and amino
acid intakes. 45
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Abstract

regarding some dietary essentials that
Glossary of Abbreviations
lead to unnecessary recommendations for
Marine oils and their related omega-3
DHA: Docosahexaenoic Acid
routine supplementation when none may
rich nutrients are one of the most broadly
DM: Dry Matter
be necessary (daily vitamins anyone?).
researched dietary ingredients in modern
DPA: Docosapentaenoic Acid
nutrition. Numerous studies in both
EPA: Eicosapentaenoic Acid
How Is an Essential Nutrient
human and veterinary species have
ERG:
Electroretinogram
Determined?
been conducted resulting in a fertile
Traditional approaches to methods used
arena for marketing such products.
to determine essentiality include several techniques (Table 1).
Establishing an omega-3 dietary minimum, however, has
been confounded by several factors including the metabolic There are advantages and disadvantages to each of them. Their
selection depends on various assumptions and limitations
relationships among polyunsaturated fatty acids. To address
and
must be considered when designing studies. Requirements
this question, it is necessary to consider quantifiable physiofor different nutrients sometimes have to be measured accordlogical measurements linking omega-3 fatty acids to some
essential biological function and stage of life. Optimal nutri- ing to different criteria. For example, with dogs and cats it has
tional strategies beyond minimal requirements for omega-3 been impossible to perform some dietary deficiency experiments due to humane considerations. Values established by
fats in veterinary species show benefits that likely exceed
such minima.

Introduction
Discovery of what constitutes an adequate diet was unraveled by the studies of many pioneers in the field of nutrition. Although numerous medical observers of the time
recognized that certain diseases were related to diet, nutrition
scientists and chemists were limited by the techniques of
chemical analyses available. Early studies used biological
assays of the more common foodstuffs along with carefully
planned feeding experiments. In this way, several nutrient
requisites were revealed. These findings led to the prevention
or treatment of frank deficiencies and diseases when the
specific food or food extract containing that particular nutrient
was added to the diet.
An essential nutrient is one that is needed by the body
and that cannot be made from other substances or intermediates in adequate amounts. Some nutrients may be conditionally essential because under certain conditions they
are indispensable. Marketing claims oftentimes are made

Table 1. Classical Techniques Used to Determine
Essential Nutrients
Method

Limitation

Maximum growth

Used in production animals, may
not provide optimal health and
longevity data

Amount suckled is
sufficient

Varies among populations, may
not be ideal

Prevent/cure disease May allow subclinical deﬁciency
Tissue saturation

Some nutrients may accumulate
in speciﬁc tissues not measured

Balance studies

Requires appropriate pool size,
assumes higher levels are not optimum though they may provide
additional beneﬁt

Changes in second- Does not take into account other
determinants affecting the metabolite
ary metabolite
Amount typically
consumed

At best provides adequate intake
estimate
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scientific deduction are preferred and are far better than
any alternative that comes to mind.
Modern nutrition science has extended the question of
minimal and optimal nutrition to also include purposeful
ingredients involved in alimentary health such as phytonutrients, fibers and various fatty acids. Hence, it is necessary
to embrace new standards for evaluating them either physiologically or at the molecular and cellular levels. Recognition
of frank deficiency diseases appears less commonplace today,
especially when Western-type diets are consumed. However,
more sophisticated physiological and molecular techniques
presently available allow enumeration of the cellular functions
of many dietary essentials. In this way new benchmarks can
be advanced to characterize a nutrient’s essential nature.
The definition of “minimum requirement” now includes not
only recognition of clinical deficiencies but also those at the
cellular level. Cellular deficiencies may exist long before any
clinical syndrome is observed. At the other end of this spectrum,
the phrase “optimized nutrition” may also be advocated as
cellular processes responsible for how incremental amounts
of a nutrient beyond some minimum can augment health and
development and potentially delay progressive pathologies.
Going forward, one remaining frontier for the nutritional
sciences lies in the appreciation of how complex nutrient
interactions of actual foodstuffs consumed provide overall
wellness. This latter notion remains an added challenge for
our generation as well as a topic for another time.

Brief Chronology of Dietary Polyunsaturated
Fatty Acid Studies
Beyond the pioneering work of Burr and Burr in 1929 on
the essential nature of fatty acids, 1 widespread characterization of the unsaturated fatty acids by lipid chemists awaited
the expansion and utilization of the packed column gas liquid
chromatograph. Earlier models in the 1940s and 1950s were
available, but the introduction of a unit called the Aerograph
allowed many labs to utilize this technology. 2 Compared to
today’s equipment these instruments required more effort
tweaking them for best results, and packing columns by hand
was sometimes difficult to do reliably. It also should be noted
that most chromatographers back then turned their instruments off after linoleic acid was resolved, and arachidonate
often eluted as a broad-based “bump” rather than a sharp
peak. Poor resolution and long retention times were needed
to elute longer chain fatty acids (like the omega-3s), and most
peaks, thereafter, were also broad, poorly defined and difficult to quantify.
At roughly the same time, omega-6s were found to be
cholesterol lowering in rats, humans and other animals,
and the food industry capitalized on this observation.
Given the ubiquitous nature of linoleic acid in vegetable
oils like soy and corn, along with hydrogenization and
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transesterification of oils to provide organoleptic properties
for the margarine industry, the focus on omega-6 fats continued.
It was not until the later 1970s when Ralph Holman recommended a change in total parenteral nutrition to include
α-linolenic acid, an omega-3 fatty acid, that interest was
stimulated in human nutrition. 3 In this case the patient
developed neurological signs that disappeared when
α-linolenic acid was included in the parenteral emulsion.
Since these early observations, omega-3 fatty acids, such as
eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic
acid (DHA, 22:6n-3), have been found to have important health
benefits including cardioprotective, inflammatory and neurological outcomes. Additional benefits have been reported
for hypertension, renal diseases, arthritis, autoimmune
disorders, gastrointestinal diseases, and, to some degree,
cancer (reviewed in 4).

Beneﬁts of Fish Oils in Dogs: When More
Is Better
In dogs, studies using various dietary amounts of fish oils
for skin, cardiovascular, renal, lipid, joint, and metabolic
disorders have been published. Recommended supplemental
amounts of EPA+DHA using fish oils have recently been
reviewed.4 Dosages using metabolic body weight adjusted by
means of multiplication factors ranging from 115 to 310 have
been recommended (Table 2). Studies relating to cognitive
function and perhaps cancer are ongoing and were not
included at that time. It should be noted, however, that
therapeutic amounts indicated in Table 2 do not necessarily
define an omega-3 requirement but rather offer pharmacological dosages. Whether increased amounts of fish oil
omega-3 in otherwise clinically normal animals would either
optimize general health or be preventive for such disorders is
Table 2. Therapeutic ﬁsh oil dosages using factors (A)
of metabolic body weight in adult dogs (dosage = [A] *
[Wt kg]0.75 ). Resultant dosages refer to the amount of
combined EPA+DHA in mg recommended for each disorder listed based on published studies. Adapted from
reference 4.
Clinical Disorder

Metabolic Body
Weight Factor (A)

Idiopathic hyperlipidemia

120

Kidney disease

140

Cardiovascular disorders

115

Osteoarthritis

310

Inﬂammatory or immunologic
(atopy or IBD

125

NRC recommended allowance

30

NRC safe upper limit

370

Dosages may be increased up to the National Research Council’s
safe upper limit, depending on the severity and chronicity of
the disorder,5 and should be used under veterinary supervision.

unknown. However, recommended intakes and safe upper
limits of combined EPA and DHA for healthy animals have
been proposed 5 (Table 2). A minimal requirement may be
inferred from the recommended intake amount but awaits
further verification.

Is There a Basis for Omega-3 Essentiality?
It is widely accepted that linoleic acid, an omega-6 fat,
is a dietary essential in dogs. Hansen, et al. and Hansen and
Weise showed retarded growth and skin lesions in dogs when
fed fat-deficient diets. 6,7 Had the early lipid nutritionists also
reported on the omega-3 fatty acid α-linolenate, it, too, may
have been regarded as essential. Both structural and metabolic differences between these two fatty acids are apparent.
First, neither are structurally transformable into the other
fatty acid type. Second, dogs readily convert linoleate to
arachidonate and related eicosanoids while conversion
of α-linolenate to EPA is inefficient and to DHA even less
efficient.8 Whether this limited conversion is adequate for
any roles that the longer chain omega-3s play depends upon
demonstrating the importance of the physiological and
cellular functions of the longer chain acids and whether
practical amounts of dietary α-linolenate substrate will
support their synthesis. Thus, at issue is whether longer
chain omega-3 must be provided. Furthermore, should
dietary long-chain omega-3s be needed for a particular life
stage then a conditional requirement may exist. For example,
arachidonic acid may be conditionally essential for reproduction in cats. 9

Essential Functions of Long-Chain Omega-3
There is a growing consensus that omega-3 fatty acids are
essential nutrients. However, the extent to which important
cell functions ascribed to long-chain omega-3s is under investigation. To date, much of the evidence for omega-3 essentiality
has been based on physiological measurements such as
neurological development and visual acuity. However, it is
equally important to establish whether there is a biochemical
basis for essentiality. DHA, rather than EPA, is more likely to
be essential for dogs because EPA synthesis from α-linolenate
may be sufficient for health maintenance under normal conditions while DHA conversion may not be.
It is well known that EPA can be converted to several
eicosanoids including prostaglandins, leukotrienes and
thromboxanes, as well as various resolvins and protectins,
many of which have roles in cardiovascular, inflammatory
and other cell processes. 10 However, no essential role for
these EPA-metabolites has been reported and tissue concentrations are typically low. 8 The reported anti-inflammatory
effects of EPA have been shown using higher dietary amounts.
Such therapeutic effects may thus be a pharmacological one
rather than an essential cell function.

The scientific basis for considering DHA as essential is more
persuasive. DHA is reasonably abundant in many tissues and
present in large amounts in the brain and retina implying a
structural role. DHA also is needed for normal development
of the nervous system and optimum visual acuity suggesting
a functional role (for a review see 11). In the retina, there is
evidence that DHA is highly conserved by being recycled,
providing a reliable supply of this fatty acid to the rod outer
segment. 12 DHA also interacts with rhodopsin and plays a
key role in the control of visual function.13 In the absence of
dietary omega-3, the body compensates by replacing it with
docosapentaenoic acid (DPA n-6), an omega-6 fatty acid that
is not functionally similar 14 but may instead be a cellular
attempt to provide some structural support. Based on these
findings, DHA is involved in several important cellular and
physiological functions that may only be met by dietary
inclusion rather than by limiting its conversion from shorter
chain precursors.

Physiological Responses and Potential
Minimal and Optimal Dietary DHA
Concentrations for Dogs: Studies on
Puppy Development
Feeding studies in which puppy development have been
evaluated using fish oil omega-3 fatty acids have revealed
some interesting findings related to possible requirements
for these nutrients, particularly DHA. One study in puppies
(and adults) investigated diet mixtures containing low and
high omega-3 fats including α-linolenate and long-chain
forms. 15 Retinas from the high omega-3 group increased in
both DPA n-3 and DHA but not EPA or α-linolenate. 15
Our laboratory fed pregnant dogs moderate and high dietary
amounts of DHA using fish oil from the time of breeding
through gestation and lactation. 16,17 A third diet contained 12
times more α-linolenate on a weight basis compared to DHA,16,17
and a control group was fed minimal omega-3 amounts. Milk
from dams fed the high α-linolenate diet was markedly
enriched in α-linolenate, and puppies suckling showed
significant DHA accumulation.16,17 However, the puppies
appeared to lose their ability to convert α-linolenate to DHA
after weaning 16 similar to our findings in adult dogs. 8 Given
the high dietary concentration of α-linolenate, it is unknown
what minimal amount of this nutrient may be required in milk
to support this conversion. In addition, visual development
and performance using electroretinogram (ERG) responses
of 12-week-old puppies from the above study revealed a significant improvement in visual function for animals in the
high fish oil group compared to the other groups. 17
Zicker, et al. also evaluated ERG responses and cognitive
assessments of puppies fed DHA-enriched diets.18 In this case,
DHA-enriched diets also containing some α-linolenate were
fed beginning with weaning. A strong correlation between the
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DHA content of the diets and improved ERG-assessed visual
functions was seen. Cognitive function tests showed puppies
fed diets containing DHA had fewer T-maze errors for reversal
tasks as well as other significant cognitive function test differences compared to controls. 18
These studies support using low yet reasonable concentrations of omega-3 for reproduction and/or puppy development. It should be noted that the control diets in these studies
did not reveal any clinical deficiency signs. Thus, using their
omega-3 content as a point of reference, support for feeding
6- to 8-week old puppies 0.016-0.022% DHA dry matter (DM),
0.08-0.14 % α-linolenate DM, and 1.1-2.2 % LA DM can be
advocated. By contrast, where optimal neurological development of puppies is concerned, 0.2 % DHA DM provided
significant retinal and cognitive improvements over controls.
While these latter studies included at least some amount
of α-linolenate, it should be recalled that conversion of
α-linolenate to DHA after weaning (approximately 6 weeks)
is minimal. These dietary recommendations serve as a useful
point of embarkation in designing future studies to assess
omega-3 requisites at this time.

Conclusion
A conditionally essential role for DHA in puppies appears
reasonable chiefly because of its various roles in brain
function and in view of low DHA conversion from omega-3
precursors after weaning. Although visual functions and
cognition are improved at higher dietary omega-3 content,
control diets with only small amounts of omega-3 fats showed
no clinical impairments. Thus, it is difficult to unquestionably conclude that the lower omega-3 diets used in studies to
date are “deficient.” Nonetheless, data supporting optimal
puppy development is an important milestone in fatty acid
nutrition. Provision of dietary DHA may also be important
for that subset of adult dogs that cannot synthesize enough
DHA from precursors. Because the extent of this question is
unknown, a global recommendation for DHA may be preferred
for all life stages. Finally, because α-linolenate plays a supportive role in omega-3 metabolism by providing essential
fatty acid balance, contributing to skin health, converting
to EPA, and synthesizing eicosanoid, practical dietary
amounts of α-linolenate are also advised at this time.
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As seen in Table 1, the greatest
Glossary of Abbreviations
variety of GM crops continues to be
Genetically modified organisms
FDA: Food and Drug Administration
grown in the U.S. Corn, cotton, soy(GMOs) are everywhere, or at least,
GMO:
Genetically
Modiﬁed
Organism
bean, and canola are also grown in
so it seems! Their presence and use
OECD: Organisation for Economic
other countries, while Brazil, Banglain food has become a heated topic
Co-Operation and Development
desh and Iran have their own selfdue to health concerns among claims
developed crops. Two of these crops,
of the public’s right to know. The
rDNA: Recombinant DNA
corn and soybean, are almost ubiqterm GMO refers to an organism
uitous ingredients in food and feed, to the point it is estimated
that was modified in a laboratory using recombinant DNA
that some 80% of the items in the typical supermarket con(rDNA) technology to the exclusion of other modification
tain ingredients derived from GM corn or GM soybean. In
methods. Such rDNA technology has been used to develop
contrast, despite multiple claims to the contrary, GM wheat
numerous genetically modified microorganism strains for
and tomatoes are not commercially available.
use in medicine and the food industry. Such technology is
widespread, and outside groups such as Greenpeace, is
In the Beginning
generally not controversial.
Except for nuts, most of the produce found in a superA few GM animals also are in existence, but primarily for
the production of high-value pharmaceuticals in their milk market does not exist in the wild. Just like dogs have evolved
from wolves, the
or egg whites. In the West, only one engineered animal, an
Figure 1. A bowlful of wild carrots
Atlantic salmon, has been approved for human consumption, crop varieties
but it is not commercially available. The main spotlight and found in a supercontroversy centers on GM crops. Their cultivation started in market have been
derived from wild
1994, and official records have been maintained since 1996.
plants over the past
The cumulative area planted since then1 is larger than the
millennia. In many
U.S. and Canada combined. Thus, there are data collected
over the past 20 years over a huge land area that can be used cases, it is very difficult to recognize
to address safety issues in actual practice.
their wild versions.2
Table 1. Crops currently or soon to be commercially available
Some, like cabbage
and cauliflower, did not exist until 400 to 600 years ago.
Global Status of GM Crops in 2016
Brussels sprouts and orange carrots have only been around
GM Crops Currently Sold in the U.S.
for some 300 years. Likewise, modern strawberries did not
Alfalfa
Papaya (Hawaiian)
come into being until the mid-1700s.
Canola
Soybean
Much of this change took place through the selection and
Corn
Squash/Zucchini
crossbreeding of spontaneous mutations that appeared from
Cotton
Sugar Beet
time to time. It is important to remember that for the most
GM Crops Approved and Ready for Market
part, it is not possible to change the appearance of something
Apple
Potato
without changing the DNA inside, so all these changes have
GM Crops Grown in Other Countries
been accompanied by changes in DNA.
Bean
Brazil
By the middle of the past century, breeders were no longer
Eggplant
Bangladesh
content to wait for desirable mutations to be found and started
Rice
Iran
deliberately mutagenizing plants with ionizing radiation or
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Deﬁning the GMO World

Figure 2. An ad from Popular Science, 1961, heralding the
use of mutagenesis

approval are needed in all major importing countries. For the
most part, a GM plant will not reach the marketplace until
marketing approvals are in place in importing countries;
otherwise, produce shipments containing unapproved events
have been rejected at port with the ships sent to other destinations at great expense. The result is that a very high level
of redundancy takes place in safety evaluations by all major
importing countries.

Determining Food and Feed Safety
chemicals. Today, over 3,000 crop varieties derived from
mutagenesis are in use. 3
At the same time, breeders resorted to extraordinary
methods to obtain genes from related species using a broad
range of procedures to enable crosses that could not occur
otherwise. 4 Although dozens of these remain in common
use, to this day no one has any idea as to what genes may
have been transferred to crops. None of these gene transfers
has been safety tested; most relevantly, no safety issues
have ever been reported as a result of these gene transfers.

The Era of Recombinant DNA
The advent of recombinant DNA technology (genetic
engineering) eliminated many of the limitations associated
with interspecific gene transfer and essentially made every
gene on the planet accessible for transfer into plants. It is
these products obtained by recombinant DNA that are
referred to as “GMOs.”
This technology was accompanied by a presumption that
inserting DNA into a genome came with a small chance that
such an insertion could alter gene expression in ways that
resulted in a food or feed hazard through the production of
a toxin. 5 Therefore, precautionary measures were taken to
prevent such an occurrence. This resulted in global food
testing standards under the auspices of the Organisation
for Economic Co-Operation and Development (OECD) and
the Codex Alimentarius (food code). In addition to OECD and
the Codex, several countries have their own testing requirements. The overall standard is that a GM crop must be at
least as safe as its conventional counterpart.
Despite the tendency of the media to treat GM crops and
foods as if they were one thing, GM crops really encompass
a diversity of genes and traits. Although there are universal
safety testing guidelines, it is important to remember that
any given trait in any given crop can pose unique hazards,
and that these are evaluated on a case-by-case basis.
It is worth emphasizing that in today’s global economy,
any farm commodity can find its way to virtually any country.
Given that no product may enter the marketplace unless it has
been shown to be innocuous, safety testing and marketing
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The premise behind safety testing is based on the fact that
whenever two items are identical in every way, one cannot
be safe and the other dangerous. If one of the two items is
modified such that it is no longer safe, the lack of safety has
to come from something added during the change and not
from something that was already there.
Therefore, the first step in safety testing is to do a compositional analysis of the plants to determine if there is anything that was not there before. Any differences identified
are then tested for safety. 6,7
As far as changes go, GM crops are created by adding
DNA to a plant. The result will confer a new and desirable
trait to the plant by either turning off the expression of a
plant gene or by expressing a protein. The resulting
changes are divided into one of two categories.
Intentional changes include the production of the transgenic protein, if there is one, and any associated metabolites.
Thus, safety testing of the intended changes centers primarily
on ensuring the safety of the transgenic protein. 8 Allergenicity
is a concern when it comes to proteins, leading to oft-repeated
claims such as a peanut gene in lettuce could kill an unsuspecting person. Regardless, the transgenic protein is subjected
to a battery of tests that minimize the probability that the
protein will cause allergies. 9 Thus far, no glycosylated protein has ever been approved. Those proteins approved have
been heat-labile and readily digested (>90% in 2 minutes) to
minimize the chance that the protein can reach the intestine,
where it would be recognized by the immune system, triggering an allergic response. In addition, approved proteins must
lack a significant homology to known allergenic proteins
and not be recognized by antibodies in human blood
serum samples.
Toxicity is another property associated with a small
number of protein families. Accordingly, transgenic proteins
are tested for their possible toxicity. 10 Acute toxicology tests
using escalating doses of purified toxins are conducted on
mice. Subchronic toxicity tests also are conducted on rats,
using 90-day trials. Longer tests are not recommended, as
the background noise starts overwhelming any signal that
may be there. Forty-two day trials whereby rapidly growing
animals (usually broiler chicks) are fed the transgenic protein
are sometimes conducted. The premise is that any perturbations

from the diet can more easily be detected in a rapidly growing
animal. Although originally considered another toxicological
test, these trials are now considered more of a wholesomeness test. 11
Whole-food feeding trials whereby animals are fed the GM
crop itself 12 are not recommended by any safety agency, as
these tests are not very sensitive, lack statistical power and
incur a lot of background noise. Nevertheless, a few jurisdictions require them. The final criterion is one of nutritional
equivalence. The nutritional value of the product cannot be
altered. Any alteration results in a mandatory label alerting
consumers that the product has a higher or lower level of a
given nutrient.
Unintended changes include everything else that might
happen accidentally as a result of making the intentional
change. As mentioned previously, there is concern that plants
may have genes for toxin production, and that these genes
would get turned on when there is a DNA insertion. Thus, the
task at hand is to find evidence of such a toxin being produced.
The challenge in testing for unintended changes centers
on the need to find something that may or may not be there
and if present could be present in any amount and could have
any type of chemical composition. Part of the challenge is
answered by monitoring plant growth in replicated field trials
on the premise that an altered chemical composition in the
plant might affect its growth rate or development. In addition,
the crop is subjected to a compositional analysis of all its key
metabolites.13 The premise is that the shunting of metabolites
toward the production of a toxin in toxicologically relevant
levels would be detectable by a change in the amount of one
or more relevant levels. 14 Collectively, this approach has been
termed substantial equivalence, while the Food and Drug
Administration (FDA) calls it a comparative safety analysis.
As of this writing, the FDA has examined 147 GM crops and
never found evidence of an unintended toxin production. 15
Besides testing for food and feed safety, an environmental
safety assessment is also required, but environmental issues
are outside the scope of this review. Collectively, the required
food/feed and environmental safety testing can take over a
decade and is very expensive. The estimate is that global
approval for a protein-producing crop exceeds $34 million. 16
Such an investment can only be recovered for globally grown
crops and traits. GM versions of locally relevant crops or traits
have been kept off the market due to prohibitive regulatory costs.

Conclusions
Twenty years into their commercialization, GM crops are
the most studied foods and feeds in history. Safety testing
is based on the absence of anything in the food and feed
that was not there before and on the complete testing of
the transgenic protein and its metabolites to ensure these
do not pose any safety issues.

Nevertheless, there has been a slow but steady number
of claims of adverse health effects to people and animals
since the introduction of these crops. To date, not a single
one of these claims has been validated. Instead, it has been
possible to explain these reports as based on hearsay, shoddy
experimentation,17 inadequate statistical analyis 18 that
invalidates the results, and even outright fabrication. 19
After 20 years of widespread use in animal feed, it becomes
possible to ask if their use has affected animal production
in any way. A recent review 20 covering the first 18 years of
the technology noted that about 95% of the feed fed to livestock is GM and that about 9 billion animals have been raised
each year on GM feed without any adverse effect in their
development or productivity. This estimate includes the
breeder stocks that now represent multiple generations
raised on GM feed without adverse effects.
At the same time, the environmental and economic aspects
of GM crops are easy to measure, which make it obvious why
farmers have embraced their labor and cost-saving aspects. 21
While environmental impact and safety assessment were
outside the scope of this review, suffice it to say that many
GM crops have been recognized for their ability to reduce soil
erosion and decrease insecticide use.22 Yet, despite their
track record, the future of GM crops is becoming uncertain.
Since their inception, GM crops have been the most rapidly
adopted technology in the history of agriculture; however,
whether GM crops will continue to play an important role
in agriculture really depends on the extent to which the
public becomes confident of their safety and comfortable
with their use.
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Abstract

an individual’s diet and lifestyle
choices can substantially predispose or protect one against many
age- and obesity-related chronic diseases. Over the past two decades,
there has been an ongoing international dialogue whether public health
recommendations can be expanded
to include dietary bioactive foods and
ingredients that may pose health effects
beyond basic human nutrition. In the
United States, manufacturers can
communicate health effects of dietary
bioactives directly to the consumer
via various types of label claims; structure/function claims
are arguably the most utilized type of label claim present on
foods and dietary supplements. The level of publically
available research used to substantiate a structure/function
claim is often variable among manufacturers, compared
with that used in standard submission of a health claim.
Although manufacturer labeling of structure/function claims
for essential nutrients may have similar drawbacks in regard
to scientific rigor, dietary bioactives pose a unique dilemma
of having no current role in nutrition policy and leaving
additional room for inconsistent and often misleading messaging among products. It is evident that processes for
substantiation of health effects derived from the intake of
dietary bioactives needs development and and/or harmonization on a global level. In the absence of public health
recommendations, there is no standardized evidence-based
process to provide consensus messages for training public
health professionals and in turn for manufacturers to convey consistent public health messages via structure/function
claims to consumers. 1 Manufacturers and special interest
groups need to know what levels of evidence must be
collected to support both dietary reference intake (DRI)-like
evaluation and structure/function claims on products.
Consumers need simple, clear and consistent messaging

Glossary of Abbreviations
AI: Adequate Intake
CHD: Coronary Heart Disease
CNS: Chinese Nutrition Society
CVD: Cardiovascular Disease
DRI: Dietary Reference Intake
DSHEA: Dietary Supplement Health
and Education Act
FDA: Food and Drug Administration
IOM: Institute of Medicine
SPL: Speciﬁc Proposed Level
UL: Tolerable Upper Intake Level

Dietary bioactive foods and ingredients
are becoming increasingly popular
due to a growing body of scientific
research suggesting potential effects
on human health. The food and nutrition scientific communities have
struggled to deliver consistent scientifically substantiated messaging
regarding health effects of dietary
bioactive compounds in part due to
their absent role in U.S. nutrition
policy. Manufacturers and specialinterest groups are in need of a
guiding framework that outlines the level(s) of scientific
evidence needed to substantiate health messages and product
claims, particularly in regard to structure/function claims.
Health professionals and consumers ultimately benefit from
consistent dietary guidance that is based on rigorous and
up-to-date research. This perspectives piece is meant to
explore how current and recently proposed frameworks for
standards of evidence may be useful in formulating both
policy-derived dietary guidance and structure/function
claims on products. Consistent and reproducible measurement of a biomarker of effect among two to three small-tomedium intervention and large cohort studies coupled with
data demonstrating biological plausibility may be appropriate
for validating structure/function claims, whereas more rigorous frameworks indicating dose response may be needed
to qualify and establish a dietary reference intake-like value
for dietary bioactives.

Introduction
The ability to develop effective public policy and consistent
messaging to better achieve health promotion and disease
prevention goals depends on the availability of valid and
reproducible scientific evidence. There is general agreement
within the fields of food, nutrition and medical sciences that
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from all sectors of the scientific community that is grounded
on up-to-date research. This perspectives piece is meant to
better explore how existing frameworks for nutrients and
recently proposed frameworks for dietary bioactives may be
in part or fully employed to guide both policy-derived dietary
guidance and structure/function claims on products.

to DHSEA under 21 USC 321(g)(1)(c) as “articles (other than
food) intended to affect the structure or any function of the
body of man or other animals.” The explicit exclusion of food
from this piece of the statute permits structure/function claims
to be made on conventional food products; thus, a conventional food only becomes a drug if it makes a disease claim.

Dietary Bioactive Compounds

The Role of DRIs in U.S. Nutrition Policy
and Relevance to Dietary Bioactives

The National Institutes of Health Office of Dietary Supplements has defined dietary bioactives as “compounds that are
constituents in foods and dietary supplements, other than
those needed to meet basic human nutritional needs, which
are responsible for changes in health status.” 2 Dietary bioactives are widely distributed in nature and may be considered part of a healthy diet; however, unlike essential nutrients,
their absence does not result in a deficiency disorder. These
compounds are generally thought to be safe in food at normal
consumption levels (e.g., anthocyanins in berries). Their
biological activities may be defined as a single compound
(e.g., lutein in spinach) or class of compounds (e.g., avenanthramides in oats) for which optimal effects may be achieved
through consumption of mixtures in which the exact identity
and composition is often unknown. Classes of similar compounds are commonly found in similar types of foods; however, their composition in the whole food can vary significantly
because of environmental influences such as cultivation, soil,
altitude, and weather conditions. Many isolated characterized
compounds as well as less characterized classes/mixtures of
compounds have a substantial amount of published scientific
evidence regarding their putative improvements in physiological performance and/or reduction in the risk of chronic
disease. The inability to fully isolate mixtures of similar compounds creates a challenging setting for defining specific
recommendations such as those available for essential nutrients. On the other hand, it may be more reasonable and
practical to base intake recommendations on a mixture of a
similar class of compounds that exhibit additive or potentially
synergistic actions rather than select an individual defined
chemical entity, given that most dietary bioactives are normally
consumed as mixtures in foods and dietary supplements. 3
Table 1 describes parameters that influence the study of dietary
bioactives, as adapted from Heber and Shao. 4

Structure/Function Claims
The Food and Drug Administration (FDA) has issued a
guidance document on labeling of structure/function claims 5 ;
however, the agency is severely limited by the current statute
because these claims, unlike health claims, are not subject
to premarket review by the FDA. The Dietary Supplement
Health and Education Act (DSHEA) of 1994 amended the
Nutrition Labeling and Education Act of 1990 to include
structure/function claims for dietary supplements. The
Federal Food, Drug, and Cosmetic Act defines a drug prior
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The DRIs are a set of common nutrient standards set by
the Institute of Medicine (IOM) for use in the United States
and Canada based on scientifically grounded relationships
between nutrient intakes and indicators of adequacy, as well
as the prevention of chronic diseases, among generally healthy
populations. The DRIs are essential for assessing the nutritional adequacy of dietary intakes and may also be used to
plan nutritious diets. The IOM has set nutrient standards for
the United States since 1943. The framework for establishing
DRIs is recognized as akin to a risk analysis, which analyzes
the “risks” that may be experienced by a population of interest.
In DRI development for essential nutrients, the risk is that
nutrient intakes are either too high or too low. Availability of
data and current research, which is often limited, informs the
DRI committee deliberations. Dose-response data are key to
establishment of DRIs; however, many of the existing DRIs
for children have been extrapolated from adult requirements
or from other age groups of children. Although this approach
is necessary when requirement data are unavailable, it has
led to unrealistic values for both requirements and tolerable
upper intake levels (ULs) in several instances. For example,
our group recently showed that over 20% of children aged
4 to 8 years have intakes above the UL for zinc (12 mg/d) as
assessed by the National Health and Nutrition Examination
Survey. This value increases to 30% when multivitaminmineral supplements are also considered in this age group,6
yet there is no evidence of zinc toxicity, seen as compromised
copper metabolism, in this age group.
DRIs support many program, policy and regulatory initiatives. For example, federal guidance based on the Dietary
Guidelines for Americans available to consumers through
MyPlate.gov are related to food modeling to achieve recommended intakes of essential nutrients as defined by the DRIs.
Government programs that support food assistance, such as
the Supplemental Nutrition Assistance Program, the National
School Breakfast and Lunch Programs, and the Special
Supplementation Program for Women, Infants, and Children,
require that the daily portion for that assistance meet the
recommendations of the Dietary Guidelines for Americans
and, therefore, the DRIs. The food label reports amounts of
essential nutrients provided by a serving of that food relative
to the DRIs.
Two DRI values, the adequate intake (AI) and the UL are
relevant to the discussion of scientific substantiation for

Table 1. Parameters that inﬂuence the study of dietary bioactives versus drugs and essential nutrients
Parameter

Drugs

Essential Nutrients Dietary Bioactives

Chemically deﬁned and well characterized

Yes, single entities

Yes, single entities

No, often complex
mixtures

Essentiality

None

Essential

Unclear

Inadequacy results in disease

No

Yes

No

True placebo group

Yes

No

No

Targets

Single organ or tissue All cells and tissues Multiple cells and tissues

Systematic function

Isolated

Baseline status affects response to intervention No

Complex

Complex

Yes

Unclear

Effect size

Large

Small

Small to moderate

Side effects

Large

Small

Small

Nature of effect

Therapeutic

Preventive

Preventive and
therapeutic

Adapted from Heber and Shao (2011).5

dietary bioactives. The estimated average requirement and
recommended dietary allowance, though preferred in DRI
development for essential nutrients are not applicable for
dietary bioactives because their absence from the diet does
not result in a deficiency disorder. The AI is a recommended
average daily intake level based on observed or experimentally determined approximation or estimate of intake by a
group (or groups) of apparently healthy people that are
assumed to be adequate. Dietary fiber is an example of a
bioactive with a DRI value. In the case of total fiber, the
IOM was able to set an AI based on intake levels observed
to prevent coronary heart disease (CHD) as the primary
endpoint and reduction in risk for diabetes as a secondary
endpoint to support recommended intake levels. Epidemiological studies played a significant role in development of
the AI for total fiber, providing consistent evidence that high
intake of dietary fiber and fiber-rich foods reduced CHD risk.
This evidence coupled with that from clinical and mechanistic
studies enabled the DRI committee to determine an AI for
total fiber. The AI serves as a more appropriate standard,
especially for mixtures of bioactive compounds because it
provides a range rather than a single definite value. The UL
or 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 should continue to be utilized when
defined adverse effects have been established. In the absence
of sufficient evidence to define a UL, an evidence-based risk
assessment or highest observed intake 7 approach may be
beneficial for bioactives with a well-known safety profile
where no known hazards exist.

Applying Frameworks for Communicating
Beneﬁts of Dietary Bioactives
A similar but less expensive and rigorous framework
than the one used by IOM to set the AI for total dietary fiber
may serve as the basis for evaluation of dietary bioactives.
Anthocyanins have a similar research profile as dietary fiber.
Evidence from epidemiological studies consistently supports
potential preventive and therapeutic effects of dietary bioactives toward the onset of cardiovascular disease (CVD) or
CVD mortality. 8-11 An inverse dose-response relationship
between anthocyanin intake and CVD mortality has been
shown in both men and women enrolled in the Cancer
Prevention II Nutrition Cohort. 9 Clinical studies of purified
anthocyanins and anthocyanin-rich extracts illustrate consistent decreases in low-density lipoprotein cholesterol among
diseased individuals and/or those with hyperlipidemia,12-15
prehypertension 16 and metabolic syndrome, 17 as well as those
individuals with postmyocardial infarction. 18 A systematic
review was recently conducted on clinical trials assessing the
effects of purified anthocyanins and anthocyanin-rich extracts
on biomarkers of CVD in both healthy and unhealthy individuals.19 A plethora of animal and in vitro mechanistic data
supports the biological plausibility of these compounds to
improve markers and incidence of CVD.20 The Chinese
Nutrition Society (CNS) recently defined a specific proposed
level (SPL) (which is similar to an AI) of 50 mg/d for anthocyanins based on the inverse relationship to development of
CVD. The CNS also defined SPLs (which is similar to an AI)
and ULs for eight other dietary bioactives in China as of 2013,
as shown in Table 2, based on disease outcomes or endpoints. 21
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Table 2. SPLs and ULs as deﬁned by the Chinese
Nutrition Society
Non-Nutrient Substances

SPL

UL

Dietary ﬁber (g/d)

25a

ND

Phytosterols (g/d)

0.9

2.4

Lycopene (mg/d)

18

70

Lutein (mg/d)

10

40

Proanthocyanidins (mg/d)

ND

800

Isoﬂavones (mg/d)

55b

120b

Anthocyanins (mg/d)

50

ND

Glucosamine (mg/d)

1000

ND

Curcumin (mg/d)

ND

720

ND=Not deﬁned; SPL= Speciﬁc proposed level; UL=tolerable upper
intake level. Translation credit: the laboratory of Dr. M. Monica Giusti.
a
Adequate intake.
b
Deﬁned for postmenopausal women.

Cocoa flavanols, another class of dietary bioactives, have
also accumulated substantial research to merit DRI evaluation.
A major advancement was made in 2012 when the European
Food Safety Authority published a scientific opinion on the
substantiation of a health claim related to cocoa flavanols and
maintenance of normal endothelium-dependent vasodilation. 22 This scientific opinion laid the groundwork for betterdefined standards of evidence needed for product development,
food labeling and public health communications about
dietary bioactives.
Similar to structure/function claims, the European Commission has reviewed and approved several “general function”
claims that do not include disease risk reduction but are
instead based on reliably measured biomarkers (e.g., maintenance of normal platelet aggregation) as indicators of
optimal health. 23 This process takes into account risk biomarkers that may be in the causal pathway versus those that
serve as validated surrogate marker end points. Biomarkers are
becoming increasingly important in that they can help improve
understanding of healthy dietary choices and patterns; however, they cannot be assumed to be a surrogate endpoint. 24
Consistent and reproducible measurement of a biomarker
of effect among two to three small-to-medium intervention
and large cohort studies coupled with data demonstrating
biological plausibility has been suggested to serve as adequate evidence to validate manufacturer use of a current
structure/function claim. 25 In my opinion, “consistent and
reproducible” evidence may be defined as 80% of acceptable
quality studies (i.e., four or five cohort studies designed to
measure the outcome/endpoint of interest) showing similar
effects among heterogeneous populations when numerous
studies are available. Qualification of DRI-like evaluation
should merit additional criterion. Lupton, et al. 26 described
the following reasonable criteria that if met may qualify a
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bioactive for DRI-like evaluation: (1) a commonly accepted
definition of a substance or class of compounds; (2) an
approved method of measurement so that intake can be
assessed across the population; (3) a database referencing
the amount of the dietary bioactive in foods; (4) prospective
cohort data with dose response or at a minimum highest
versus lowest quintile; (5) clinical trials on digestion, absorption, activation, transport, and excretion of the substance;
(6) clinical trials showing efficacy and dose response;
(7) safety data at the level of intake that might be anticipated;
(8) systematic reviews or meta-analyses showing efficacy;
and (9) biological plausibility for efficacy. I would like to
challenge that these criteria be utilized for both qualification
and establishment of a DRI-like value for dietary bioactives.
A decision tree approach must be utilized in the development
of messaging and in policy development.
The IOM reviewed carotenoids in 2000; however, no DRI
values were assigned. 27 In 1998, phenols, polyphenols and
flavonoids were excluded from the DRI panel’s consideration
due to lack of food composition data and knowledge of actual
intake amounts and limited information on their absorption
and metabolism. 28 Since then, our knowledge of the absorption, distribution, metabolism, and excretion of various
dietary bioactives has increased considerably. Great strides
have been made in the development of intake databases, such
as the U.S. Department of Agriculture Flavonoid Database,
which have become publically available and useful for assessing population intakes of dietary bioactives.

Beneﬁt to the Industry
DRIs and/or a framework for substantiation of structure/
function claims specific to dietary bioactives would provide
guidance for manufacturer claims and messaging. A recent
warning letter from the FDA to Unilever United States Inc.
regarding its product Lipton Green Tea illustrates the rationale
for the food industry seeking establishment of reference
intakes for dietary bioactives. The warning letter stated the
following: “The claim ‘packed with flavonoid antioxidants’
does not comply with 21 CFR 101.54(g)1 because no DRI has
been established for flavonoids thus making it an unauthorized nutrient content claim causing the product to be misbranded under section 403(r)(2)(A)(i) of the Act.” Establishment
of a DRI-like process for bioactives would result in the following: (1) A system for industry compliance would be put in
place and would institute a “guardrail,” particularly for
companies manufacturing dietary supplements and functional foods; (2) Dietary bioactives would be recognized as
important for human health and evaluated accordingly;
(3) Investigators, regulatory agencies and consumers would
know how strong the science was behind the messaging;
(4) Consumers and their health professionals would have a
target to aim for in terms of intake; and (5) Such a process

would provide an incentive for research to close critical gaps.
The ultimate beneficiary of public health messaging is the
consumer.
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Abstract
The Institute of Medicine defined
dietary antioxidants according to
their ability to decrease the adverse
effects of reactive oxidant species
on normal physiological function in
humans. While health benefits of
dietary antioxidants are generally
accepted, they may not provide prevention/protection against chronic
diseases through antioxidant actions.
Even though the most important end
outcomes are reduction in the risk of
studied diseases, a complete assessment of oxidative stress status reflecting the action and efficacy of dietary
antioxidants shall be performed to
establish mechanism of actions. In
this context, clinical significance of
dietary antioxidants in metabolic
syndrome is discussed.

(cofactors of the antioxidant enzymes),
and nonessential phytochemicals,
commonly are present in many plant
foods and medicinal plants, and they
are appreciated to play an important
role in the prevention and treatment
of reactive oxidant species-related
chronic diseases. 4-6 Thus, consuming
more dietary antioxidants is believed
to be preventive or even therapeutic
against diseases with the reactive
oxidant species etiology. Nevertheless,
observational and clinical data on
the effect of dietary antioxidants is
mixed at best. Some studies even
showed that increased mortality
was associated with supplemental
antioxidants. 7-9
Antioxidants have been implicated
in reducing the risk of CVD and diabetes via their ability to scavenge
reactive oxidant species even though
it is equally important to recognize that they can improve health
via mechanisms other than this function. 5,10 This antioxidantreactive oxidant species relationship has given rise to hypotheses that oxidative stress may be linked to early events in the
development of metabolic syndrome (MetS) and its sequelae,
i.e., type 2 diabetes and CVD, via dynamic interactions
between oxidative stress and the constellation of risk factors
of MetS, which include dyslipidemia, hyperglycemia, hypertension, and obesity. 11 Examining antioxidant defense and
biomarkers of oxidative stress in the development of MetS
and the progression to the sequelae offers a robust approach
to testing these hypotheses, as well as to validating health
benefits of dietary antioxidants.
In this brief review, we consider evidence from human
studies validating whether there is a role of antioxidants and
reactive oxidant species in the etiology and/or progression
of MetS and consequent risk for diabetes and CVD.

Glossary of Abbreviations
CVD: Cardiovascular Diseases
DPPH: Diphenyl-Picrylhyzdrazyl
FRAP: Ferric Reducing Antioxidant
Power
iPF2: F2α-isoprostanes
MetS: Metabolic Syndrome
NADPH: Nicotinamide Adenine
Dinucleotide Phosphate
ORAC: Oxygen Radical Absorbance
Capacity
oxLDL: Oxidized Low-Density Lipoprotein
PC: Protein Carbonyls
RNS: Reactive Nitrogen Species
ROS: Reactive Oxygen Species
RSS: Reactive Sulfur Species
TEAC: Trolox Equivalent Antioxidant
Capacity
TRAP: Total Radical-Trapping Parameter
WHO: World Health Organization

Introduction
Reactive oxidant species, including reactive oxygen species
(ROS), reactive nitrogen species (RNS) and reactive sulfur
species (RSS), are electrophiles that take one or two electrons
from a nucleophile without forming an adduct. 1 They are
produced as part of normal physiology, but uncontrolled production in the human body has been appreciated for being
responsible for the etiology of some diseases, e.g., cancer,
obesity, diabetes mellitus, metabolic syndrome, cardiovascular
diseases (CVD), neurological disorders, hypertension, and
cataracts.2 The development and progression of diseases
occur particularly when the production of reactive oxidant
species overwhelm the capacity of the antioxidant defense
network, called oxidative stress.3 One simple way to strengthen
the defense is through increased consumption of dietary antioxidants. Dietary antioxidants, ranging from essential antioxidant nutrients, i.e., vitamins C and E and selected minerals
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Reactive Oxidant Species and Antioxidants
Reactive oxidant species are atoms, molecules or ions with
unpaired electrons that are very unstable and highly reactive
molecules. While they prefer to accept an electron from other
susceptible molecules, they can donate an electron to other
molecules.12 They are mainly derived from three elements,
oxygen, nitrogen and sulfur, to form reactive oxygen species,
reactive nitrogen species and reactive sulfur species, respectively. The common ROS existing in the human body are
superoxide anion (O2–), hydroperoxyl radical (HO2),
hydroxyl radical (OH), nitric oxide (NO), hydrogen peroxide
(H2O2), singlet oxygen (1 O2), hypochlorous acid (HOCl),
and peroxynitrite (ONOO-). 6 Reactive oxidant species are
constantly produced in the body via both enzymatic and
nonenzymatic mechanisms. 1,3 The enzymatic productions
include respiratory burst of immune cells responding to
infections, induction of xanthine oxidase during hypoxia
and prostaglandin synthesis; the nonenzymatic production
includes superoxides produced in the mitochondria when
electrons leak out from the electron transport chain during
ATP production and hydroxyl radicals from H2O2 via the
Fenton reaction mediated by ferrous ions. Their formations
are further increased when human bodies are exposed to
X-rays, ozone, smoking, and air pollution.1,3 It has been
estimated that about 1 to 3% of oxygen we inhale becomes
reactive oxidant species, and the number is even higher
during exercise.
To protect against constant attacks from reactive oxidant
species, the human body is equipped with a relatively effective antioxidant defense system. Nevertheless, some reactive
oxidant species can still escape from the defense system and
attack adjacent susceptible molecules. The antioxidant defense
system can be classified into endogenous and exogenous
categories. The endogenous system can be further separated
into three subcategories: antioxidant enzymes (superoxide
dismutase, glutathione peroxidase, catalase, thioredoxin
reductase, quinone reductase); proteins (ferritin, transferrin,
ceruloplasmin); and small-molecule antioxidants (glutathione,
thioredoxin, lipoic acid, ubiquinol, uric acid). This endogenous system can be enhanced when the body is stimulated by
an array of stimuli, such as exercise and dietary polyphenols.
The exogenous system is solely derived from foods, particularly fruits, vegetables, whole grains, and nuts, and is
comprised of vitamins C and E, carotenoids, phenolic acids,
flavonoids, and so on. To enhance the antioxidant defense,
increasing consumption of dietary antioxidants appears
generally effective. There are several definitions for dietary
antioxidants. The Institute of Medicine defined dietary antioxidant as “a substance in foods that significantly decreases
the adverse effects of reactive oxygen species, reactive nitrogen
species or both on normal physiological function in humans,”
which was made based on three criteria: (1) The substance
is found in human diets, (2) the content of the substance has
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been measured in foods commonly consumed, and (3) in
humans, the substance decreases the adverse effects of
reactive oxygen and nitrogen species in vivo. 13 Slightly different from this definition, Khlebnikov, et al. 14 defined antioxidant as “any substance that directly scavenges reactive
oxidant species or indirectly acts to upregulate antioxidant
defenses or inhibit reactive oxidant species production.”
In our perspective, the latter definition can properly cover
substances displaying a weak radical scavenging capability
but capable of boosting overall antioxidant capacity by
inducing endogenous antioxidant defense system.
Plant foods are associated inversely with the risk of many
chronic diseases, most likely attributed to their high nutrient
density and phytochemicals. Among the essential micronutrients, vitamins C and E are well recognized for their
antioxidant activity in people valuing health promotion
and prevention through diets. Vitamin C is effective for
scavenging O2–, 1 O2, OH, and RNS. 15 Vitamin E acts as a potent lipophilic antioxidant to terminate the propagation of
lipid peroxidation by donating its phenolic hydrogen to the
peroxyl radicals forming tocopheroxyl radicals that
despite also being radicals are very unreactive to continue
the oxidative chain reaction. In addition to these vitamin
antioxidants, vitamin A effectively scavenges peroxyl radicals
similar to vitamin E but more potently. 16 Although it is not
commonly appreciated as an antioxidant, vitamin K was
reported to inhibit lipid peroxidation.17 Some essential dietary
minerals do not act as direct radical scavengers but are an
indispensable part of antioxidant enzymes (metalloenzymes),
e.g., selenium for glutathione peroxidase and thioredoxin
reductase, iron for catalase, zinc and copper for cytosol
superoxide dismutase, and manganese for mitochondrial
superoxide dismutase.
In addition to being rich in antioxidant vitamins and
minerals, plant foods contain an array of phytochemicals
that benefit human health, including phenolic acids,
flavonoids, carotenoids, phytosterols, and fibers. These
phytochemicals are widely investigated for an array of
putative bioactions, e.g., antioxidation, anti-inflammation,
antiproliferation, and vasodilation. Of these bioactions,
antioxidant activity is commonly studied for its contribution
to health promotion and prevention. Carotenoids are a group
of lipophilic pigments that are synthesized by plants and
are responsible for the bright colors of various fruits and
vegetables. The most common carotenoids include lycopene,
α- and β-carotene, zeaxanthin, and lutein. The primary
antioxidant action of carotenoids is ascribed to the singlet
oxygen quenching activity. 18 After the quenching reaction
occurs, excited carotenoids dissipate the newly acquired
energy through a series of rotational and vibrational interactions with the solvent to return to the unexcited state.
The antioxidant activity of carotenoids has been seen in
vitro or preclinical models, but in vivo antioxidant action

has not been clearly illustrated in humans. 18 Polyphenolics,
including phenolic acids, flavonoids, tannins, and lignans,
possess potent antioxidant properties, especially in vitro
settings, as well as in animal models administered with
doses larger than those humans normally consumed in diets
or dietary supplements. Polyphenolics are capable of scavenging a wide range of reactive oxidant species, including
O2–, OH, HOCl, peroxynitrites, and peroxyl radicals. 19,20
Furthermore, they chelate transition metal ions (iron and
copper) to avert transient metal induced radical productions. 21
Total antioxidant defense, including the endogenous and
exogenous systems, works in a cohesive network to scavenge
reactive oxidant species, but some of them inevitably escape
the defense and cause oxidative damages. In the aspect of
antioxidant enzymes, superoxide dismutase reduces O2. to
H2O2, which is then reduced to water mediated by catalase
or glutathione peroxidase. In the aspect of small molecular
antioxidants, vitamin E reduces a free radical and then
becomes a weak free radical itself. Subsequently, vitamin E
radicals are recycled or reduced back into the original form
by vitamin C, lipoic acid or coenzyme Q10.1,,3 Vitamin C radicals
can then be reduced by glutathione, in which the oxidized
form is reduced via the glutathione reductase in the expense
of NADPH, which is generated from the pentose phosphate
pathway using glucose as the substrate. Polyphenolics behave
as a potent radical scavenging antioxidant in in vitro experimental settings. In fact, their radical scavenging action is
greatly limited in vivo mainly because of their low concentrations in the circulation and target tissues (<1 μmol/L, which is
much lower than that of vitamins C and E) and extensive transformation to a form losing its radical scavenging moieties.22
Opposite to the perception of being a strong radical scavenging antioxidant, polyphenolics contribute to the antioxidant
defense by upregulating the endogenous antioxidant system,
e.g., increasing glutathione production and activity of glutathione peroxidase.23 Although the exact mechanism(s) to explain
the upregulatory effects of polyphenolics has not been
elucidated, it has been postulated that imposing a mild
oxidative challenge due to their fast oxidation to generate
H2O2 and other oxidation products elicits the induction.3
Nevertheless, the in vivo antioxidant action of polyphenolics
appears under rigid scrutinization; this potential health
benefit shall occur in the gastrointestinal tract when they
are present in the original form at larger concentrations. 24

Tools to Assess Oxidative Stress
Oxidative stress is a consequence of a battle between the
antioxidant defense and reactive oxidant species. Some of
the reactive oxidant species can escape the defense and attack
and induce oxidation of susceptible macromolecules (lipids,
DNA and proteins). The quantity of the resulting oxidation
products depends on the balance between the antioxidant
defense capacity and the amount and reactivity of reactive

oxidant species. In theory, oxidative stress status in the body
can be best revealed when the element of the antioxidant
defense network, reactive oxidant species and the oxidized
products are all assessed. However, it is almost impossible
to measure highly reactive oxidant species in the human
body as they survive for less than a second after formation.
Quantifying small-molecule antioxidants and measuring
activity of antioxidant enzymes can be reasonably performed
though their measurements appear cumbersome because
each must be assessed individually. Therefore, the products
derived from reactive oxidant species attacks are one of the
best biomarkers for the evaluation of oxidative stress status
in the human body.
Valid biomarkers can adequately reflect the status of relevant
physiological functions, relate to established pathological
signs or demonstrate whether an agent has a beneficial,
untoward or null effect on health promotion and disease
prevention or a therapeutic value in disease treatment.
As reactive oxidant species attack nucleophiles to acquire
electrons, the consequence of the attacks is the production
of an array of oxidized products. Assays for determining
oxidation products of lipids, proteins and DNA have been
reviewed elsewhere. 25,26 Briefly, malondialdehyde (MDA)
and F2α-isoprostanes (iPF2) are two common biomarkers
of lipid peroxidation, with the latter being more sensitive
and specific. MDA is more commonly determined in studies
than iPF2 because of the relatively low cost and high
throughput for its determination in different matrices.
However, its validity and specificity have been frequently
questioned due to a crossreaction of 2-thiobarbituric acid
(forming a pink adduct with MDA) with other substrates
(other alkanals, protein, sucrose, amino acids, sialic acid,
urea, acetaldehyde-sucrose, and reducing sugars). Proteins
can be damaged directly by free radical attacks or indirectly
via reactions with the secondary byproducts of lipid peroxidation, leading to the formation of oxidatively modified
amino acids and protein carbonyls (PC), respectively. 27 PC
is the most commonly performed biomarker for protein oxidation in human studies, which can be measured using
colorimetric assay, enzyme-linked immunosorbent assay
(ELISA) or HPLC method. 28,29 Compared to PC, individual
oxidized amino acid products, e.g., chlorotyrosine (Cl-tyr),
3-nitrotyrosine (N-tyr) and dityrosine (di-tyr), are more
indicative of specific radical reactions with proteins. 30 In
particular, tyrosine-oxidized products are formed exclusively
in vivo and not subject to artifact.29 Methods using HPLC
equipped with electrochemical detection (ECD) or GC-MS
have been developed for the quantification of oxidized amino
acids. Oxidized DNA bases reflecting DNA damage and indicating cancer risk can be assessed using different technologies, e.g., HPLC-ECD, GC-MS, LC-MS, and ELISA. Further,
radical-induced DNA strand breaks in individual cells can
be semiquantified using single cell gel electrophoresis, also
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called a “comet” assay. 31 Of oxidized DNA bases, 8-hydroxyguanonise (8-oxo-dG) is the most commonly measured.
Analysis of individual small molecular antioxidants is
time consuming and normally requires using assays with a
chromatographic separation prior to the quantification.
Thus, it is very cumbersome and expensive to quantify all
possible antioxidants in foods and human fluids. Further,
some antioxidant phytochemicals in foods remain to be
characterized. With this notion in mind, over the years many
easy-to-perform and cost-effective methodologies have been
developed to provide a collective measure of antioxidant
potency of all antioxidants in foods or plasma/serum, such
as the oxygen radical absorbance capacity (ORAC), ferric
reducing antioxidant power (FRAP), diphenyl-picrylhydrazyl
(DPPH) quenching, trolox equivalent antioxidant capacity
(TEAC), and total radical-trapping parameter (TRAP). 32
These assays have been used to reveal the association of
consumption of antioxidant-rich foods with risk of diseases
and to assess the effect of nutrients, foods or diets on antioxidant status in human interventions. Among these assays,
ORAC receives the most recognition because the assay has
been frequently used by food companies to generate consumer messages for product promotion. Application of ORAC,
FRAP and other TAC assays in food science research remains
appealing because TAC assays can inform TAC value of foods.
However, there is great concern that dietary TAC may not
have a direct link with TAC in plasma/serum because dietary
antioxidants are subject to extensive modifications by
mastication, pH in the gastrointestinal tract and metabolism mediated by the gut bacteria and endogenous detoxification mechanisms.
The link between the accumulation of biomarkers for
oxidative damage and production of a particular free radical
is indirect because a change in clearance can dramatically
alter the level of the marker with no change in production
of a given free radical. Consequently, results of oxidative
damage products need to be assessed cautiously with a
clear understanding of what the methods used can reveal.
It also is important to understand that the capacity of the
antioxidants in vivo is determined not only by the reactivity
toward radicals but also by several other factors such as
concentration, distribution, localization, fate of antioxidantderived radical, interaction with other antioxidants, and
metabolism. No single biomarker could reliably evaluate
overall oxidative stress in both local and systematic levels.
The biomarkers should be selected considering the function and indications to be evaluated. Furthermore, combining evaluation of both “footprint” biomarkers of reactive
oxidant species and antioxidant defenses, including both
enzymatic and nonenzymatic protection, is the best way to
describe the role of free radicals and antioxidants in biology
and medicine.
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The Role of Antioxidants in Metabolic
Syndrome
Metabolic syndrome (MetS) is a disorder with a constellation of metabolic abnormalities. The World Health Organization (WHO) 33 and the National Cholesterol Education
Program Adult Treatment Panel (ATP III) 11 defined the criteria
of MetS with a specific focus on dyslipidemia, hyperglycemia,
hypertension, and abdominal obesity. It shall be noted that
the diagnosis criteria may differ between health organizations.
The key components of MetS are risk factors for type 2 diabetes
mellitus and CVD. 11 Further, MetS is associated with other
medical conditions, such as fatty liver, polycystic ovary
syndrome, cholesterol gallstones, and obstructive sleep
apnea. 34 The prevalence of MetS is approximately 25 to 30%
(~47 million adults) in the United States 35 and 13 to 16% in
China. 36 Along with the dramatic increase in overweight/
obese populations in developing and developed countries,
the prevalence is anticipated to be increasing exponentially.
Thus, it becomes a critical issue to find dietary approaches
to prevent both its development and progression to more
serious health complications.
Circulating oxidized low-density lipoprotein (oxLDL), a
biomarker for atherosclerosis due to its involvement in the
formation of foam cells in the vessel wall, is associated with
increased incidence of MetS, as well as its components of
abdominal obesity, hyperglycemia and hypertriglyceridemia.37-39
Van Guilder, et al. 40 noted that there was a stepwise increase
in the circulating oxLDL from healthy individuals to obese
and then to obese plus MetS. Importantly, the magnitude
of lipid peroxidation appears greater in people with two or
more components of MetS than in those with one or less.
Konukoglu, et al. 41 found in a study with 25 nonobese normotensives (BP, 95.5/75.4; BMI, 21.5; age, 54.5), 25 nonobese
hypertensives (BP, 165.5/105.3; BMI, 23.5; age, 56.5), 35 obese
normotensives (BP, 109.5/75.5; BMI, 32.5; age, 60.5), and 45
obese hypertensives (BP, 168.8/115.6; BMI, 33.8; age, 58.5)
that obesity and hypertension were associated with greater
oxidative stress status, assessed using MDA, than either one
alone. Similarly, Stojiljkovic, et al. 42 found increased urinary
iPF2 excretion in 10 obese hypertensives with insulin resistance (BMI, 31; BP, 131/88; age, 40) compared to 12 healthy
normotensives without insulin resistance (BMI, 22; BP, 106/72;
age, 38). All these data indicate that biomarkers of radical
oxidized products are elevated in people with MetS or with
its key components. However, it shall be noted that these
increases may simply indicate there is an increased production of reactive oxidant species in people with MetS, but it
cannot illustrate whether the increases are the consequence
of weak antioxidant defense capacity resulting from lower
intake of dietary antioxidant or a MetS-induced increase in
the production of reactive oxidant species. Furthermore, the
association between enhanced oxidative stress and MetS is

not unidirectional. Sjogren, et al. 43 concluded from a small
cross-sectional study of 289 healthy older men (62 to 64 y)
that circulating oxLDL and urinary iPF2 were not elevated
in people with MetS as compared to those who had none,
one or two key signs of MetS. In the same cohort, they also
found that iPF2 was inversely related to dietary vitamin C
and β-carotene intake, implicating a more significant role
of dietary antioxidants in enhanced oxidative stress status
than the pathogenic conditions of MetS.
Small-molecule antioxidants, including vitamins C and E,
carotenoids, polyphenols, α-lipoic acid, glutathione, uric
acid, and ubiquinols, contribute to the body’s antioxidant
defense network complementing the enzymatic antioxidants.
If the etiology or progression of MetS was associated with
oxidative stress, then an increased utilization and requirement of lower concentrations in a vicious oxidative stress
status would be anticipated for these compounds. Indeed,
serum antioxidant status has been noted to be inversely associated with MetS in several studies. Using data from the
National Health and Examination Survey 2001-2006, Beydoun,
et al. 44 found the prevalence of MetS was 32.0% among men
and 29.5% among women aged 20 to 85. In this cohort, they
found that MetS was associated with lower serum carotenoid
status, even after controlling for total cholesterol and
triglycerides, than those without the condition. Likewise,
serum vitamin C exhibited an inverse linear association
with MetS and related conditions like insulin resistance
and hyperuricemia. In contrast, after controlling for serum
lipids, vitamin E was observed not to have a significant
relationship with MetS. In the other study using the data
of the Third National Health and Nutrition Examination
Survey (1988-1994) including 8,808 U.S. adults aged ≥20 y,
Ford, et al. 45 found that concentration of retinyl esters,
carotenoids and vitamins C and E was significantly lower
in people with MetS than without the condition. In a Chinese
cohort with 17% MetS prevalence (n = 2069), Wei, et al. 46
found that the low intake of vitamin C, adjusted with energy
intake, was associated with the incidence of MetS but was
neither selenium nor vitamin E intake. Likewise, Sohrab, et
al. 47 noted that there was a negative association between
dietary flavonoid intake and MetS incidence. As crosssectional studies do not allow inference about progressive
occurrence of these associations, it is unclear whether the
lower status of circulating antioxidants are the result of
increased production of reactive oxidant species caused by
MetS or the direct outcome of lower fruit and vegetable
intake. Especially since evidence showing that people with
MetS consumed less dietary antioxidants adds to the complexity of the interaction. 46
Total antioxidant capacity is referred to be an integrated
measure of all small-molecule antioxidants in both realms of
food and nutrition sciences. Bahadoran 48 found that people

in the highest quintile of dietary TAC at baseline, calculated
using the USDA ORAC database, tended to have a lower
incidence of MetS at the three-year follow-up. Because of
being rich in micronutrients and phytochemicals, the incorporation of a variety of high TAC plant foods to daily diets of
people with MetS shall be encouraged. However, it shall be
noted that consumption of high TAC foods is not necessary
to relate to high plasma/serum TAC value because of poor
bioavailability and extensive metabolism of some dietary
antioxidants. In terms of associations between plasma/serum
TAC and MetS, clinical evidence is mixed. Korkmaz, et al. 49
found that serum FRAP value was larger in 55 patients with
MetS than in 20 healthy controls, primarily attributed to larger
circulating content of uric acid, which can contribute to
~60% FRAP value. In contrast, using the other TAC assay,
Venturini, et al. 50 observed that plasma TRAP value of people
with MetS was lower than healthy controls even though uric
acid level was larger. Thus, though TAC assays prove to be
cost effective and high throughput to assess the overall status
of small-molecule antioxidants, their clinical significance
and application in MetS require more validation in future
studies. Selection of TAC assay(s) must take biochemical and
physiological phenotype of subjects into account.
MetS appears to associate with enhanced oxidative stress
manifested with increased radical-induced oxidized products and/or decreased antioxidant defense capacity. This
association proffers the potential of dietary antioxidants
for MetS prevention and treatment. However, the efficacy of
the antioxidants relies on the premise that reactive oxidant
species play an etiological role in the development of MetS
and progression to more serious complications, such as
type 2 diabetes and CVD. If reactive oxidant species had a
direct contribution, increased antioxidant defense capacity
mediated by any means should have decreased MetS incidence in prospective studies or the number of key components
of MetS in intervention studies. However, as little direct
evidence is available to substantiate the contribution of
dietary antioxidant to reducing the risk of MetS, further
research in this area is warranted.
The significance of dietary pattern in health promotion and
prevention is emphasized over individual foods or nutrients
in the 2015 Dietary Guidelines for Americans, in which a
Mediterranean diet rich in fruits, vegetables, nuts, and whole
grains is mentioned. Velázquez-López, et al. 51 examined in
a nutritional therapy trial the impact of the Mediterranean
diet on the key components of MetS in 29 obese children
(age: 11 y; BMI: 27 kg/m2). After 16 weeks of the dietary intervention, the prevalence of MetS was decreased from 66 to
21% in the children who consumed the Mediterranean diet
as compared to no change in those consuming a standard
diet. Although the results must be substantiated in a largescale trial, this study suggests a healthy diet containing
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many antioxidants is therapeutic against MetS. Further, the
Mediterranean diet led to an increased intake of some key
antioxidants, i.e., zinc, selenium, vitamins C and E, and
flavonoids. One question that remains to be explored is the
magnitude of the contribution from dietary antioxidants to
the reduced incidence of MetS, which was not gauged in
this study. It seems that dietary antioxidants may not play a
considerable role as anticipated. In this context, de la Iglesia,
et al.52 reported that dietary therapy targeting weight loss
would improve many key components of MetS as obesity is
the most crucial component of MetS. If this were true, increased
antioxidant intake might not be able to prevent or treat MetS.
For example, Manning, et al. 53 found in a one-year intervention trial with 151 adults with MetS that lipoic acid (600
mg/d), vitamin E (100 IU/d) or a combination did not improve
insulin resistance or the components of MetS. Similarly,
quercetin, a common dietary flavonoid displaying potent
antioxidant activity, was found to increase HDL cholesterol
and decrease waist circumference in adults without signs
of MetS but failed to improve oxidative stress biomarkers,
e.g., circulating oxLDL and urinary iPF2. 54 In the other
flavonoid study with patients with MetS, EGCG-rich green
tea or extract elevated glutathione in whole blood and TAC
in plasma. 55 As the authors failed to assess biomarkers of
radical-induced oxidized products, the increase in antioxidant defense should not be extrapolated to a reduction in
systematic oxidative stress and MetS incidence.
In a large-scale prospective SU.VI.MAX trial, French adults
(n = 5220; age, 49.4) free of MetS were randomly assigned
to receive a supplement containing a combination of antioxidants (120 mg vitamin C, 30 mg vitamin E, 6 mg β-carotene,
and 100 μg selenium and 20 mg zinc per day) or a placebo. 56
At the end of the 7.5-year follow-up, the antioxidant supplementation did not affect the risk of MetS, but baseline serum
concentration of β-carotene and vitamin C were negatively
associated with the risk of MetS. Interestingly, baseline
serum vitamin E and selenium were not associated with the
risk of MetS, and zinc was associated with increased risk.
While there was lack of adverse effect from the supplementation, the trial raised a question about suitability of antioxidant supplementation in populations with adequate
intake of dietary antioxidants. Most importantly, the study
implicates that the effectiveness of antioxidant supplementation in the prevention of MetS may only be manifested in
people with enhanced oxidative stress status or those consuming poor diets. Overall evidence at this time tends to
suggest that dietary antioxidants may neither prevent MetS
nor treat its components through their antioxidant actions.

Conclusion
Reactive oxidant species are constantly produced in the
human body. Even with a very short half-life, a small proportion of reactive oxidant species can escape from the
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antioxidant defense network composing enzymatic and
small-molecule antioxidants to induce oxidative damages.
Particularly, chronic, uncontrolled production of reactive
oxidant species overwhelms the antioxidant defense capacity, which is called oxidative stress, leading to the development and progression of many chronic diseases, including
metabolic disorders, CVD, certain cancers, cognitive decline,
and others. Thus, it is a rational hypothesis that boosting
antioxidant defense capacity would be preventive or therapeutic against radical-related disorders/diseases. A simple
way to strengthen the antioxidant defense is consuming
nutrients that can either scavenge reactive oxidant species
or stimulate synthesis of endogenous antioxidants.
In order to assess clinical significance of dietary antioxidants and to test study hypotheses, determining biomarkers
of either antioxidant defense, oxidized products or both must
be undertaken. MetS is a disorder with a cluster of metabolic
abnormalities including dyslipidemia, hyperglycemia, hypertension, and abdominal obesity, which all are risk factors
for CVD. The association of MetS with enhanced oxidative
stress, evidenced by increased oxidized products and inadequate antioxidant defense, paves the way for using dietary
antioxidants in its prevention and treatment. However, the
limited data generated from human studies appear to not
support the notion that antioxidants can decrease risk for
MetS or reduce the number of MetS components through their
antioxidant actions. If the hypothesis that reactive oxidant
species would contribute to development and progression of
MetS were true, therapeutic efficacy of antioxidants should
have been realized. The null results noted in studies can be
attributed to a challenge in design of antioxidant interventions to alleviate oxidative stress and prevent/treat disease
as many factors may confound likelihood of study success,
e.g., optimal antioxidant combinations and doses, as well as
the best physiological and biochemical conditions to intervene in MetS. Importantly, studies must include not only
relevant clinical outcomes but also measures of antioxidant
defense and radical-oxidized products in order to validate
the efficacy of antioxidants.
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Abstract

This was attributed to an essential
nutrient, vitamin D. Sunlight was then
discovered to play a role in curing
rickets, as well as restoring calcium
balance and increasing the activity of
vitamin D. 3-6 This clarified the issue
regarding vitamin D as being essential,
as it is only essential in the absence of
sunlight, at least in most mammals.
It turns out that dogs and cats cannot synthesize vitamin D
and must obtain it from their diet. 7 In other words, it is always
essential in dogs and cats. Understanding how vitamin D is
obtained was a major step forward; however, the identification of the active metabolites would end up being just as
crucial, as it would show vitamin D’s role in actions beyond
calcium and rickets.
Vitamin D3 is hydroxylated by the liver to form 25-hydroxy
vitamin D3 (calcidiol). Calcidiol is then hydroxylated (via the
1α-hydroxylase), mostly by the kidney, to form the active,
hormonal form, 1α,25-dihydroxy vitamin D3 (calcitriol).
Calcidiol was first identified as the active form of vitamin
D3. 8 However, calcitriol was later identified as the biologically active, hormonal form. 9,10 In addition, the location and
enzymes responsible for catalyzing the hydroxylation steps
as well as the nuclear receptor for the active, hormonal form
were identified. With this knowledge, research began showing that not only were the 1α-hydroxylase and nuclear receptor present in tissues involved in calcium homeostasis, but they
also were present in other tissues not attributed to calcium
homeostasis. These results were crucial for increasing our
understanding that calcitriol’s biological actions went well
beyond calcium homeostasis and thus had pleiotropic actions.
New advances in molecular technologies, in particular
genome-wide association studies (GWAS) and the ability
to identify receptor-binding sites on the genome, have and
continue to increase our knowledge of vitamin D’s involvement in various areas of biology. GWAS studies have shown
associations between vitamin D intake or circulating levels
with multiple diseases,11 including asthma, congestive
heart failure, depression,12 diabetes, insulin secretion,13
Parkinson’s disease, multiple autoimmune diseases, and

Glossary of Abbreviations
cbTCC: Canine Bladder Transitional
Cell Carcinoma
GWAS: Genome-Wide Association
Studies
MAP: Mitogen-Activated Protein
ROS: Reactive Oxygen Species

The active form of vitamin D3, calcitriol,
has been implicated in numerous
health areas. Included in these are
immunity and cancer. Calcitriol plays
a role in both innate and adaptive
immunity. It also has been extensively
studied in cancer through populationbased studies, genome-wide associations
and mechanistic work defining its role in differentiation
and proliferation. We have studied calcitriol’s role in the
prodifferentiation and antiproliferation of canine cancer
cells. As the defense against oxidative stress is an important
element of the immune system, we also have studied the
ability of calcitriol to regulate endogenous antioxidant
enzymes in canine cancer cells.

Pleiotropic Effects: Historical Relevance
Vitamin D has gained much attention in recent years.
While research has increased, primarily describing mechanisms of action, there has been continued controversy regarding vitamin D-associated health benefits as well as appropriate
circulating levels. Aside from vitamin D’s classical calcium
homeostasis role, multiple pleiotropic actions have been
described. These include immunity, cancer, depression, and
cardiovascular disease. Many of these actions have been
based on association studies using clinical data, circulating levels of vitamin D, as well as genetics. The exact role
vitamin D plays in the above listed areas is not always well
defined. To gain a better understanding of how these associations and controversies arose, it is important to consider
the history of this fascinating molecule.
Vitamin D3, also referred to as the “sunshine vitamin,”
is produced by most mammals via photolysis of the provitamin 7-dehydrocholesterol to its eventual form vitamin D3.
Vitamin D also can be absorbed from the diet. The lack of this
understanding led to the first controversies, and also to the
first major discoveries, of the actions of vitamin D. Mellanby
first attributed the ability to cure the calcification of bone
disorder, rickets, to vitamin A.1 McCollum was later able to
cure rickets using cod liver oil void of vitamin A activity. 2
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multiple cancers. Techniques showing the locations of the
vitamin D receptor bound to the genome, with and/or without calcitriol, have shown significant enrichment of binding
in areas involved in immune processes, autoimmune disease
and cancer.14-17 Although these studies were done with immune
cells, the areas identified as being enriched align well with
other studies.

Immunity
There is a multitude of evidence that vitamin D plays an
active role in immunity. A few examples are described here.
Some of the cells of both innate and adaptive immunity
possess the ability to convert calcidiol into the active form,
calcitriol.18 Additionally, these and other cells of the immune
system contain the vitamin D receptor allows the cell to
respond to calcitriol signaling. Monocytes exposed to
Mycobacterium tuberculosis are able to upregulate both the
vitamin D receptor and the 1α-hydroxylase, which converts
calcidiol to calcitriol. 19,20 This leads to an increased expression
of the antimicrobial peptide, cathelicidin. Calcitriol has also
been shown to increase the expression of defensin β2, another
antimicrobial peptide, in multiple cell types. 20
In both T and B cells, vitamin D is able to affect the expression of the vitamin D receptor leading to changes in the differentiation and proliferation of these cells. In T helper cells,
calcitriol can modulate cytokine production and suppress
proliferation and differentiation. The secretion of proinflammatory cytokines are inhibited, while anti-inflammatory
cytokines are decreased. 21 In B cells, calcitriol is able to affect
B cell homeostasis via the regulation of activated B cells and
their differentiation. 22 Many of these processes are involved
in autoimmune regulation. Lending more credibility to vitamin D’s role in autoimmunity are the experiments showing
locations on the genome where the vitamin D receptor
binds in immune cells (described above).
Another area involved in the immune system is the ability
to neutralize and/or maintain redox balance. Reactive oxygen
species (ROS) are produced during metabolism, but immune
cells, such as macrophages, can produce and use ROS to kill
pathogens. ROS are also used by the immune system as
signaling molecules through Toll-like receptor and mitogenactivated protein (MAP) kinase pathways.23 The utilization
of ROS by the immune system is closely monitored as many
immune cell types, such as T cells, are sensitive to redox
balance.24 When ROS are not maintained properly, they can
lead to oxidative stress. Oxidative stress has been implicated
in a multitude of diseases including cardiovascular, neurodegenerative and cancer, as well as aging. Maintaining a
proper redox balance involves antioxidants and antioxidant
enzymes. We have shown that calcitriol can induce the
expression of antioxidants, such as catalase, in canine
cancer cells 25 (described below). Oxidative stress causes
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damage to biomolecules, such as DNA, but it also can lead
to chronic inflammation. Chronic inflammation has been
implicated in many diseases and degenerative states. Vitamin D has been shown to have anti-inflammatory effects. In
macrophages and prostate cancer cells, calcitriol decreases
the production of the inflammatory cytokine tumor necrosis
factor alpha. 26,27 This mechanism involves the upregulation
of the inhibitor of NFκB,28 a major regulator of inflammatory
responses. Other mediators of inflammation, such as prostaglandins, can also be regulated by calcitriol via the expression
of the metabolic enzymes used in their production. 29

Cancer
Aside from research describing its classical calcium
homeostasis role, vitamin D’s role in cancer has been
extensively investigated. A few examples are described
here. Vitamin D, though not directly associated, was first
reported as a cancer preventive due to the inverse correlation
of sunlight exposure and cancer mortality. 30 Since then,
population-based studies have identified associations of
circulating levels of vitamin D, and more specifically, calcidiol,
with many cancers such as colon, prostate and breast, among
others. Even in canines, an association has been shown
between cancer risk and circulating calcidiol concentration. 31
Investigations into the mechanisms underlying the involvement of vitamin D and cancer have yielded insights into this
potential preventive action. These include calcitriol signaling through genomic actions and alterations in vitamin D
metabolic enzymes, usually through expression, function
and genetic polymorphisms.
There have been multiple population-based studies describing vitamin D’s role in cancer prevention.32 In a study correlating serum vitamin D levels and stage III cancer in cancer
patients, suboptimal or deficient levels of calcidiol were
predictive of the advanced stage of the disease. 33 In a large
study looking at over 26,000 individuals, there were associations of low calcidiol concentrations with all-cause mortality,
cardiovascular mortality and cancer mortality in patients
with a history of cancer. 3 In a meta-analysis of studies associating calcidiol and colorectal cancer, high-circulating
calcidiol concentrations were shown to be preventive. 35
While the predominance of evidence supports a positive
correlation of vitamin D and cancer prevention, there are
reports that have shown little to no correlation. 36,37 Some of
this may be attributed to a lack of proper controls in which
subjects have a below-normal circulating level of calcidiol
or the studies have been too small.
Studies have shown, many in vitro, that calcitriol elicits
its anticancer effects by decreasing proliferation (with or
without apoptotic events) and by inducing differentiation.38
The first study showing calcitriol’s ability to differentiate cells
was in mouse myeloid leukemia cells where these cells were

induced to differentiate into macrophages. 39 Phagocytic
activity was used as the marker of differentiation. Prostate
progenitor cells were shown to differentiate into androgen
receptor-positive luminal epithelial cells, and growth was
suppressed by calcitriol.40 The upregulation of interleukin-1α,
a proinflammatory cytokine, was required for the growth
suppression contrary to calcitriol’s other known anti-inflammatory effects. Calcitriol has also been shown to have antiproliferative actions in colon cancer cells. 41
The molecular action of calcitriol is mediated via the
nuclear binding of the vitamin D receptor to target genes,
increasing or decreasing their expression. It is via this process
that the biological responses to calcitriol, such as apoptosis,
differentiation and proliferation, occur. 42 However, in order
for these processes to occur, calcitriol needs to be available
to the cell. The enzymes, such as the 1α-hydroxylase, need to
Figure 1. Summary of calcitriol’s anticancer mechanisms
through the upregulation of catalase.

function appropriately. There is widespread evidence that the
dysregulation of these enzymes are associated with cancer.
There is an altered expression and regulation of vitamin D
metabolic enzymes in a host of cancers. Studies have shown
altered gene expression in cancers of the breast, colon, cervix,
ovaries, skin (basal cell and squamous cell), and others. In most
cases, the levels of enzymes responsible for the production
of calcitriol are decreased where the enzymes involved in the
degradation are increased. However, there are cases where the
levels are not consistent.43 In breast cancer, the vitamin D
receptor and the 1α-hydroxylase are decreased, while the
24-hydroxylase (used in the catabolism of calcitriol) are increased. 44 In prostate cancer cells, 1α-hydroxylase activity is
significantly decreased in adenocarcinoma cells as compared
to normal or benign cells. 45 An increased expression or
activity of the 24-hydroxylase has also been noted in cancer
cells, including prostate, making them resistant to calcitriol. 46
Identifying polymorphisms within genes of vitamin D
metabolism is another area exemplifying the importance of
proper functionality of these enzymes and cancer risk. These
polymorphisms can affect the expression, activity or interaction with other proteins. In breast cancer, polymorphisms
in the vitamin D receptor are associated with an increased
risk of disease. 47 Two polymorphisms in the 24-hydroxylase
are also associated with an increased risk of breast cancer. 48
Polymorphisms in the vitamin D receptor have also been
associated with increased risk of thyroid, ovarian, melanoma,
colorectal, and prostate cancers. 49 Additionally, multiple
other examples exist describing polymorphisms in vitamin D
metabolic enzymes associating with cancer. 4

In Vitro Responses to Calcitriol
Figure 2. Catalase gene expression at 96 hours. Lymph
cells were grown with varying concentrations of calcitriol
(10-9 M, 10-8 M, 10-7 M) and ethanol (vehicle), and exposed to 0, 4 or 8 gray (Gy) units of radiation. Catalase
gene expression is expressed as relative expression + SD.
* = P<0.05; ** = P<0.01 as compared to control (vehicle).

Considering vitamin D’s role in cancer and the immune
system, we have studied calcitriol’s role in vitro in canine
cancer cells as well as in normal cells undergoing insult
from radiation. Calcitriol was able to decrease proliferation
in canine squamous carcinoma cells (SCC 2/88).50 These
cells were also shown to express the vitamin D receptor.
In order to further investigate the mechanism of calcitriol’s
actions in canine cancer cells, as well as the involvement
of ROS and oxidative stress, we investigated the ability of
calcitriol to modulate endogenous antioxidants.
One of the main lines of defense against ROS and the
prevention of oxidative stress are endogenous antioxidant
enzymes, such as catalase and the superoxide dismutases.
Using canine bladder transitional cell carcinoma (cbTCC)
cells, we were able to show that calcitriol upregulates catalase gene expression, protein expression and activity. 25
Catalase is a very efficient enzyme capable of converting
hydrogen peroxide to water and oxygen. The overexpression of catalase has also been shown to reduce migration
and proliferation in breast cancer cells in vitro 51 and to lower
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Figure 3. Cell growth at 96 hours. Lymph cells were grown
with varying concentrations of calcitriol (10-9 M, 10-8 M,
10-7 M) and ethanol (EtOH, used as vehicle), and exposed
to 0, 4 or 8 gray (Gy) units of radiation. Catalase gene
expression is expressed as relative expression + SD.
* = P<0.05; *** = P<0.001 as compared to control
(EtOH).
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tumor grade and reduce metastatic tumor burden in mice. 52
It is well established that cancer cells typically produce large
amounts of ROS and can have reduced levels of antioxidant
enzymes. Therefore, increasing the expression of antioxidants
should be able to reduce cancer progression, and possibly
aid in its prevention. In our study using cbTCC cells, we were
also able to show that the cell’s response to calcitriol involves
mitogen-activated protein (MAP) kinase/JUN signaling.
MAP kinases are well known to play a role in proliferation,
differentiation and cancer. All these actions are depicted in
Figure 1.
Recently, we have been investigating calcitriol as a chemopreventive agent. Using radiation as a mechanism to produce
ROS and create an oxidative stress environment, we have
looked at the ability of calcitriol to protect lymph cells in
vitro. Catalase expression increases in response to calcitriol
(Figure 2). This is mediated by an increase in the expression
of the vitamin D receptor. Additionally, cell growth is protected
by calcitriol even though overall cell growth decreases in
response to radiation (Figure 3). These and future results
will aid in defining calcitriol’s role in decreasing cancer
progression as well as its role in prevention.
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Abstract

Glossary of Abbreviations
CBC: Cannabinol
CBD: Cannabidiol
CBDA: Cannbidiolic Acid
CBG: Cannabigerol
GAPS: Gut and Psychology
Syndrome
GERD: Gastroesophageal Reﬂux
Disease
PBL: Peripheral Blood Lymphocytes
PSK: Polysaccharide-K
PSP: Polysaccharide Peptide
PTSD: Post-Traumatic Stress
Disorder
PUFA: Polyunsaturated Fatty Acids
RCT: Randomized Controlled Trial
THC: ∆-9-Tetrahydrocannabinol
THCA: ∆-9-Tetrahydrocannabinol
Acid

With the advent of populist medicine
(thanks to the alternative medicine
movement and the Internet), the order
in which new dietary therapies become
widespread has reversed from doctor
to patient and now consumer to medical advisor. In some cases, consumer
use and demand predated medical
research that ultimately showed clinical
benefits. Probiotics are one example,
now having the largest supplement
sales in commerce. In other cases,
clinical benefits have not been shown
in studies or practice despite early
popularity, such as occurred with
CoEnzyme Q10 and glandular extracts.
Nutritionists should be aware of the
use and present understanding for a
few of the more popular alternative
dietary supplements. Regulation and
quality control continue to challenge
the industry, which claims to be formulating a plan.

Introduction
According to Nutraceuticals World magazine, probiotics
are the most successful functional ingredient in packaged
foods after vitamins and minerals. Probiotic sales increased
22% last year, making them the fastest-growing category of
functional food.
First, some definitions. A functional food is a revised food
that claims to improve health by providing benefit beyond
that of the traditional nutrients it contains. Functional foods
include items such as cereals, breads and beverages that are
fortified with vitamins, herbs, nutraceuticals, and bone broth
as mentioned below. A nutraceutical is a fortified food or
dietary supplement that provides health benefits in addition
to its basic nutritional value (Merriam-Webster). A botanical
or medicinal herb consists of whole or extracted plants.
Veterinarians in integrative practice report that some of
the most recent popular nutraceuticals include:

1.
2.
3.
4.
5.
6.
7.

Golden Paste
Bone Broth
1-Tetradecanol Complex (1-TDC)
Medicinal Mushrooms
Cannabis
Apple Cider Vinegar
Coconut Oil

Golden Paste
Consisting primarily of turmeric,
golden paste is touted as an antioxidant
and anti-inflammatory used chiefly
for osteoarthritis and to prevent and
treat cancer. In people, turmeric has
been used principally for the treatment
of patients with acid, flatulent or atonic
dyspepsia (German Commission E, 1985).
It also is used to prevent cardiovascular
disease, asthma and eczema and to
improve the function of the gastrointestinal tract. Turmeric extracts are
used as an antioxidant for the treatment
of hepatic disease. In laboratory animal studies, turmeric
extracts protect the liver against inflammation caused by
galactosamine, lipopolysaccharide, diethylnitrosamine, and
carbon tetrachloride.
The potential clinical benefits of curcumin found in
turmeric have been widely studied. A PubMed search on
the word “curcumin” produces over 8,400 citations. There
are other active components within the turmeric rhizome.
Curcumin-free turmeric components possess numerous
biological activities including anti-inflammatory, anticancer
and antidiabetic activities. 1 Some of the major compounds
of turmeric oil include aromatic (ar)-turmerone (28%),
turmerone (17%), turmerone, curlone (14%), 2-carene
(5%), zingiberene (4.37%), sesquiphellandrene (6%),
ar-curcumene (3%), and linoleic acid (5%).1
Multiple clinical trials in people have shown benefit for
inflammmation and pain associated with osteoarthritis. 2
A curcumin compound administered as an adjunct to chemotherapy in 80 people with solid tumors resulted in a significant
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improvement in quality of life and suppressed systemic
inflammation. 3 Curcumin supplementation decreased
proteinuria in patients with diabetic and lupus-associated
nephritis. 4,5 Curcumin has low oral bioavailability, and
most recent trials make use of lipid-enhanced forms of the
compound to increase absorption. However, turmeric and
curcumin may undergo metabolism that increases bioavailability of active compounds. 6
Possible adverse effects of turmeric have been published,
but reports of actual toxicity have been rare. It isn’t recommended for use during pregnancy as it may stimulate uterine
contractions. Other potential (but undocumented) adverse
effects include:
• Gallbladder Problems: Traditionally known as a cholagogue, tumeric should not be used if bile duct obstruction
is suspected or possible.
• Surgical Patients: Turmeric may have anticoagulant activity,
so caution is advised in people who will undergo surgery.
• Diabetes: Curcumin may decrease blood glucose, so interactions with diet changes, insulin and hypoglycemic drugs
should be kept in mind.
• Gastroesophageal Reflux Disease (GERD): Turmeric
causes gastric upset in some people, so it is said to be
contraindicated in people with GERD.
• Hormone Sensitive Tumors: Curcumin may have estrogenic
activity, thus there is some caution not to use it in patients
with hormone-sensitive tumors. Other authors suggest a
possible benefit.
• Fertility Treatments: Turmeric is said to be contraindicated
in people undergoing fertility treatments, so it may lower
testosterone levels and decrease sperm motility.
• Iron Absorption Problems: Turmeric, in large amounts,
may inhibit iron absorption.
Golden paste is often recommended for dogs with osteoarthritis, cancer and chronic inflammatory conditions. The
usual recipe for golden paste consists of ½ cup powdered
turmeric, 1 cup water, ¼ cup coconut oil, and 1 ½ teaspoon
black pepper, gently heated. The usual dose for dogs is
¼ teaspoon to 1 tablespoon, divided daily.
In people, the dose of curcumin used in published studies
is as high as 6 grams per day. The published dose of turmeric
for dogs and cats is:
• Curcumin: canine, 50-250mg TID; feline, 50-100mg QD
• Dried herb: 50-600mg/kg, divided daily (optimally, TID)
(to maximum palatability tolerance)
Bone Broth
Bone broth is an increasingly popular component of the
paleo diet and has recently been recommended as a treatment for gut and psychology syndrome (GAPS) including
autism, ADHD, depression, and schizophrenia. 7 Advocates
claim (as reported on the “Today” show) that bone broth
contains “vitamins and minerals from the broken-down bones
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that have powerful healing properties, and can help to alleviate
joint and gut pain, boost your immune system (http://www.
today.com/food/i-tried-bone-broth-week-here-s-what-happened
-t75226), brighten skin, and even make your hair shiny.” 8
There is no single recipe for “healing” bone broth. Cooking
may vary from 5 to 24 hours, which will change the nutrient
profile. Minerals reach their maximum concentration within
1 to 2 hours, but nitrogen loss is linear over about 7 hours. 8
Simmering leads to loss of nitrogen and potassium from
bones to the water. Loss of iron, calcium and magnesium
were greater from soaking in cold water. Inclusion of vegetables, when cooked, increased nitrogen, potassium, iron,
calcium, and magnesium in the final product. Other minerals
found in the broth are phosphorus, copper, sodium, and
chloride. Additional components of bone broth include
gelatin and fat. No tyrosine, tryptophan or sulfur were
found in the broth.
Although bone broth may provide a bioavailable source
of minerals and nitrogen, whether this provides benefit to
pets eating complete and balanced diets is questionable.
Toxicity:
Lead
Bone broth made by boiling chicken carcass contained
7 - 9.5 µg/L of lead, as compared with that of tap water at
0.89 µg/L. 9
Hypercalcemia:
A single case report10 described a cricket player who drank
1 to 2 liters of bone broth at least 3 days/week for 6 months
before developing hypercalcemia. No vitamin D-containing
supplements were being taken, and other causes of hypercalcemia were ruled out. The authors presumed that excess
vitamin D was coming from bone marrow, as vitamin D is
stored in fat; however, no analysis of the patient’s soup
preparations was reported. 10
1-TDC
The company that produces 1-TDC (1-tetradecanol complex) claims that “1-TDC® Dual Action is a new generation
of fatty acid oils with a different molecular structure and
properties that are far superior to traditional essential oils.”
1-TDC (novel monounsaturated fatty acid mixture, also
known as myristyl alcohol and tetradecyl alcohol) is taking
the agility world by storm. These fatty acids have been proposed to reduce inflammation via reduced LTB4, IL1, expression
of proteoglycan-degrading enzymes, and adhesion molecule
expression. The cited references are for a human clinical trial
using topical “cetylated fatty acid cream.” 11-14 and the supporting trial in dogs is unpublished and poorly reported.
Medicinal Mushrooms
Medicinal mushrooms are fungi that have a significant
role in traditional Oriental medicine systems, and over 100

species are found in modern Chinese pharmacopeias. Their
use dates back at least to Neolithic times. Fungi are members
of neither the plant nor animal kingdoms, and there are an
estimated 3 to 5 million species and only a fraction of these
have been described. At the current rate of discovery (1,200
new species per year), it will take more than 4,000 years to
describe the world’s fungal diversity. Fungi have served as a
source of compounds such as penicillin, statins, mycophenolate, cyclosporine, and avermectin. There have been over
400 clinical trials and more than 50,000 scientific papers on
medicinal mushrooms and their influence on various diseases.
Mushrooms contain relatively high concentrations of carbohydrate, fiber and protein (19 to 35%), including all amino
acids essential to humans. 15 The most well-characterized
active constituents are polysaccharides, especially β-glucans,
which have been shown to activate immune cells and cytokine
responses. Human clinical trials have shown that these
polysaccharides also attack malignant cells.
Heteropolysaccharides are more complex molecules and
have also been shown to exhibit immunomodulatory, antinociceptive and anti-inflammatory activity. Mushrooms also
produce pharmacologically active proteins, such as lectins
(carbohydrate-binding proteins) that exhibit antiproliferative,
proapoptotic and cytotoxic effects. Terpenoids are another
active class, with Ganoderma lucidum alone containing
approximately 150 different triterpenes with different biological activities. 16
Bioactive components of mushrooms:
• Terpenoids
• Lectins
• Ergosterols
• Polysaccharides
• Volatile Organic Compounds
• Phenolics
• Polyphenolics
Mushrooms and their extracts are used as adjuncts to
chemotherapy and radiation in Russia, Japan, Korea, and
China. However, the use of whole herbs and complex extracts
is difficult to reconcile with medical research and pharmaceutical therapy in the West. Although some research has
focused on small molecular weight compounds, the larger
polysaccharides cannot be synthesized, limiting large-scale
production of any compounds identified as successful therapies.
Proposed Activities of Medicinal Mushrooms
Anti-Tumor
Anti-Inflammatory
Immunodulation
Detoxification
Antioxidant
Hepatoprotective
Cardiovascular
Antidiabetic
Anti-Hypercholesterolemic
Herbicidal
Antiviral, Antiphytoviral
Nematocidal
Antibacterial
Anti-Allergic
Antiparasitic
Antinociceptive
Antifungal

The best-studied medicinal uses for mushrooms include:
• Prevention and treatment of immune deficiency/immunosuppression
• Support of patients undergoing radiation and chemotherapy
• Cancer (prevention of oncogenesis, direct anti-tumor
activity, metastasis)
• Bloodborne viral infections, especially hepatitis B, C, D
• HIV, HSV, EBV
• Chronic gastritis
• Gastric ulcers due to Helicobacter pylori
• Dementia and Alzheimer’s disease
Human clinical trials testing β-d-glucans alone and linked
with proteins have shown immunopotentiating activity.
Species showing cancer inhibitory effects include shiitake
(Lentinus edodes), maitake (Grifola frondosa), Reishi (Ganoderma lucidum), Turkeytail (Trametes versicolor), Cordyceps
(Cordyceps sinensis), Royal Sun Agaricus (Agaricus brasiliensis),
Tremella (Tremella mesenterica), and others. Some of the
β-glucans shown to have anti-cancer activity include Krestin
PSK (polysaccharide-K) and PSP (polysaccharide peptide as
in I’m Yunity™) from Trametes versicolor, lentinan from
shiitake mushrooms, and D fraction from maitake mushrooms.
Most human clinical trials are small and originate from
Asian countries. Two meta-analyses, one covering eight randomized control trials (RCTs) including 8,009 human patients
and the other analyzing 650 people with gastric cancer, indicated improved survival when mushroom extracts (lentinan
from shiitake or PSK from Trametes versicolor) were used
as adjunct therapies. A Cochrane review examined 257 trials
involving Ganoderma lucidum extract, five of which were
high quality enough to evaluate 373 patients, mostly with
lung cancer, finding quality of life improvements along
with enhanced lymphocyte proliferation when patients were
treated with the mushroom in addition to conventional
therapies.17 The following mushroom compounds have passed
Phase I, II and III clinical trials: schizophyllan, lentinan,
polysaccharide K, and Grifon D.
Mushrooms are said to have both immune-stimulant and
anti-inflammatory effects. This apparent contraindication
likely stems from the usual discrepancies between in vitro and
in vivo studies. In vitro studies indicate increased production
of proinflammatory cytokines because the cells are affected
by all substances in the mushroom extracts and in particular
the high molecular weight β-glucans. In human and other
in vivo studies, lower molecular weight substances are readily
absorbed and account for systemic anti-inflammatory effects.18
The most prominent group of anti-inflammatory compounds
are the terpenoids, but activity also has been documented from
peptides, steroids, and aromatic and phenolic compounds.
As of this writing, the PSK (polysaccharide-K) extract of
turkey tail (Trametes versicolor) has undergone more human
clinical trials than other compounds. Cancer patients were
found to have increased survival, decreased recurrences,
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increased disease-free intervals, increased peripheral NK cell
activity, increased PBL (peripheral blood lymphocytes) cytotoxicity, IgG, IgM, increased body fat, and decreased patient
withdrawal due to disease progression. 19 I’m YunityTM is a PSP
extract of turkey tail that was found to potentially increase
survival in dogs with naturally occurring hemangiosarcoma. 20
Mushroom supplements appear to be safe; severe side
effects have rarely been reported from case reports or clinical
trials. Shiitake dermatitis, however, is a recognized allergic
reaction that occurs rarely.
Uncertainties in medicinal mushroom use include:
1. There are so many species of mushroom that it is critical
to confirm that a supplier is using the correct one.
2. Unknown dosing questions as there only are confirmed
doses for simple extracts, such as lentinan. There is research
showing that high doses lead to immunosuppression.
3. Natural variations exist in bioactive content.
4. Lack of consistent production standards results in many
not being cultivable in practical or profitable amounts.
Cannabis
Findings in archeological sites suggest that cannabis was
in use — even cultivated — for 10,000 years. Neolithic people
used the plant for fiber, food, medicine, and ritual. Hemp and
marijuana are two cultivars of the species Cannabis sativa L.
Hemp is nonpsychotropic and contains primarily cannabidiol
(CBD), and marijuana is psychotropic and contains higher
levels of ∂-9-tetrahydrocannabinol (THC). Both cultivars are
comprised of many strains with varying phytochemical profiles.
Cannabis contains more than 480 unique compounds,
including 85 cannabinoids in addition to terpenoids and
noncannabinoid phenols. Cannabinoids are a group of
21-carbon-containing terpenophenolic compounds (http://
www.cancer.gov/Common/PopUps/popDefinition.aspx?id=4
22394&version=Patient&language=English). THC is the most
important psychotropic compound, and CBD has no psychoactive properties. Recently, other plant species have been
found to contain phytocannabinoids including those in the
flax (Linaceae) and daisy (Asteraceae) families.21
The endocannabinoid anandamide (from the Sanskrit
for “bliss”) was discovered in 1992 as a natural cannabinoid receptor agonist, and the endocannabinoid system
subsequently was described. Anandamide has similar effects
as THC. At least five endogenous endocannabinoids have
been described, which function in memory, balance, neuroprotection, and immune function. The endocannabinoid
system is a complex lipid-signaling network that modulates
nervous system activity, and its effects can be summarized
as “relax, eat, sleep, forget, and protect.”
The endocannabinoid system is present in all vertebrate
systems and is, therefore, thought to have existed for over
500 million years, evolving along with the plants that produce cannabinoids. THC binds cannabinoid receptors, and
58

CBD is an indirect agonist and modulator of THC activity,
inhibiting CYP3A,11 which would otherwise metabolize THC
to much more potent psychoactive compounds.
Endocannabinoids are synthesized by postsynaptic neurons
and apparently influence presynaptic neurotransmitter
release. There are thought to be 13 or more cannabinoid
receptors. 21 Anandamide and THC bind the CB1 receptor that
is the most abundant G protein-coupled receptor expressed
in the human brain. CB1 receptors are found in the brain,
myocardium, adipose tissue, vascular endothelium, GI and
reproductive tracts, and sympathetic nerve terminals, and
are located in highest concentrations near synapses of neurons
that release GABA. CB1 receptors stimulate the dopaminergic
reward pathway, which motivates eating and substance abuse.
They are thought to be related to central and peripheral
regulation of food intake, fat accumulation, and lipid and
glucose metabolism.
CB2 receptors are found in peripheral macrophages,
lymphocytes, natural killer cells, and microglia in multiple
areas of the immune and peripheral nervous systems. CB2
receptors are upregulated in the early stages of inflammation
in the CNS and peripheral tissues. Other CB receptors are
distributed among different cell and tissue types. These
receptors are bound by endogenous cannabinoids, plant
cannabinoids and synthetic cannabinoids.
Endocannabinoids are long-chain polyunsaturated fatty
acids (PUFA) formed from cell membrane omega-6 (n-6) fatty
acids with varying degrees of selectivity for cannabinoid
receptors. They affect appetite and impair cognition, time
perception and short-term memory; they also lead to discoordination, sleepiness and enhanced body awareness.
Endocannabinoids affect glucose and lipid metabolism
along with fat accumulation and are thought to have a role
in insulin resistance and metabolic syndrome.
The main role for endocannabinoids is cell signaling, and
as neurotransmitters, they are unique in that they are lipids
and hydrophobic. This confers local paracrine (cell-cell)
and autocrine (same-cell) activity as opposed to systemic
activity. These cannabinoids are formed on demand, have
a short half-life, and are not stored. Nonreceptor dependent
actions are mediated through many pathways and receptors,
including COX-2 and LOX cascades; PPAR, 5-HT1A and 2A,
benzodiazepine, glycine alpha1, and alpha1 beta receptors;
and TRP channel activation and calcium modulation.
Potential Clinical Uses for Cannabis 23
Cancer
Preclinical studies suggest that phytocannabinoids have
anticancer properties. CB1 and CB2 receptors have been
identified in many tumor types, and malignant tissues tend
to express higher numbers of cannabinoid receptors than
nonmalignant tissues. Studies suggest that cannabinoid
binding of these receptors can lead to cancer cell death

Major and Minor Cannabinoids 21,22
∆-9-Tetrahydrocannabinol
(THC)

Euphoriant, analgesic, anti-inﬂammatory, antiemetic, antioxidant, bronchodilator,
improves symptoms of Alzheimer’s disease and duodenal ulcers, muscle relaxant,
antipruritic, and is a cholagogue.

∆-9-tetrahydrocannabinolic Acid
(THCA)

Predominant cannabinoid in psychoactive strains of cannabis, THCA is nonpsychotropic until activated by smoking or cooking at a temperatures greater than 245
degrees F, having medicinal beneﬁts distinct from THC.

∆-9 Tetrahydrocannabivarin

Anti-inﬂammatory, anticonvulsant, analgesic, antioxidant, neuroprotective
(Parkinson’s disease model), improves insulin sensitivity, and glucose tolerance.

∆-8 Tetrahydrocannabinol

Less psychotropic than THC, stimulates appetite.

∆-8 Terachydrolcannabinolic Acid

Not well studied.

Tetrahydrocannabivarin (THCV)

Euphoriant, analgesic.

Cannabinol (CBC)

Sedative, antibiotic, anticonvulsant, anti-inﬂammatory.

Cannabidiol (CBD)

Antianxiety, anticonvulsant, antipsychotic, antispasmodic, may be useful in the
treatment of Parkinson’s, Huntingdon’s and Alzheimer’s diseases, multiple sclerosis
and addiction, and has demonstrated efficacy against methicillin-resistant Staphylococcus aureus (MRSA).

Cannbidiolic Acid (CBDA)

Antibiotic.

Cannabichromene (CBC)

Antibiotic, antifungal, anti-inﬂammatory, analgesic, antidepressant, and anandamide reuptake inhibitor.

Cannabigerol (CBG)

Antibiotic, antifungal, GABA uptake inhibitor, antidepressant, analgesic, and antiinﬂammatory.

Cannabigerolic Acid (CBGA)

Antibiotic.

Cannabidivarin(CBDV)

Anticonvulsant.

Cannabinol (CBN)

Possible degradation product of THC or CBD, CBN is a sedative, useful activity against
MRSA and reduces scaling in psoriasis.

Synthetic Cannabinoids
Sativex (Nabixomols)

Combination of natural THC and CBD extracts in a mouth spray, relieves spasticity
of multiple sclerosis, approved in the U.K.

Marinol, Dronabinol

Synthetic THC used for nausea and vomiting in cancer patients, stimulates appetite and eases neuropathic pain.

Nabilone, Cesamet

Synthetic THC used for nausea and vomiting in cancer patients.

Dexanabinol

Synthetic nonpsychotropic that blocks NMDA receptors and COX2-mediated
cytokines and is neuroprotective (TBI).

CT-3 (Ajulemic Acid)

Synthetic, more potent analogue of THC used for neuropathic pain and spasticity.

Cannabinor (formerly PRS-211, 375)

Synthetic CB2 agonist for neuropathic and chronic pain, anti-inﬂammatory.

HU 308

Synthetic that binds CB2 for hypertension and is an anti-inﬂammatory.

HU 331

Synthetic that binds CB1, CB2 and has non-CB receptor-mediated effects for treatment
of weight and appetite loss, analgesia, neurodegenerative disease, and inﬂammation.

Rimonabant/Acomplia

Synthetic that blocks endocannabinoid activity in the brain and suppresses appetite.

Taranabant/MK-0364

Blocks CB1, suppresses appetite.
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through various cell-signaling pathways, triggering apoptosis, inducing differentiation, and inhibiting angiogenesis
and tumor cell invasion.
Nausea and Vomiting
Synthetic cannabinoids are approved for the use of vomiting and nausea in which conventional antiemetics have not
been effective. In a review of 1,366 patients, cannabinoids
were found to be more effective than the conventional antiemetics prochlorperazine (http://www.cancer.gov/Common/
PopUps/popDefinition.aspx?id=45232&version=Patient&lan
guage=English,) metoclopramide (http://www.cancer.gov/
Common/PopUps/popDefinition.aspx?id=45225&version=
Patient&language=English), chlorpromazine, thiethylperazine
(http://www.cancer.gov/Common/PopUps/popDefinition.aspx
?id=467870&version=Patient&language=English), haloperidol
(http://www.cancer.gov/Common/PopUps/popDefinition.asp
x?id=476306&version=Patient&language=English), domperidone, and alizapride. However, cannabinoids were not more
effective for those receiving very low or very high dose emetogenic
(http://www.cancer.gov/Common/PopUps/popDefinition.asp
x?id=454776&version=Patient&language=English) chemotherapy.
Analgesia
Cannabinoids are effective in the control of both acute
and chronic pain by modulating nociceptive signals in the
central and peripheral nervous systems. Only CB1 agonists
exert analgesic (http://www.cancer.gov/Common/PopUps/
popDefinition.aspx?id=45590&version=Patient&language=
English) activity in the CNS. Both CB1 and CB2 agonists have
analgesic activity in peripheral tissue. The effects of CBD
may be primarily anti-inflammatory and appear at least
partially to involve a T-cell suppressive effect.
Appetite
Of particular interest to nutritionists is the effect of cannabis
on appetite. Cannabinoids appear to affect appetitive and
consumatory behavior. The endocannabinoid system is
involved in both the homoeostatic (sensing of deficient
energy balance and gastrointestinal load) and hedonic
(sensing of the salience and the motivational value of
nutrients) aspects of food intake. Cannabinoid-induced
hyperphagia has been clearly linked to CB1 receptor activation.
In addition, cannabinoid effects may have some interaction
with opioid and serotonergic systems. THC-induced hyperphagia, for instance, can be attenuated by the administration
of naloxone. Orexigenic effects of CB1 agonists and inhibitors
of degradation are exerted by CB1-mediated stimulatory and
inhibitory effects on hypothalamic orexigenic and anorectic
neuropeptides, respectively. Orexigenic effects are also facilitated by dopamine release and by regulating the activity
of sensory and vagal fibers in brainstem-duodenum neural
connections. CB1 receptors in the brain are under the control
of leptin, ghrelin and glucocorticoids in the hypothalamus,
under the dopamine in the limbic forebrain, and under the
cholecystokinin and ghrelin in the brain stem. 24 Farrimond
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et al. 25 have also shown that non-∆-9-THC cannabinoids lead
to increased food intake in rats.
THC has been investigated for appetite stimulation in
people with advanced cancer and HIV. In one small trial,
Dronabinol administration led to improved food intake.
Patients reported that food tasted better, and the proportion of calories (http://www.cancer.gov/Common/PopUps/
popDefinition.aspx?id=44651&version=Patient&language=
English) consumed as protein (http://www.cancer.gov/Common/
PopUps/popDefinition.aspx?id=46092&version=Patient&
language=English) was greater than in the placebo recipients. The results of older trials showed that cannabis led to
increased food intake as snacks, particularly of fatty and
sweet foods.
Inflammatory Bowel Disease (IBD)
THC and CBD have potentially beneficial effects at the
level of the gut. Activation of CB2 receptors has significant
anti-inflammatory effects, and CB1 receptors prevent overstimulation of intestinal motility. THC may help reduce intestinal permeability, and the expected antiemetic, analgesic
and psychotropic effects may also benefit IBD patients. 26
Proposed Clinical Uses for Cannabis
• Anorexia — THC
• Nausea — THC, CBD (not responsive to 5-HT3 antagonists,
Dronabinol, Nabilone)
• Pain, Inflammation — CBD, THC
• Appetite Suppression — THCV, synthetic CB1 antagonists
• Epilepsy/Seizure Disorders — Primarily CBD, THCV
• Anxiolytic — CBD
• Neuroprotetction — CBD
• Antiemetic — CBD
• DM (Diabetes Mellitus) — CBD
• Inflammatory Bowel Disease — CBD, THC
• Bone Formation
• Glaucoma
• Cancer — THC, CBD
• Antimicrobial — CBD, CBG
In contrast to how we use most drugs, cannabis users take
advantage of plant complexity and synergism by using the
whole plant rather than single compounds (called the entourage effect). Approximately 40% of the cannabinoid content
of cannabis is CBD, which binds CB2 receptors preferentially
as well as 5HT1A receptors. Other terpenoids (of which there
are over 200 in the plant) further modulate the effect of THC
and CBD. In people, a THC:CBD ratio of 1:1 is usually suggested for both pain relief and appetite stimulation. For
extreme pain, a ratio of 3:1 is preferred. Low THC strains
are used most often for conditions such as post-traumatic
stress disorder (PTSD) and dementia.
Dosing
In people, oral availability is low (6 to 20%), and absorption via inhalation is higher. Anecdotal data suggests that
CBDs may be administered to dogs at dose ranges from

0.1 mg/kg/day to 10 mg/kg/day based on studies in multiple
species.
Dr. Dawn Boothe, director of the Clinical Pharmacology
Laboratory at Auburn University, is currently (January 2016)
recruiting dogs being administered cannabis for determination of blood cannabinoid levels.
Regulatory Status
In the U.S., marijuana was banned in 1937, and the federal
law was reversed in California in 1996. Cultivation of even
hemp in the U.S. was illegal until the Farm Bill of 2014 was
passed. Although cultivation of marijuana is legal in some
states, federal regulatory status of the plant is quite different.
In some U.S. states, the cultivation of hemp is illegal but
cultivation of marijuana is not, and likewise in other states,
medicinal use of marijuana is legal and cultivation and transport over state lines is not. The following websites detail the
regulatory status of marijuana state by state:
NORML: norml.org/states
PRO-CON: medicalmarijuana.procon.org/view.resource.
php?resourceID=000881
GOVERNING: www.governing.com/gov-data/statemarijuana-laws-map-medical-recreational.html
Cannabis is a DEA Schedule I drug (no medicinal use with
high abuse potential), along with heroin, LSD and Ecstasy.
On the other hand, Marinol (a synthetic THC) is a Schedule
III drug. Nonetheless, 23 states and the District of Columbia
have legalized cannabis for limited medicinal uses for humans.
Colorado and Washington state have additionally legalized
recreational cannabis for people over the age of 21. Although
pet owners are allowed to administer cannabis to their animals,
veterinarians in all states are prohibited from prescribing it.
There is federal legislation pending in Congress to reschedule cannabis.
CBD is available legally if it is obtained from industrial
hemp plants rather than medical marijuana. Examples of
legal CBD products include HempRx from Rx Vitamins,
Treatables, Canna Companion and Canna-Pet. Dosing has
not been established and likely depends on the condition
being treated, individual genetic and metabolic factors,
and the THC:CBD ratio being used.
Although veterinarians cannot recommend cannabis,
they can assist clients in the following ways:
• Advise on toxicity, as dogs have a higher number of brain
receptors for cannabinoids potentially making them more
sensitive to cannabis compared to people.
• Discuss legal cannabis options in which high CBD products may be appropriate.
Toxicity
In people, cannabis is considered safe and has been shown
to be nonaddictive. Reports are increasing in the literature
of cannabis toxicity, especially in dogs. Presumably this is
from deliberate or accidental ingestion due to the palatability

of new edibles, but cannabis is cited as a common toxicological risk for police dogs in the line of duty.
Cannabis is absorbed rapidly after oral or inhalant administration. Although signs of toxicity may be observed within
30 to 60 minutes, onset may be as long as 12 hours after
exposure. Sedation/depression, hypotension, vomiting,
altered behavior, ataxia, tachycardia, bradycardia, hypersalivation, hypothermia, weakness, and seizures may be
observed. THC has a long half-life due to enterohepatic
circulation. Supportive treatment with benzodiazepines,
phenothiazines and antiemetics may be needed. Elimination
via hepatic metabolism and biliary excretion is complete in
five days in dogs.
Dogs have the highest concentrations of CB1 receptors in
the cerebellum of all species examined to date. This research
was performed in the 1970s by the Department of Defense,
seeking the possibility of weaponizing cannabis.
Regarding toxicity, the LD50 is high at 3 g/kg. The minimum
dose to create static ataxia in the dog is 0.5 mg/kg of THC IV.
Dogs develop tolerance to THC after repeated administration.
Unanswered questions include:
• Relevant drug interactions
• Quality control/purity/potency
• Species differences in metabolism
• Paradigm issues in which this is the only medicinal drug
smoked
• Regulatory issues have hindered research

Dietary Supplements: Regulation and
Monitoring
The Human Supplement Industry
Since the establishment of the Dietary Supplement Health
and Education Act (DSHEA) in 1994, the dietary supplement
industry has grown from around $6 billion in annual sales to
more than $35 billion in sales in 2014, according to estimates
from the Nutrition Business Journal.
The Council for Responsible Nutrition recently announced
an initiative to develop a voluntary dietary supplement registry that will help regulators gain more visibility to products.
Trade associations representing the dietary supplement
industry wrote a letter expressing collective support for the
elevation of the Division of Dietary Supplement Programs
(DDSP) to an “office” status within the Food and Drug
Administration’s (FDA) Center for Food Safety and Applied
Nutrition (CFSAN).
The groups submitting the request include the American
Herbal Products Association (AHPA), Consumer Healthcare
Products Association (CHPA), Council for Responsible
Nutrition (CRN), Natural Products Association (NPA), and
United Natural Products Alliance (UNPA). These groups
reported, “The Secretary of Health & Human Services has
recently notified Congress of its desire to implement this
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reorganization within FDA, and we endorse this change on
behalf of our members as well.”
It was a tough year for the industry in 2015. 27 The New York
attorney general’s office conducted an investigation of dietary
supplements obtained from various large outlets. The supplements were analyzed using DNA barcoding technology.
The report concluded: Using DNA barcoding technology
to examine the contents of herbal supplements, the attorney
general’s investigation is focused on what appears to be the
practice of substituting contaminants and fillers in the place
of authentic product. The investigation looked at six herbal
supplements sold at the four major retail companies across
the state.
While overall 21% of the product tests confirmed DNA
barcodes from the plant species listed on the labels, 35% of
the product tests identified DNA barcodes from plant species
not listed on the labels, representing contaminants and fillers,
and 79% were negative for DNA related to the labeled content or verifying contamination with other plant material.
A large number of the tests did not reveal any DNA from a
botanical substance of any kind. Some of the contaminants
identified include rice, beans, pine, citrus, asparagus, primrose, wheat, houseplant, wild carrot, and others. In many
cases, unlisted contaminants were the only plant material
found in the product samples.
New York Attorney General Eric Schneiderman sent cease
and desist letters letters to the following manufacturers:
Nutraceutical International Corp. (Solaray); Alternative
Remedies Health & Herbs; The Kroger Co. (parent of Vitacost.
com); FoodScience Corp. (Food Science of Vermont & DaVinci
Labs); Biopower Nutrition; Thorne Research Inc.; NBTY Inc.
(Puritan’s Pride); Olympian Labs Inc. (Prescribed Choice);
Now Foods; Nature's Sunshine Products Inc.; RHG & Co. Inc.
(Vital Nutrients); The Natural Healing Room & End Time
Essentials; and Shine Supplements.
Industry Response
A response to the New York attorney general’s report was
commissioned by four trade associations representing the
dietary supplement industry 28: AHPA, CHPA, CRN, and UNPA.
The report illustrates the following flaws in the New York
attorney general’s report:
1. Most, if not all, of the material containing cells (with the
DNA) is typically removed during extraction (or at the very
least, damaged), leaving the phytochemicals but not the
DNA in the finished product.
2. Specialized training and extensive experience in the field
of plant-species identification on top of a solid understanding of the various processing and extraction techniques
used by each manufacturer are necessary to obtain reliable
results from testing botanical dietary supplements.
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Industry Future
Trends
• New delivery forms to mask bitter tastes, deliver timerelease substances or enhance bioavailability.
• Renewed attention to adulterated products and selfpolicing. Appropriate testing at all stages in manufacturing and the transparency of label information. Quality,
safety, efficacy, sustainability, and transparency will
become more than just buzzwords.
• China passed a new Food Safety Law that provides a
framework for new dietary supplement policy. These new
supplement regulations aim to streamline the system and
make bringing products to market more transparent. There
will be a recording system for nutritional supplements such
as vitamins, minerals and other yet-to-be-determined
nutrients. China’s Food and Drug Administration (CFDA)
and National Health and Family Planning Commission
are currently creating a list of ingredients that will be
allowed in supplements.
• Some large retailers are raising liability insurance requirements for their supplement suppliers. For example, KeHe
Distributors recently required a minimum of $5 million
coverage from its suppliers.
NASC
The National Animal Supplement Council (NASC) is a
trade organization formed to “self-police” the animal supplement industry. It states, “NASC’s overriding goal is to
promote the health and well-being of nonhuman foodchain animals that are given animal health supplements by
their owners, and to protect and enhance the integrity of the
animal health product industry.”
Members of the NASC undergo an audit before they are
given full membership and allowed to display the NASC seal.
The NASC enforces Good Manufacturing Practice Quality
Standards in manufacturing, labeling and marketing animal
health supplements and has established an adverse event
monitoring system to which members are required to adhere.
NASC represents a more stringent quality control and
adverse event reporting system than is available for even
the human supplement industry. Consumers desiring more
reliable products should consider purchasing only products with the NASC label.
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Abstract
Immune function is known to decline
with age, and chronic stress can impair
immune function and exacerbate the
effects of aging. Dietary supplementation, with immunomodulatory ingredients, has potential in preventing
or slowing such changes. Any modulation of the immune system should
be balanced so that the immune
system is primed to be optimally
and appropriately active; however,
not overstimulated, which could
lead to negative effects such as chronic
inflammation, allergy and autoimmune
disorders. This article will explore
the advantages and disadvantages
of nutritional immunomodulation
and examine the evidence behind
the immunomodulating effects of
certain nutrients.

tibody responses and defective
T-helper cell subpopulations 1 that
can be reversed by feeding a highprotein diet.2 However, research
in several species, including dogs,
indicates that overfeeding also has
a detrimental effect on the immune
system, resulting in a decreased
resistance to the canine distemper
virus 3 and salmonella infection,
increased severity and frequency
of disease, 4 reduced wound healing, and a greater mortality rate.
With more and more cats and dogs
being categorized as overweight or
obese, weight control represents
a simple mechanism to maintain
or improve immune health in companion animals.
Excesses of individual amino acids
also can be detrimental to the function of the immune system.
It is well known that excessive intake of leucine has a detrimental effect on both cellular and humoral immunity in a
number of species leading to decreased numbers of T lymphocytes and decreased antibody-forming cells or antibody
titres. 5,6 These findings emphasize the importance of a balanced diet.
Aging and natural stress are two of the key causes of
impaired function of the immune system and cause many
of the same specific changes in immune function. The effects
of age and psychological stress are viewed as being interactive, with chronic stress thought to exacerbate the effects of
aging on the immune system. 7,8 Increased stress is associated
with lower telomerase activity and shorter telomere length,
which are both markers of aging.

Glossary of Abbreviations
ConA: Concanavalin A
CRP: C-Reactive Protein
DM: Dry Matter
IL-1: Interleukin 1
IL-2: Interleukin 2
IL-6: Interleukin 6
IL-10/STAT3: Interleukin 10/Signal
Transducer and Activator of Transcription 3
MHC: Major Histocompatibility Complex
NK: Natural Killer
ω-3: Omega 3
ω-6: Omega 6
PHA: Phytohaemagglutinin
Se: Selenium
TNF-α: Tumor Necrosis Factor α
Vit: Vitamin

Introduction
Dietary components are able to impact the health of an
animal in two ways; first, in a purely nutritive sense, supplying the necessary energy and amino acids to the animal, and
second, by acting as bioactive molecules and influencing a
number of functions within the animal, including immune
health. The field of immunonutrition encompasses the latter
by studying the effects of dietary supplementation with nutrients (including macronutrients, vitamins, minerals, and
trace elements) on aspects of the immune system including
inflammation, leukocyte function, antibody production, as
well as resistance to disease.

Factors Causing Changes in Immune Function
It is widely recognized that malnutrition results in an
impairment of the immune system, with a reduction of an-

Changes in Immune Function with Aging
In all species, age-related changes in the immune system
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are considered to impact risk of infection and diseases such
as cancer, diabetes and autoimmune diseases, 9-11 making
these changes one of the key factors that influence life expectancy, mortality and survival. 9,12-15 This age-related deterioration of the immune system is known as immunosenescence.16
A fully functioning immune system is comprised of both
innate and adaptive arms, which are interdependent, relying
on interaction between the two for activation and therefore
generation of an efficient immune response. However, since
individuals are exposed to an unique set of antigens and the
nature and duration of the accompanying immune response
differs considerably, the status of the immune system should
be considered the result of both chronological age and immunological history of the individual. 15 The status of the immune
system will also reflect differences as a result of genetics,
nutrition and environment. 10
Immunosenescence is generally considered to be due to a
decline in adaptive responses rather than innate immunity
and can be attributed at least in part to the involution of
tissues such as the lymph nodes, Peyer’s patches, the thymus,
and tonsils and to physiological changes in the spleen and
bone marrow that occur with age. 17 However, in the absence
of disease, innate immunity remains relatively intact or
even increased in older individuals, 15 and compensatory
mechanisms appear to help maintain it. For example, the
function of natural killer (NK) cells appears to decline with
age; however, NK cell numbers increase thus compensating
for the lower efficacy. The importance of this elevation in NK
cell numbers was shown in a study in a group of over 85-yearold humans, in which individuals with NK cell numbers in
the lowest quartile were three times more likely to die over
the following two years. 9
The decline in the adaptive immune system, primarily the
T-cell system that characterises immunosenescence, begins
following puberty and is manifested by decreasing CD8+
naive T cells numbers, decreased proliferative capacity,
increased numbers of memory T and B cells, and a reduction in the diversity of antigen recognition.14
Since a successful humoral response is highly dependent
on a fully functioning cell-mediated response, antibody
responses are affected, and decreased responses to vaccination have been reported in both older individual humans
(17-53% cf, 70-90% in young adults 9) and laboratory animal
models. 15 Even when older individuals show adequate antibody responses, the level of protection from infection is less
than in younger adults. This is thought to be due to the antibodies produced having a lower affinity 10 and therefore,
being less effective at neutralizing the viral pathogen.9
Despite this, the immune system can function successfully
for the majority of adult life without the deleterious effects
that normally are seen only in the very late stages of life.
There also appears to be age-associated defects in non-T
cells, such as antigen-presenting cells and dendritic cells,
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which fail to activate T cells effectively 15 and contribute to
a loss of immune function by affecting regulatory control,
primarily via indirect changes in cytokine expression. 9
Inflammatory processes are also closely linked with
immune function, and in older individuals conditions that
would normally cause an acute inflammatory response such
as acute infection or tissue damage tend to take longer to heal
due to a reduction in the production of proinflammatory
cytokines. 18 In contrast, chronic inflammation, which is
prevalent in older individuals, confers an increased risk of
both the development and the severity of diseases such as
rheumatoid arthritis, cancer, cardiovascular disease, atherosclerosis, and osteoporosis.8 Such chronic inflammation is
manifested by high levels of proinflammatory cytokines such
as IL-6 and TNF-α, as well as increased levels of C-reactive
protein (CRP), which is produced in response to elevated IL-6.8

Changes in Immune Function with Stress
Physical and mental stress both impact the immune system,
with acute stress tending to enhance immune responses,
potentially as an adaptive response to help ensure survival
by preparing the immune system to respond to challenges
resulting from the stress, such as wounding or infection. In
contrast, chronic stress results in immunosuppression, with
decreased responses to vaccines,19 a reduction in lymphocyte
numbers due to apoptosis following activation of the Il-10/
STAT3 axis,20 decreased mitogen-induced lymphocyte proliferation, decreased NK cell function, altered cytokine production, and decreased skin cell-mediated immunity, all
leading to slower wound healing and an increased risk of
infectious disease, with the severity of the disease increasing
as the duration of the stress increases. 21 In addition, dysregulation of the immune system is often still apparent several
years after the cessation of the chronic stress; 8 hence, the
individual remains at greater risk of infection and disease
though the stress episode has been resolved.
The risks of maladaptive immune responses to stress in
later life are also increased following prenatal or early life
stressors.8 Aside from maternal stress resulting in decreased
maternal antibody transfer, early life stress results in decreased
NK cell activity and lower antibody responses against vaccines
and hence decreased resistance to infection and disease.
These effects have also been shown to persist for at least
several years after the stress has been resolved and are reflected
in faster pathogenesis of viruses in adulthood, indicating that
the early life stress can result in a significant and perhaps
permanent compromise in immune cell populations.
It is not only the immune system that exhibits long-term
effects of early life stress. Stress hormone (cortisol) responses to
acute stress in adulthood are greater in those who experienced
stress effects during early life. Due to the connections among
the nervous, endocrine and immune systems, early life stress
events could lead to significant lifelong health implications.

Potential and Issues of Immunomodulation
There is increasing evidence that supplementing a complete and balanced diet with certain dietary compounds is
frequently able to enhance immune function, thus indicating
that ingestion of a complete and balanced diet is not always
sufficient to achieve an optimally performing immune system
and compensate for factors that impair immune function.
Given that both age and stress can negatively impact the
immune system, on the surface it would appear that dietary
enhancement of the immune system could be beneficial.
There is also the question whether it is possible to use targeted
dietary supplementation to prime the immune system for
upcoming events, such as an upregulation of the immune
system in preparation for a potential disease challenge
(e.g., before placing pets in catteries/boarding kennels), or
downregulation of the immune system with a dampening of
excess inflammatory/allergic responses before the challenge
is apparent (e.g., spring pollen levels, etc.).
In any modulation of the immune system there needs to
be a balance such that the immune system is primed to be
optimally and appropriately active when faced with an immunological challenge, and not overstimulated, which could lead
to negative effects such as chronic inflammation, allergy and
autoimmune disorders. It is, therefore, necessary not only to
explore the issues surrounding nutritional immunomodulation but also to consider the criteria by which you would
determine optimum immune function and how to assess it.
This is particularly important given the many factors that can
occur over the life span of the animal (including in utero) to
influence immune function and hence affect the potential
diversity of immune status of our companion animals.
There is considerable literature describing the immunomodulatory effects of various feed ingredients and pronutrients
in a wide range of species. 22 For most immunomodulatory
nutrients, a concentration range will exist within which consumption will result in optimal immune function; however,
consumption at levels below or above this range can result
in immunosuppression. For many immunomodulatory
nutrients, excess consumption is not an issue as the levels
required to elicit immunosuppression would be difficult to
achieve. For other nutrients, the excess level at which immunosuppression occurs may be relatively low and easily achievable even with moderate supplementation. It is, therefore,
important to clearly define the optimal immunomodulatory
concentration levels for each species and also to educate the
consumer of potential dangers of overconsumption.
The question as to what constitutes optimal immune
function and how it can be measured is an important one.
On the surface, optimal immune function would seem to be
the ability to fight and/or prevent infection and disease; the
difficulty arises in how it can be assessed. Frequency of illness and long-term survival would seem to be one answer,
but neither is particularly informative, especially in the short

term, and large numbers of subjects are needed to investigate
this. There is considerable debate as to whether changes in
immune parameters such as lymphocyte proliferation,
phagocytosis and natural killer cell activity observed with
in vitro and ex vivo studies will, in fact, result in a health
benefit such as resistance to disease or infection in vivo.
Although these methods can give indications of changes in
immune function parameters, the clinical outcome remains
unclear. Information on the frequency, severity and mortality
rates from infection and disease challenge studies could
potentially give a much clearer answer as to immune status,
but this would come at a potentially very high ethical cost.
Studies investigating the ability of ingredients to enhance
antibody production against vaccines do provide relevant
information on the immune function system; however, such
studies are only providing information on one arm of the
immune system, the adaptive arm. Taken together, most of
the currently available methods for assessing optimal immune
function are imperfect and therefore the results from work
assessing the impact of dietary supplementation on immune
function should be interpreted with this caveat in mind.

Effect of Nutritional Components on the
Immune System
Omega 3 (ω-3) and Omega 6 (ω-6) Fatty Acids
The potential therapeutic benefits of dietary supplementation with ω-3 fatty acids (including eicosapentaenoic acid),
which are found primarily in fish oils including salmon, and
the optimal ratio of ω-6 (including arachidonic acid) to
ω-3 fatty acids, has led to great interest in the functional
foods arena. Interest in these fatty acids was triggered in
humans in 1976 following the observation that Inuit people,
who normally have a diet high in fish, also have a low incidence of heart disease.23 Since then, investigations into the
effects of ω-6 and ω-3 fatty acids on immune function,
eicosanoid production, inflammatory responses, lipid peroxidation cancer, rheumatoid arthritis, ulcerative colitis,
psoriasis, organ transplantation, and heart disease have
been carried out in a number of species including dogs, 24-28
rats,29 monkeys, 30 and humans. 31,32
Results from these studies have been somewhat contradictory in nature, particularly among different species.22
In addition, since the effects on the immune system, either
immunoenhancing or immunosuppressive, appear to be
ω-6:ω-3 fatty acid ratio dependent, this highlights the
importance of determining the dose response effects of
immunomodulatory components in the relevant species.
It also shows the importance of raising consumer awareness that consumption of more of an immunomodulatory
ingredient isn’t necessarily advantageous and in some
circumstances could even be deleterious for health.
Wound inflammation has been shown to be reduced in
dogs following dietary supplementation with ω-3 fatty acids.25
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Since ω-3 fatty acids act as substrates for eicosanoid metabolism, and changes in the feeding levels of ω-3:ω-6 fatty
acids in dogs result in altered eicosanoid metabolism, 26,28
the likely mechanism of action is through the production of
eicosanoids with lower inflammatory potential than those
produced from ω-6 fatty acids. 33
A study in geriatric Beagles investigating the effects of
feeding three different ratios of ω-6:ω-3 fatty acids (31:1,
5.4:1 and 1.4:1) for 12 weeks reported that PGE2 production
and DTH responses tended to decrease with increasing ω-3
fatty acids in the diet, with a significant decrease observed
at an ω-6:ω-3 ratio of 1.4:1. 28 Humoral responses were not
affected, however, increased lipid peroxidation and decreased
plasma vitamin E levels were also observed in the dogs as the
level of enrichment of ω-3 fatty acids in the diet increased.
Old and young Fox Terriers and Labrador Retrievers fed a
diet containing an ω-6:ω-3 ratio of 5:1 for 60 days showed
increases in PGE3 production, but no effect on PGE2 production (indicating no effect on eicosanoid production), and no
effects on production of proinflammatory cytokines (IL-1,
IL-6, TNF-α) or antibody production.27 However, enhancement
of T and B cell mitogenic responses were observed in the
young dogs consuming the ω-3 enriched diets. The authors
concluded that feeding Fox Terriers and Labrador Retrievers
a diet containing an ω-6:ω-3 ratio of 5:1 had no negative
effects on immune function. However, perhaps most important, they reported that the regulation of metabolism of
ω-3 fatty acids appeared to differ between the two breeds. 27
These results emphasis the fact that feeding different ratios
of ω-6:ω-3 can elicit different effects on the immune system
and also may have different effects in different dog breeds.
In cats, some studies investigating the effects of dietary
supplementation with ω-3 fatty acids on the immune system
have shown that supplementation results in immunosuppression. 34-36 Cats consuming fatty acids derived from fish oil at
an ω-6:ω-3 ratio of 5:1 for 12 weeks exhibited decreased
lymphocyte proliferation to pokeweed mitogen, but no
changes in responses to ConA or PHA36 and a reduction in
the numbers of B, T and Th cells. 34,36 Supplementation at
the ω-6:ω-3 ratio of 5:1 also resulted in decreased skin inflammatory responses in cats. 36 In contrast, results from our
study 37 that showed cats fed a diet supplemented with
fish oil to an ω-6:ω-3 ratio of 1.77:1 for 35 days exhibited
enhancement of lymphocyte proliferative responses to
PHA, increased peripheral blood phagocytic activity, and
no changes in the expression of B or Th cell subsets. These
differences in the results may be due to the different lengths
of the trials, the different ω-6:ω-3 ratio fed, or perhaps as
suggested in previous canine studies, the breed of cat, and
thus indicate that more work is required to determine the
optimum ratio of ω-6:ω-3 fatty acids for overall health in
the cat. Trials investigating the effects of feeding different
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ω-6:ω-3 ratios over varying periods of times and in different breeds of cats are also needed.
Potential Issues with Omega-3 Supplementation
Studies in cats, 38 dogs 39 and humans 40 indicate that
consumption of diets enriched with ω-3 fatty acids (e.g.,
1.31:1 ω-6:ω-3 ratio) led to prolonged bleeding times. In
addition, some studies suggest that diets enriched with ω-3
fatty acids may lead to impaired immune responses and have
other deleterious effects such as increased lipid peroxidation
and adverse effects on the gut and wound healing (reviewed
in 41). Therefore, due to the apparent broad spectrum of
effects that ω-3 fatty acids seem able to elicit, caution is
needed when supplementing diets with ω-3 fatty acids. In
stimulating one function, such as controlling inflammatory
responses, other deleterious effects may result.
Trace Elements
Minerals have many roles within the body such as acting
as cofactors for enzymes, maintenance of the 3D structure of
proteins, forming a vital part of metalloenzymes, and relaying
intercellular and intracellular messages. Minerals such as
selenium and zinc are important for the endogenous synthesis of other compounds with antioxidant capacity including
glutathione, glutathione peroxidase and superoxide dismutase. It is not surprising, therefore, that minerals play a
role in maintaining a healthy immune system, with at least
20 minerals reported to have an impact on immune function
in some way. 42 Even moderate deficiencies of trace elements
such as zinc can prove detrimental to health by decreasing
cell-mediated, humoral and nonspecific immunity in animals
and leading to greater susceptibility to disease. 42-47 Conversely,
consumed in excess, zinc has also been shown to impair
immune function, reducing the phagocytic and bactericidal
activity of neutrophils and macrophages. 48-50 Again, these
results emphasize the importance of characterizing the levels
required for optimal functioning of the immune system in
each species.
Selenium (Se) is a component of several enzymes that are
involved in protecting cellular components from oxidative
damage 51-53 and provide some of the mechanisms through
which Se is proposed to modulate immune function and
reduce inflammation. 54 The role of glutathione peroxidase,
which contains Se, is to remove immunosuppressive radical
peroxides and regulate the lipoxygenase and cyclo-oxygenase
pathways of the arachidonic acid cascade, which, in turn,
control the synthesis of leukotrienes, thromboxanes, prostaglandins, and lipoxins, and modulate the products of the
respiratory burst of phagocytes. 55,56 In addition, Se-containing
enzymes (the glutathione peroxidase family of enzymes)
control the production of proinflammatory cytokines (e.g.,
IL-1, IL-6, TNF-α), and prevent the activation of the proin-

flammatory nuclear factor κB cascade by the removal of free
radicals from the cell. 56 Se also is thought to increase T-cell
activity by increasing expression of the high-affinity interleukin-2 receptor on T cells. 57
Se deficiency has been reported to impair humoral and
nonspecific immune responses in a variety of animal species,
resulting in reduced neutrophil bactericidal activity, 51 lower
levels of antibody producing cells, and hence lower levels of
antibodies, 58,59 and the animal being more susceptible to
infection than normal controls. 60 These effects are easily
reversed by providing an adequate Se-containing diet. 51 Se
toxicity also suppresses humoral and nonspecific immune
function, while adequate and supplementary Se can improve
immune function parameters, including lymphocyte proliferation, NK cell activity, expression of IL-2R, and cytotoxic
T cell activity. 55,56,61 These changes are due at least in part to
the ability of Se to enhance the clonal expansion of a range
of immunocompetent cells. 22
We carried out a trial 62 to determine if cats responded to
dietary supplementation of Se with enhancement of certain
immune parameters as has been seen in other species. Cats
were fed a complete and balanced diet with and without Se
supplementation (Se content DM basis: control, 0.38mg/kg
(0.3mg/kg DM minimum SE requirement; 63 moderate Se,
2mg/kg; and high Se 10mg/kg)) for a period of four weeks.
The results showed that in contrast to work in other species, dietary supplementation with Se had no effect on any immune
function parameters measured (lymphocyte proliferative responses, peripheral blood phagocytosis and expression of
lymphocyte subsets). 62 Outcomes such as this support the
fact that results from trials assessing the effects of immunomodulatory
nutrients on immune enhancement cannot be extrapolated
across species.
Antioxidants
Immune cells are particularly susceptible to oxidative
damage for two reasons: First, their cell membranes have
high levels of unsaturated fatty acids, and second, they are
capable of producing large concentrations of free radicals
during periods of intense activity such as inflammation. 22
Such oxidative damage can lead to a decline in immune
function. There is growing interest in the utilization of antioxidants for improving health status by slowing the aging
process 64 and preventing the generation of free radicals that
can damage healthy cells and hence the immune system.
The antioxidants most studied in cats and dogs include
vitamin E, ascorbic acid, β-carotene, lutein, and isoflavonoids. 62,65-71 The effects of some of these compounds on the
immune system will be described here.
Vitamin C (Vit C) deficiency has been shown to result in
impairment of the immune system in a number of species

including guinea pigs and primates. Under normal conditions
Vit C levels are high in leukocytes, and during infection are
rapidly reduced in order to prevent free radicals from causing
DNA damage to immune cells. 22 Vit C supplementation has
been shown to be beneficial in humans by enhancing mitogeninduced lymphocyte proliferation, phagocytic function of
neutrophils, 72 and in the treatment of several autoimmune
diseases including HIV (reviewed in 73). In addition, Vit C
has been shown to reduce the toxic effects of chemicals on
the immune system in both humans and animals. 22
Lutein has been shown to have immunomodulatory effects
in several species including cats and dogs. Kim, et al. 69
showed that a 12-week supplementation with dietary lutein
in cats increased the levels of CD4+ and CD21+ lymphocytes
and lymphocyte proliferative responses to ConA and pokeweed mitogen but did not affect pan T, CD8 or MHC class II
markers. Lutein supplementation also resulted in a significant
increase in plasma IgG levels in cats 69 and dogs,74 possibly
due to alterations in the cell membrane, which influence
antigen presentation. 75 Significant increases in the levels of
CD5+, CD4+, T and MHC II+ lymphocytes following dietary
supplementation with lutein have been observed in dogs. 74
The protective effects of Vit E on immune function can
largely be explained by its antioxidant activity, 76,77 with Vit E
reducing the immunosuppressive effects of free radicals and
lipid peroxidation. 78 However, Vit E supplementation has
also been shown to influence both the innate and acquired
immune systems in various production animals, laboratory
animals and humans, 77,79 though results are mixed. Enhancement of phagocytic activity by Vit E supplementation is likely
due to its effects reducing the production of immunosuppressive
compounds such as free radicals and PGE2 80-82 and the cell
signaling molecule, nuclear factor κB. 56 Vit E also stimulates
IL-2 production by T helper 1 cells, and since IL-2 is an important
promoter of T and B cell proliferation and differentiation, 77,80
this mechanism may also explain the immune-enhancing
effects of Vit E.
Trials investigating the immune-enhancing effects of Vit E
in cats have shown enhancement of lymphocyte proliferative
response to ConA, but not to PHA in aged (9.92 years) though
not young cats (2.65 years) 81 when the diet was supplemented
at either 250 IU/kg DM (225 mg/kg DM) or 500 IU/kg DM Vit E
(450 mg/kg DM). In the same study, young cats exhibited a
significant increase in the response to pokeweed mitogen
when fed a diet supplemented with 500 IU/kg Vit E (450
mg/kg DM) but not 250 IU/kg DM (225 mg/kg DM). 81 These
results demonstrate both age-related and dose response
effects when supplementing with Vit E. Results from our own
work in a mixed age group of cats (1.5-10 years) showed
similar enhancement of lymphocyte proliferative responses
to ConA and PHA and enhancement of phagocytic activity
when animals were fed a diet containing either 250 IU/kg
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DM (225 mg/kg DM) or 500 IU/kg DM Vit E (450 mg/kg DM).
This indicated that in this group of cats supplementation at
a level above 250 IU/kg DM was of no additional benefit. 62
Combined supplementation of Vit E and Se has also been
found to produce a greater enhancement of immune function
in some species; an effect that is thought to be due to the
synergistic antioxidant effects of Vit E and Se in the cell membrane and their control of arachidonic acid metabolism.79
However, our own work in cats showed that diets supplemented with both Vit E and Se had no immune-enhancing
effect above the level of Vit E alone. 62
Trials in dogs have indicated that greater benefits of antioxidant supplementation can be expected during conditions
of increased oxidative stress, such as exercise, leading to
enhanced endurance 83 and reduction in exercise-induced
oxidative damage. 66 Hence, antioxidant supplementation
prior to such exercise may be useful in dogs, though the
duration of the supplementation and period of administration prior to the event needs to be determined.
Antioxidants impact a range of immune functions, and
since each antioxidant benefits the immune system uniquely,
it is possible that a blend of several antioxidants may be more
effective at enhancing the immune system than a single antioxidant at a high dose rate. In support of this, a study in
dogs 84 showed that supplementation with Vit E and Vit C
resulted in increased neutrophil bactericidal activity. Again,
further trials comparing various dose rates and combinations
of antioxidants are needed to provide substantiated evidence
of the most effective formulation for each species.
Nucleotides
Studies in animals have shown that nucleotide-free diets
lead to impaired cell-mediated and humoral immune responses,
including decreased macrophage and NK cell activity, DTH
responses, cytokine levels, lower antibody production, and
an increased susceptibility to infection. 22,85 These changes
can be reversed by dietary nucleotide supplementation.
A number of animal studies suggest that the supplementation
of diets with nucleotides leads to enhancement of immune
function including mitogen-induced lymphocyte proliferation, IL-2 production, improved resistance to infection, enhanced cell-mediated immunity, and enhanced enterocyte
and lymphocyte maturation. 86,87 Our own work in cats 37
showed that dietary supplementation with nucleotides for
five weeks resulted in enhancement of phagocytic activity and
lymphocyte proliferative responses to the T-cell mitogen
PHA, which is agreement with work carried out in mice
and humans. 87-89

way from being able to recommend the targeted consumption
of specific immunomodulatory ingredients to overcome upcoming challenges to the immune system. The evidence shows
that different immune responses are sometimes seen in different species and possibly even in different breeds; therefore, results cannot be extrapolated across species and may
not even be applicable in different breeds. In addition, as
excess consumption of some immunomodulatory nutrients
can result in deleterious effects, it is important to determine
safe but efficacious levels of consumption. While this field
is extremely promising, more work is needed to clarify the
levels of supplementation required to optimize immune
function in individual breeds, the effects of mixtures of
immune-enhancing nutrients, and the efficacy and safety
of term and even lifelong feeding of immunomodulatory
ingredients.
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Abstract
Probiotics have demonstrated digestive
health and immune-boosting efficacy in
dogs and cats, though maintaining viability of the bacteria limits their application in pet foods. Certain inactivated
probiotics and their soluble supernatants
can modulate immune response and have
been shown to have similar functionalities
as their live counterparts. Studies have
confirmed that the combination of heattreated Lactobacillus delbruekii, heattreated Lactobacillus fermentum, and
their supernatant improves diarrhea
symptoms in children and adults. A
series of trials have confirmed that this
heat-treated Lactobacillus blend improves
immune response and gastrointestinal
health in healthy dogs and cats, even
during times of naturally occurring stress.

gens. Indirect effects include producing
short-chain fatty acids that serve as a
source of energy for intestinal cells, increasing intestinal barrier strength, and
lowering intestinal pH, thus making the
environment inhospitable to pathogens. 3
Probiotics have demonstrated efficacy in
the treatment of diarrhea and in stimulating the immune system.4 Efficacy is
contingent on a number of factors including the strain, conditions of preparation
and storage, product matrices, the dietary,
cultural and health differences of consumers, as well as genetics. 5
The question of viability limits application of probiotics in pet foods. Although
certain probiotics have demonstrated
efficacy in dogs and cats, product forms
for pets have largely been limited to supplements to ensure the bacteria remains
viable for its entire shelf life. 6 Factors
affecting viability include exposure of probiotics to oxygen,
high water activity of pet foods, and storage time and temperature. Studies have shown that few commercial probioticcontaining products available for pets meet the viable bacteria
guarantees stated on their primary packaging. 7,8
Although probiotics are, by definition, live bacteria that
confer a health benefit, there is growing evidence suggesting
that supplementation of certain inactivated probiotics may
confer health benefits as well.

Glossary of Abbreviations
ACTH: Adrenocorticotrophic
Hormone
CRP: C-Reactive Protein
EFSA: European Food Safety
Authority
GALT: Gut-Associated Lymphoid
Tissue
IBS: Irritable Bowel Syndrome
IBS-D: Diarrhea-Predominant
IBS
OPLS-DA: Orthogonal Partial
Least Squares Discriminant
Analysis
QPS: Qualiﬁed Presumption
of Safety
TTGE: Temporal Temperature
Gel Electrophoresis

Probiotics
Gastrointestinal health is integral for the health and
quality of life of companion animals. The gastrointestinal
tract of mammals contains a diverse commensal population
of bacteria that plays a crucial role in health and disease.
These commensal bacteria generally live in equilibrium and
interact with host cells. Additionally, the presence of commensal bacteria plays an important role in priming both
the innate and adaptive immune responses. 1 The beneficial
role of intestinal microbiota in animals can be strengthened
by probiotic supplementation.
Probiotics are defined as live microorganisms that when
administered in adequate amounts confer a health effect on
the host.2 These beneficial bacteria confer their benefits both
directly and indirectly. Direct effects include inhibiting pathogens via phagocytosis, blocking attachment of pathogens to
the intestinal wall, and priming the local immune system.
The gut-associated lymphoid tissue (GALT) acts through
secretory IgA to improve the gut mucosa response to patho-

Inactivated Probiotics
Inactivated probiotics or paraprobiotics have been defined
as “nonviable microbial cells (intact or broken) or crude cell
extracts (i.e., with complex chemical composition), which,
when administered (orally or topically) in adequate amounts,
confer a benefit on the human or animal consumer.” 9 Inactivated probiotics cannot divide, and the bacteria are not
considered alive. Probiotics may be rendered inactive through
heat-treatment, UV- or γ-irradiation or by chemical agents.
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Although probiotic bacteria confer some of their benefit
through direct interaction with other bacteria (which is
dependent upon the cells remaining viable), interactions
with host cells still can occur regardless of probiotic viability. 9
Although inactive, components of the bacteria can still
interact with the intestinal epithelium through cell signal
receptors. 10 Through interaction with GALT, inactivated
probiotics can also modulate the immune system. 11
Thorough reviews of research studies of inactivated probiotics have shown efficacious responses in immune modulation, allergy and inflammatory bowel disease. 9-12 However,
the health benefits of inactivated probiotics must be evaluated individually. The efficacy of inactivated bacteria is not
predicted by the efficacy of its live counterpart since inactivation often leads to the loss of benefits. 13-18 In some cases,
inactivated bacteria can exert the opposite effects of their live
counterparts, as observed with in vitro cytokine stimulation
from live and heat-treated L. paracasei NCC2461. 19
An additional source of immune system modulators includes
the supernatants that are used to grow probiotic bacteria.
The complex composition of supernatant is dependent on
the bacteria species and culture conditions. Components of
the supernatant include short-chain fatty acids, phospholipids, bacteriocins, and other proteins. 12 These metabolites
also can exert immunomodulatory effects. Reviews of research
studies of probiotic supernatant and soluble factors have
shown efficacious responses in vitro and in vivo. 9,12,20
Supplementation of inactivated probiotics and their supernatant is advantageous in immunocompromised populations.
Because inactivated probiotics are not viable, the bacteria
cannot translocate to the bloodstream. Additionally, inactivated probiotics provide an opportunity to include a functional ingredient with probiotic-like effects in a variety of
food forms. Although there are several inactive probiotics
available, a blend of heat-treated Lactobacillus species has
demonstrated efficacy in adults and children.

Efficacy of Heat-Treated Lactobacillus Blend
in Humans
A heat-treated probiotic that has been widely studied is the
combination of Lactobacillus fermentum and Lactobacillus
delbruekii. Both Lactobacillus species are common in whey
starter cultures and have a long history of use in the production of cheese and other fermented foods. 21,22 Both
L. delbruekii and L. fermentum are on the European Food
Safety Authority (EFSA) Qualified Presumption of Safety (QPS)
positive list based on their documented history of use.23
A combination of heat-treated L. delbruekii and L. fermentum
in a 10:1 ratio and their culture supernatant medium (referred
to in this article as heat-treated Lactobacillus blend) has been
commercially available in more than 40 markets for over
100 years as a treatment for diarrhea. Several randomized
controlled studies have been published evaluating the efficacy
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of the heat-treated Lactobacillus blend in both children and
adults with a focus on resolution of diarrhea symptoms.
Supplementation of the heat-treated Lactobacillus blend
for four days in children with acute diarrhea reduced the
time to obtain a normal bowel movement by 27 hours
(P<0.05). 24 Children with noncharacterized diarrhea were
given a sachet containing the heat-treated Lactobacillus
blend every 12 hours for four days. The statistical difference
was only noted when used in conjunction with oral rehydration therapy.
In a study conducted in 2000, the heat-treated Lactobacillus
blend was supplemented in children with acute diarrhea. 25
Both control and heat-treated Lactobacillus blend groups
received oral rehydration therapy, while a subset of children
received antibiotic therapy prior to initiation of the study.
Compared to the control group, children receiving the heattreated Lactobacillus blend had a significantly reduced duration of diarrhea (57.0 vs 43.4 hours, respectively, P<0.05).
A significant number of children receiving the heat-treated
Lactobacillus blend had “formed” stools after 24 hours
(P<0.05). By 72 hours posttreatment, 97% of the children
receiving the heat-treated Lactobacillus blend had recovered
as compared to 75% of children receiving the control (P<0.05).
Antibiotic treatment did not impact results.
The effect of the heat-treated Lactobacillus blend was
evaluated in babies with acute nonrotavirus diarrhea. 26
Babies received either a control sachet or a sachet containing the heat-treated Lactobacillus blend every 12 hours for
72 hours. Duration of diarrhea was significantly reduced in
babies receiving the heat-treated Lactobacillus blend compared to control (39.5 vs 63.4 hours, respectively, P<0.05).
After 72 hours, cessation of diarrhea was noted in 86% of
babies receiving the heat-treated Lactobacillus treatment as
compared to 53% of control. The authors concluded that
the heat-treated Lactobacillus blend provided a clinically
significant benefit to children with nonrotaviral diarrhea.
A study examining the impact of the heat-treated Lactobacillus blend in children with diarrhea was conducted in
Peru. 27 The children enrolled in the study included a cohort
that had diarrhea for longer than 24 hours at the beginning
of supplementation. Duration of diarrhea in children that
had symptoms for longer than 24 hours was significantly
decreased with the heat-treated Lactobacillus blend group
compared to control (9.1 vs 36.0 hours, P<0.05). The authors
concluded that the heat-treated Lactobacillus blend was
effective in children with well-established diarrhea.
The effect of the heat-treated Lactobacillus blend was
evaluated in adults with acute diarrhea. 28 After one day of
supplementation, 33% of adults receiving the heat-treated
Lactobacillus blend had returned to normal stool frequency
as compared to 3% of those receiving control (P<0.05). A
similar percentage of subjects from both treatment groups
had returned to normal stool frequency by day three of

supplementation. These results indicate that the heat-treated
Lactobacillus blend can help in resolving diarrhea symptoms
quickly in otherwise healthy adults.
A controlled randomized study investigated the effect of
the heat-treated Lactobacillus blend when given to adults
with chronic diarrhea. 29 Adults received their supplement
twice daily for four weeks. Daily bowel frequency was significantly reduced at weeks two and four in the heat-treated
Lactobacillus blend group (P<0.05). Stool consistency, abdominal pain and distention were significantly improved in adults
receiving the heat-treated Lactobacillus blend (P<0.05). The
authors concluded that the heat-treated Lactobacillus blend
can relieve symptoms of chronic diarrhea.
Although research with the heat-treated Lactobacillus
blend has predominantly focused on populations with acute
or chronic diarrhea, a small amount of work has focused on
the effect of supplementation on irritable bowel syndrome
(IBS). When the heat-treated Lactobacillus blend was supplemented twice daily for one month in adults with symptoms of diarrhea-predominant IBS (IBS-D), a significant
reduction in pain score and bloating was noted (P<0.05). 30
The mean number of stools per week significantly decreased
with heat-treated Lactobacillus treatment (P<0.05).
A randomized, double-blind, crossover trial was conducted
to compare the efficacy the heat-treated Lactobacillus blend
in adults with IBS.31 Subjects received their treatment for six
weeks followed by a two-week washout. Criteria (abdominal
pain, bloating, daily number of stools, consistency, mucus
content, and general physical state) were evaluated daily
by the individual subjects in the study. When receiving the
heat-treated Lactobacillus blend, 50% of subjects obtained
better results compared to control. Although these data are
promising, larger scale studies are needed to confirm the
effects of the heat-treated Lactobacillus treatment on IBS.
Published research has confirmed that the heat-treated
Lactobacilluss blend can reduce duration of diarrhea and
improve gut defenses in adults and children. A small amount
of work indicates that the heat-treated Lactobacillus blend
could alleviate symptoms of IBS. Additional benefits to
immune health and gastrointestinal health have not been
assessed. No published work has evaluated the efficacy of
daily consumption of the heat-treated Lactobacillus blend
in a healthy population of humans or animals. Given the
volume of positive results reported in compromised populations, the efficacy of the heat-treated Lactobacillus blend
was evaluated in healthy companion animals.

Efficacy of Heat-Treated Lactobacillus
Blend in Pets
To determine the effect of the heat-treated Lactobacillus
blend in companion animals, several feeding studies were
conducted. The overall aim of these series of nutritional

studies was to evaluate the effect of the heat-treated Lactobacillus blend on gastrointestinal and immune health in
healthy pets. Feeding studies were conducted with puppies,
adult dogs, kittens, and adult cats at pet care centers in
Missouri, Alaska and France. Length of feeding ranged from
three to 10 months, and all dietary treatments were blinded
to the staff at the pet centers until data were validated. The
results of these feedings studies are summarized below:
General Health. All pets remained in good health throughout the studies. No animals were removed from the studies
due to an adverse reaction to the heat-treated Lactobacillus
blend. Complete blood count and blood chemistry data were
evaluated throughout supplementation, and the values
remained in normal ranges.
During a feeding study in adult dogs in Alaska, an unexpected outbreak of infectious diarrhea occurred in the kennel.
The dogs had been receiving their allotted treatment for two
months when the diarrhea outbreak occurred. The staff veterinarian determined that clinical signs were consistent with
a rotaviral or corona virus infection There was no elevation
in white blood cell count, and the duration of signs ranged
from two to six days. Signs included vomiting, diarrhea
and anorexia. Over 50% of dogs in the control group had
diarrhea during this time. In addition, the diarrhea affected
an equal percentage of a separate group of dogs that were
housed in close proximity to the dogs on the feeding study.
Those dogs receiving the heat-treated Lactobacillus blend did
not show any signs of illness, and their fecal quality remained
at the ideal score throughout the entire period of the infection.
Fecal Clostridia perfringens concentrations (measured by
qPCR) were significantly lower in dogs receiving the heattreated Lactobacillus blend at the time of the diarrhea outbreak (P<0.05). These findings indicate that the heat-treated
Lactobacillus blend provided a protective benefit when
consumed daily.
Fecal Quality. Fecal quality was monitored daily in all
studies using the Nestlé Purina fecal scoring system. Scores
range from 1 (very hard and dry) to 7 (watery with no texture).
Overall fecal quality and number of unacceptable fecal scores
were analyzed. Significant differences in fecal quality were
noted in puppies. Overall fecal scores were closer to an ideal
score in puppies receiving the heat-treated Lactobacillus
blend, and the number of unacceptable fecal scores were
significantly higher in puppies receiving control supplements
(P<0.05). Negative fecal quality was not observed from consumption of the heat-treated Lactobacillus blend in any of
the feeding studies.
GI Health. Impact of the heat-treated Lactobacillus blend
on bacteria was measured using pyrosequencing in studies
with healthy adult dogs, growing kittens and healthy adult
cats. Effect on microbiome populations and diversity were
evaluated after 10 months of supplementation. Multivariate
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analysis of the 16S rRNA gene data set was performed using
orthogonal partial least squares discriminant analysis
(OPLS-DA) to determine effect of dietary treatment.
Pyrosequencing was completed on feces collected from
healthy adult dogs receiving can food to determine the effect
of the heat-treated Lactobacillus treatment on the gut microbiome. Differences in microbiome populations and diversity
were noted between the control group and heat-treated
Lactobacillus blend group after 10 months of supplementation (Q2=0.87). Overall microbiome was affected, with a
generally higher presence of the Phylum Firmicutes present in
the heat-treated Lactobacillus group, and indices of diversity were significantly higher compared to control (P<0.05).
Similar results were seen in kittens, with the heat-treated
Lactobacillus blend significantly increasing Firmicutes and
diversity indices compared to control (P<0.05). Adult cats
had a similar increase in Firmicutes, Proteobacteria and
Bacteroidetes with heat-treated Lactobacillus supplementation, and differences in the overall microbiome compared
to control were noted with PCA analysis (Q2=0.44).
These results indicate that the fecal microbiome of healthy
animals is positively affected by consumption of the heattreated Lactobacillus blend. A greater level of species diversity
reduces the opportunity for potential pathogens to colonize
the gut and protects from gastrointestinal bacterial pathogens. 32 Daily consumption of the heat-treated Lactobacillus
blend improves the fecal microbiome community and may
be protective.
Immune Health. The impact of the heat-treated Lactobacillus
blend on immune health was measured throughout the
course of these studies. Immune function was evaluated
using several methods.
Fecal IgA was used as a marker for the status of the local
gut immune system. A higher level of fecal IgA is a marker
for an active gut immune system, as it translates to the
ability of the secreted IgA to eliminate harmful bacteria
and neutralize toxins. Overall fecal IgA was significantly
increased in populations of healthy dogs, healthy cats and
growing puppies receiving the heat-treated Lactobacillus
blend (P<0.05). An increase in fecal IgA indicates a significant positive effect on the local gut immune system.
Using a Luminex Immunoassay platform, plasma cytokine
concentrations in healthy dogs consuming the heat-treated
Lactobacillus blend were evaluated monthly. Cytokines are
small soluble proteins that are used in intercellular communication to impact cellular immune responses. The Luminex
technology allows simultaneous quantification of several
biologically relevant cytokines using very small quantities
of sample. PCA analysis demonstrated that separation of
circulating cytokines between control and the heat-treated
Lactobacillus group increased with increasing time of supplementation (Q2=0.12, 0.44 and 0.63 at months 2, 3 and 4,
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respectively). The strong separation between control and
the heat-treated Lactobacillus blend was driven by a lower
concentration of IL-18 and MCP-1 in dogs receiving the heattreated Lactobacillus blend compared to control. These results
indicate that supplementation of the heat-treated Lactobacillus blend helps prime the immune system for a potentially different response to a mild stress compared to animals
receiving control.
While fecal IgA and cytokine concentrations were affected
by the heat-treated Lactobacillus blend, vaccine response
was not affected when titers were measured in adult dogs,
adult cats and growing kittens. Numerical differences were
noted in titer response in cats and kittens, though these
changes did not reach statistical significance.
To confirm that changes noted in immune status brought
about by the heat-treated Lactobacillus blend did not overstimulate the immune system, plasma C-reactive protein
(CRP) was measured. CRP is an acute phase protein that is
produced by the liver in response to inflammation. Animals
receiving the heat-treated Lactobacillus blend had CRP levels
well within the normal ranges, indicating that changes in
immune status are indicative of an enhanced immune system
and not due to an overactive immune system.
Overall, results achieved in these studies indicate that
immune function in healthy populations of cats, dogs, kittens,
and puppies were positively impacted by supplementation
of the heat-treated Lactobacillus blend.
Response to a Naturally-Occurring Stress. The impact of the
heat-treated Lactobacillus blend on physiological responses
to a mild, naturally occurring stress was evaluated. The
naturally-occurring stresses evaluated were mild restraint
in small dogs, cats and kittens, while larger dogs underwent
physically demanding exercise. Measurements were taken
before and several times after the naturally occurring stress.
General measures of stress were impacted by the heattreated Lactobacillus blend in kittens and adult cats. After
10 months of feeding, fecal adrenocorticotrophic hormone
(ACTH) was significantly lower in kittens receiving the heattreated Lactobacillus blend compared to control (P<0.05).
Adult cats receiving the heat-treated Lactobacillus blend
maintained their ACTH concentrations during 20 weeks of
supplementation, while the control group had a significant
increase (P<0.05).
The effect of mild restraint was evaluated in small dogs.
Following restraint in a pet carrier for 20 minutes, fecal quality
was significantly lower in control dogs when compared to
dogs fed the heat-treated Lactobacillus blend (P<0.05). Dogs
receiving the heat-treated Lactobacillus blend maintained
their fecal quality immediately following the restraint and
for several days after, indicating that dogs fed the blend
were less affected by the natural stress of being placed in
a carrier.

The impact of the heat-treated Lactobacillus blend on
immune and gastrointestinal health parameters following
exercise was evaluated in healthy adult dogs. Microbial diversity of fecal samples was measured using temporal temperature gel electrophoresis (TTGE). Following exercise, dogs
receiving the heat-treated Lactobacillus blend had significantly higher Shannon-Weiner and Simpson’s indexes of
diversity compared to control dogs (P<0.05). This increase in
diversity indicates that the heat-treated Lactobacillus blend
improved gut microbiota stability during times of naturally
occurring stress. Exercise also impacted circulating cytokines
in healthy dogs. Following exercise, there was an immediate
upregulation of inflammatory cytokines regardless of treatment. By 24 hours post-exercise, separation between the
treatment groups had returned (Q2=0.74), indicating that
the control and heat-treated Lactobacillus blend groups
were again expressing different ratios of cytokines. The difference between the treatment groups at 24 hours post-exercise
was driven by a decrease in inflammatory cytokines (IL-8
and IL-18) in the heat-treated Lactobacillus blend group,
while dogs in the control group had an increase in
chemokine recruiters, indicating elevated inflammation.
Supplementation of the heat-treated Lactobacillus blend
appears to positively impact dogs and cats during times of
mild, naturally occurring stresses. The response to stress
was more readily managed in healthy animals by maintaining microbial diversity, decreasing length of inflammatory
response, maintaining ideal fecal quality, and decreasing
markers of stress.
Consumption of the heat-treated Lactobacillus blend improved signs of gastrointestinal and immune health in populations of healthy companion animals. Daily intake of the
heat-treated Lactobacillus blend may confer a protective benefit
to pets during times of mild, naturally occurring stress.

Conclusion
Although probiotics have been shown to be beneficial in pets,
maintaining viability of the organisms has limited their
application in pet foods. Supplementation of inactivated
probiotics and their supernatant growth media would allow
for application in a variety of products and could be an alternative for healthy or immunocompromised populations.
Inactivated probiotic bacteria may not have the same benefits
as their live counterparts, so the potential benefits of each
bacteria should be confirmed. A blend of heat-treated Lactobacillus delbruekii, Lactobacillus fermentum and their supernatant has been shown to improve duration and symptoms
of diarrhea in humans. Diets supplemented with this heattreated Lactobacillus blend significantly improved several
indicators of gastrointestinal and immune health when included in the diets of healthy dogs and cats, even in times
of naturally occurring stress.
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Abstract
Nutritional solutions to anxiety in dogs should be considered
as part of a management plan for improving the well-being
of anxious dogs and preserving the pet-owner relationship.
A broad overview of the impact of diet on behavior in dogs
is presented with specific recommendations for two potential
interventions that show promise in alleviating signs of anxiety
in dogs. A holistic approach incorporating both behavioral
and physiological measures demonstrates a positive impact
of both fish oil and the probiotic Bifidobacterium longum on
mediating anxious behavior and stress responses in anxietyprone dogs.

Scope of the Problem – How Prevalent Is
Anxiety in Dogs?
Anxiety is a big concern for pet owners who have developed
close bonds with their dogs and want to see them live happy
and comfortable lives. Inevitably, living with an anxious dog
can be as emotionally draining for the owner as for the dog
itself. It has been estimated that 29% of pet dogs exhibit
signs of anxiety 1,2 ; however, this may be a gross underestimate as many owners accept anxious behavior as “just the
way they are,” and thus do not seek formal diagnosis for
their pets. Anxiety-related issues include separation anxiety,
noise phobias (e.g., thunderstorms or fireworks), fear of
strangers, fear of novelty, and fear-related aggression. Up
to 70% of behavioral disorders occurring in dogs can be
attributed to some form of anxiety. 3
The term “anxious” is used to describe dogs that are
hypervigilant and/or hyperreactive, seemingly anticipating

a negative outcome and experiencing negative emotional
arousal even before a situation he or she perceives as
inevitable or dangerous occurs. 4,5 An anxious dog has an
increased probability of reacting negatively to any change
in environment, be it internal or external. 3 Some dogs have
a genetic predisposition toward an anxious temperament.
For others, their anxiety may develop as a result of early
environment or experiences. Signs of general anxiety in
dogs include hypervigilance/wandering around unable to
settle, reluctance to take treats, excessive barking/attention
seeking, panting when not hot, repeated yawning, lip licking/smacking and or body shaking, house soiling, compulsive
licking, and/or aggression. 6,7 Animals have highly evolved
stress mechanisms enabling them to deal with acute stressors
in an efficient manner by eliciting the appropriate behavioral
and physiological responses needed to help them escape a
threat. These stress responses become problematic when
an individual is hypervigilant to stressful stimuli and/or
perceives threats when none exist, thus remaining in a state
of constant stress from which they are unable to escape.
Behavioral issues related to anxiety are among the top
reasons that pet dogs are relinquished to shelters. 8 Chronic
behavioral issues with a pet may be detrimental to the relationship between the owner and that pet, damaging the bond
that connects them. This loss of connection may serve as an
important determinant in the ultimate decision to relinquish a
pet. Many dogs with histories of behavioral issues are deemed
unsuitable for rehoming and/or are returned after adoption
leaving them on a likely path toward euthanasia. 9-12 In addition to the obvious well-being concerns for dogs that suffer
from anxiety, there is evidence to suggest that highly anxious pets may actually have a shorter life span than more
easygoing pets. If anxious dogs are stressed by many day-today stimuli, they may be living in a state of chronic physiological stress. 13 In other words, a pet with a thunderstorm
phobia living in a storm-prone area or a pet with separation
anxiety that is left home alone each day may suffer from
repeated stressful episodes over a lifetime. Prolonged stress
is related to a number of variations in hormone and immune
regulation and has been implemented in the development
of various disease states and shortened life spans in several
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species. 13 Given the impact that anxiety can have on their
dog’s physical and emotional well-being, many pet owners
are looking for ways to help their dogs cope with day-today stressors and allow them to maintain more positive
emotional states.

State of the Art – Impact of Diet on
Behavior in Dogs
For many dogs, anxious behavior can be mediated though
behavior modification and in extreme cases through pharmaceutical intervention. Pharmaceutical interventions may
play an important role in helping anxious dogs succeed
during behavior modification by aiding them to reach an
optimal mental state in which they can better respond to
behavior modification. However, pharmaceuticals can be
expensive, and some owners are hesitant to use these medications because of the potential for side effects or negative
perceptions around “drugging” their pets. Many pet owners
would prefer to have a more “natural” aid to help with their
anxious dog. Nutrition is often overlooked as a contributing
factor to help address behavioral problems in dogs. However,
altering diet to manipulate the availability of precursors for
the hormones and neurotransmitters that regulate behavior
has merit as a means to mitigate many behavioral issues. 14
A small number of studies in the literature support the
positive impact of diet on problematic behavior in dogs.
These include supplementation with milk 3,15 or fish 16
derivatives, manipulation of amino acid or protein levels, 17-20
a combination of the above, 21 and homeopathic 22 or herbal
supplementation. 23
Two studies have investigated the impact of bovine milk
derivatives on behavior in dogs. Beata and colleagues 3
compared the behavior of anxious dogs supplemented with
alpha-casozepine with the behavior of dogs supplemented
with selegiline, a known anxiolytic. When comparing general
anxious behavior of dogs through use of the emotional disorders evaluation in dogs (EDED) scale, 9/19 dogs (47%)
treated with selegiline and 10/19 dogs (53%) treated with
alpha-casozepine showed marked improvement. 3 Unfortunately, the study design did not include a placebo treatment
(i.e., group fed a control diet) or control for the effect of the
behavior modification plans that the dogs were undergoing
at the same time they were on treatment (i.e., group with
behavior modification alone). Thus, it is difficult to determine the magnitude of the effect of these supplements on
anxious behavior. In a later study, a diet formulated with
caseinate hydrolysate fed to anxious dogs for 65 days was
found to reduce reactivity, some anxious behavior and
cortisol levels but not heart rate. 15 Taken together, this work
provides evidence to warrant further investigation into the
potential of these bovine milk derivatives as functional
ingredients for mitigating stress in dogs.
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Recently, Landsberg and colleagues 16 examined the
impact of a fish-protein derivative on fearful behavior in
thunder-phobic dogs. The provision of fish hydrolysate
reduced fearful behavior and decreased blood cortisol levels
in response to simulated thunder. 16 Dogs were considered
“cortisol responders” to thunder if their cortisol levels were
at least double those collected during baseline. Following
treatment, 2/9 control dogs (22%), 7/10 dogs (70%) provided
a low dose (70%), and 5/10 dogs provided a high dose (50%)
showed a decrease in their cortisol response to the sound of
thunder so they were no longer considered to be responders. 16
The impact on cortisol response was most prominent toward
the end of the study, hence the authors suggest that longterm treatment may increase the anxiolytic effectiveness of
fish hydrolysate.
A handful of studies have investigated the impact of amino
acids and protein levels on the behavior of dogs. Araujo and
colleagues 20 explored the impact of L-theanine (an amino
acid found in green tea) supplementation on five anxious
dogs with a fear of unfamiliar people. Dogs treated with
L-theanine were more willing to approach and interact with
an unfamiliar person than dogs in a control group. 20 Bosch
and colleagues 19 investigated the impact of tryptophan
supplementation on mildly anxious dogs. The behavior of
dogs fed a diet supplemented with tryptophan were compared with control dogs through owner observation and a
formal anxiety test. Despite marked increases in plasma
tryptophan concentrations (37% increase), there were no
detectible changes in behavior that could be attributed to a
dietary effect when considering either the owner reported
data or results from the formal anxiety test. There was also
no measurable impacts on salivary cortisol levels even after
tryptophan supplementation for eight weeks. 19 As part of
the same study the authors also investigated the effect of a
diet formulated with a combination of tryptophan, beet
pulp, salmon oil, soy lecithin, and green tea extract, and
found no impact on anxious behavior. 19
DeNapoli and colleagues 18 examined the impact of tryptophan supplementation coupled with dietary protein level
on dogs with dominance aggression, territorial aggression
or hyperactivity issues. Owners were asked to score their
dog’s behavior on a daily basis throughout the treatment.
No significant changes in behavior were detected within
any of the three dog behavior types for any of the dietary
treatments. 18 When the data were pooled together and the
analysis was run across groups, some dietary effects emerged.
Increased tryptophan led to a reduction in aggression scores
for some dogs under specific circumstances, but there were
no changes in scores for hyperactivity. The authors suggest
that this effect was achieved either through supplementation
with tryptophan directly or by manipulating protein levels
to increase the ratio of tryptophan to large neutral amino

acids in the blood. However, no significant differences in
plasma tryptophan or serotonin were detected among dogs
on the different diets. 18 In an earlier study, Dodman and
colleagues 17 examined the impact of dietary protein level
on dominance aggression, territorial aggression or hyperactivity in dogs. Protein content was manipulated within
test diets, and owners were asked to assess changes in their
dog’s behavior. No detectible changes in behavior were
observed for controls, hyperactive or dominant aggressive
dogs. For a subset of seven fearful dogs that were territorial
aggressive, feeding a low-to-medium protein diet led to
some reduction in their aggressive tendencies. The authors
concluded that while a reduction of dietary protein may
help a subset of dogs, it is not generally useful in the treatment of behavior problems in dogs. 17 Based on the evidence
at hand it is unclear whether the level of protein or the specific
makeup of the protein provided would have a meaningful
influence on behavior. Further investigation is needed to
draw any conclusions around the impact of dietary protein
or amino acids on problem behavior in dogs.
One study to date has explored a combination effect utilizing a diet containing both alpha-casozepine and added
tryptophan. Small dogs (<15 kg) fed a diet containing tryptophan and alpha-casozepine showed a reduced urine cortisol-to-creatinine ratio after being taken into a veterinary
clinic to have their nails trimmed as compared to an earlier
nail trim when being fed a control diet. 21 The authors state
that it is unclear whether this effect was due to the alphacasozepine, increased protein in the diet, or a combination
of the two factors.
The final studies of note investigated the impact of homeopathic or herbal blends on behavior in dogs. Cracknell and
Mills 22 tested a homeopathic blend comprised of phosphorus,
rhododendron, borax, theridion, and chamomilla with dogs
that were reactive to firework noises. Owners were tasked
with dosing their dogs, and behavioral changes were noted
through owner observation. Equal improvement in behavior
was noted between supplementation with the homeopathic
remedy and a placebo, with 26/40 owners (65%) in the placebo
group and 25/35 owners (71%) in the treatment group reporting improvements in behavior. The authors caution that this
is a good example of the impact the “placebo effect” can
have on perceptions of improvement, thus the results of
uncontrolled tests regarding the impact of supplements on
behavior should be interpreted with caution. In a later study,
a proprietary blend of extracts from Magnolia officinalis and
Phellodendron amurense showed some efficacy of reducing
the magnitude of fearful behavior of dogs in response to
thunder. 23 Anxious behavior in response to thunder improved
for 12/20 dogs (60%) as compared to a placebo treatment in
which 5/20 dogs (25%) showed improvement. 23 The later
study shows some promise toward an herbal remedy helping
to alleviate symptoms of anxiety for some dogs.

‘Oiling the Brain’ – Fish Oil as a Potential
Solution to Anxiety in Dogs
Ample evidence in the literature exists to support the use
of fish oil as a potential solution to alleviate symptoms of
anxiety, depression and hyperactivity in numerous species.24-27
Although the precise mechanism by which fish oil influences
behavior is uncertain, omega-3 fatty acids have anti-inflammatory and antioxidative properties and play a role in neuroplasticity as well as modulation of neurotransmitters, all
of which could lead to psychotropic effects. 27 At least for
humans, consumption of higher levels of omega-3 fatty acids
on a daily basis results in a larger volume of gray matter in
the areas of the brain related to mood regulation. 28 In turn,
low dietary intake of omega-3 fatty acids has been linked
to mood disorders, social anxiety disorders, hostility, and
impulsive behavior. 28,29,30 Omega-3 fatty acids are of vital
importance within cell membranes and in connections
between nerves, 31 and low levels of omega-3 fatty acids in
the brain may result in continual signal disruption, which,
in turn, could result in behavioral issues. Thus, the consumption of omega-3s may actually provide a protective effect
against mood-related problems. 28
Fish oil has been suggested as a supplement to help
children with attention-deficit hyperactivity and anxiety
disorders, 32 and a recent study found that supplementation
with fish oil lowered anxiety and increased cognitive performance in nonhuman primates. 33 In addition, daily supplementation with fish oil has been shown to reduce anxiety
symptoms in people who had not previously been diagnosed
with an anxiety disorder 34 and to reduce anxiety and anger
scores in substance abusers. 35 Omega-3 fatty acids have also
been shown to have an antidepressant effect on rats subject
to the forced swim (anxiety inducing) test. 36,37 Last, omega-3
fatty acids influence the same pathways associated with
antianxiety medications 14,27 and have been shown to have
similar effects as Fluoxetine, 38 a commonly prescribed treatment for anxiety in dogs.
To assess the impact of fish oil on anxious behavior in
dogs, Nestlé Purina tested 24 anxious Labrador Retrievers
using a holistic approach incorporating both behavioral and
physiological parameters. Each dog served as his or her own
control and participated in two phases of the study. Dogs
were maintained on a complete and balanced control diet
for eight weeks and then transitioned to a complete and
balanced diet with increased levels of fish oil for 12 weeks.
During each phase the dogs’ typical behavior in response to
normal day-to-day stimuli was observed directly each week
using a scan sampling method to look for the presence or
absence of a defined set of anxious behaviors (e.g., spinning,
pacing, jumping, barking). In addition, each dog was subject
to a formal behavioral evaluation to assess nonsocial, social
and separation anxiety at the end of each feeding phase.
Noninvasive physiological measures were assessed through89

Figure 1. Behavioral change in response to day-to-day
stimuli. Dogs exhibited less anxious behavior when fed
a complete and balanced diet with added ﬁsh oil compared to a complete and balanced control diet.
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Figure 2. Physiological changes in response to formal
anxiety test. Dogs were less reactive (lower salivary cortisol
and lower heart rate) and in a more positive affective state
(higher heart rate variability (HRV)) during a formal
anxiety test when fed a complete and balanced diet with
added ﬁsh oil compared to a complete and balanced
control diet.
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out the evaluation. Heart rate and heart rate variability were
recorded through the entire formal anxiety test and salivary
cortisol concentrations were assessed following the formal
anxiety test.
A significant impact of the fish oil diet on day-to-day
anxious behavior (scan samples) was found with 21/24
dogs (87%) showing an improvement in their behavior
when fed the fish oil diet as compared to when they were
fed the control diet (Figure 1). This included significant
reductions in barking, jumping, spinning, and pacing. In
addition, 21/24 dogs (87%) had reduced salivary cortisol
concentrations in response to the formal anxiety test when
fed the fish oil diet than when fed the control diet. When
considering cardiac activity, 17/24 dogs (70%) showed a
decrease in heart rate and an increase in heart rate variability,
indicating a more positive response to the formal anxiety
test when fed the fish oil diet compared to when they were fed
the control diet (Figure 2). Thus, from both a behavioral
and physiological standpoint increased intake of fish oil had
a calming effect on anxious dogs.
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‘Cultivating the Gut’ – Impact of Bifidobacterium longum on Anxiety in Dogs
It is generally recognized that the gut and the brain are
engaged in constant bidirectional communication through
what has been coined the “gut-brain axis.” The precise
mechanism by which this occurs can only be speculated;
however, there are several plausible hypotheses. There is
evidence to suggest that gut microflora present during
development may directly influence receptor expression
in the brain.39 In addition, gut microflora produce neurotransmitters that alter brain chemistry (e.g., GABA,40 BDNF 41).
There also is evidence to suggest that gut microflora may
program brain development and stress response.42 All in all,
gut-brain communication may involve neural pathways as
well as immune and endocrine mechanisms.43 Regardless of
the specific mechanism, there is now robust evidence that
gut microbiota can signal the central nervous system (brain)
via vagal pathways within the enteric nervous system (gut).
There is mounting evidence in the literature that manipulation of the gut microbiota can influence anxious behavior
specifically. There are studies that demonstrate that anxious
behavior transfers with gut microbes,44 even in the absence
of the nonbehavioral phenotype associated with anxiety
(e.g., obesity),45 or that anxious states can be influenced by
the absence of gut microbiota.42,46,47 Of particular interest is
the anxiolytic properties of specific probiotics. For example,
oral administration of some bacteria (e.g., Camphylobacter
jejuni) has an anxiety-provoking effect in mice,48 while oral
administration of others (e.g., Lactobacillus rhamnosus)
reduces anxiety in mice. 39 A study investigating the response
of both rats and humans 49 to a probiotic blend containing
Bifidobacterium longum reduced anxiety-like behavior in rats
and alleviated psychological distress in human volunteers.
There is evidence to suggest that at least for B. longum, this
anxiolytic effect works through the vagal pathway. 50
To assess the impact of a proprietary strain of B. longum on
anxious behavior in dogs, Nestlé Purina assessed 24 anxious
Labrador Retrievers using a holistic approach incorporating
both behavioral and physiological parameters. Each dog
served as his or her own control and participated in two
phases of a crossover design. In the first phase of the study,
dogs were maintained on a complete and balanced diet for
six weeks with 12 dogs being supplemented with a proprietary
strain of B. longum and the other 12 dogs being supplemented
with a placebo. Following this phase, there was a three-week
washout period after which the dogs were reversed with the
dogs receiving the opposite treatment as during the first
phase of the study. During each phase, the dogs’ typical
behavior in response to normal day-to-day stimuli was
observed directly each week using a scan sampling method
to look for the presence or absence of a defined set of anxious
behaviors (e.g., spinning, pacing, jumping, barking). In
addition, each dog was subject to a formal behavioral eval-

Figure 3. Behavioral change in response to day-to-day
stimuli. Dogs exhibited less anxious behavior when supplemented with a proprietary strain of Bifidobacterium
longum than when supplemented with a placebo.
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Figure 4. Physiological changes in response to formal
anxiety test. Dogs were less reactive (lower salivary cortisol
and lower heart rate) and in a more positive affective state
(higher heart rate variability (HRV)) during a formal anxiety
test when supplemented with a proprietary strain of
Bifidobacterium longum than when supplemented with
a placebo.
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Our understanding of the impact of diet on anxious behavior
in dogs is in its infancy. Although there are a handful of studies
available in the literature, they are not without confounds and
limitations. Two new solutions that warrant consideration are
fish oil and probiotics. Using a holistic approach that incorporated both behavioral and physiological measures, Nestlé
Purina has demonstrated that anxious dogs treated with either
fish oil or a proprietary B. longum are less reactive (lower cortisol),
more calm (lower HR), and potentially in a better affective state
(higher HRV) when experiencing anxiety-provoking stimuli
than when they were treated with a placebo. In addition, and
possibly most noticeable to an owner, anxious dogs treated with
either fish oil or B. longum exhibited less daily anxious behavior
than when they were treated with a placebo. Hence, these
solutions have the potential to contribute positively to a management plan for improving the well-being of anxious dogs.
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Abstract

psychologists to the study of cognition in the
human. Neuropsychologists largely agree
Glossary of Abbreviations
Cognition in the dog is a loosely used
that cognition is not a unitary function but
ALCAR: Acetyl-L-Carnitine
term that refers to mental capabilities,
encompasses a set of components, referred
AOX: Antioxidants
which include several diverse processes
to as domains, which are at least partially
that affect a dog’s ability to adapt to its
BPB: Brain Protection Blend
independent and can be linked to identifiable
environment, to respond to training and
DHA: Docosahexanoic Acid
brain circuitry. For humans, the National
to interact with humans. Cognitive abilities
DNMP: Delayed NonInstitute of Health has identified six distinct
can change with age and develop into a
Matching-To-Position-Task
components: “executive function,”
form of dementia. This presentation examLA: Lipoic Acid
“attention,” “working memory,” “episodic
ines the assessment and structure of cogMCT: Medium-Chain
memory,” “processing speed,” and
nition in the dog and evidence indicating
Triglycerides
“language” (see www.nihtoolbox.org).
that cognitive processes are sensitive to
OA: Osteoarthritis
To the extent possible, we have tried to
and can be modified by nutritional interTGTA: Toronto General
develop a standardized collection of tests
ventions. A specific focus will be on studies
Test Apparatus
that can be used to assess each of these
that attempt to manipulate levels of normal
in the dog.
nutrients, with the goal of developing nutriAs
a
starting
point,
we first developed a standardized test
tional strategies that counteract the effect of age on cognition.
apparatus, referred to as the TGTA (Toronto General Test
Apparatus), based on an apparatus that had previously
Cognitive Structure in the Dog
1
Cognition in dogs, as in humans, refers to inferred processes been used in assessing cognition in nonhuman primates.
The apparatus (See Figure 1) contains a holding area for the
that determine how the dog views the world and how it
dog and a movable tray, which an experimenter can use to
adapts to its environment and changes in its environment.
present various test problems to the dog.
Cognition is a dynamic rather than a static process, with
Figure 2 illustrates how we use this test system to set up
the level of cognitive ability varying markedly among inditwo
related tasks and how we can use performance on the
viduals. Cognitive level also varies with age.
tasks
to help understand cognitive structure. In both examples
Our approach toward understanding cognition in the dog
(concurrent spatial discrimination tasks), the subjects are
borrows significantly from the approach taken by neuroFigure 1. Current Version of Toronto General Test Apparatus

Figure 2. Two Different Versions of a Concurrent Discrimination Learning Task
Task 1

Task 2

Spatial Pattern 1

Spatial Pattern 1

Spatial Pattern 2

Spatial Pattern 2

Spatial Pattern 3

Spatial Pattern 3
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provided with three different problems. For each, the dog is
presented with two identical object pairs at different locations,
and for each pair, one position is designated to be correct.
For the first variant, the correct location is the one closest to
the dog’s right. For the second variant, the correct location
is to the dog’s right on the first and third pattern but to
the left for the second pattern. The subjects are given up to
15 training trials on each of the problems daily until they
learn to correctly respond to all three problems.
To develop this task, we first tested 16 dogs on the first set
of problems (Task 1). The dogs were subdivided into old (>9
years of age) and adult (<less than 6 years of age) groups. After
completing the first part of Task 1, the subjects were tested
on a reversal learning task, in which the correct position for
each pattern was switched. In Task 2, we tested 7 old and 7
adult dogs on the initial task and on a reversal learning task.
All the dogs learned Task 1 within three test days (between
30 and 90 training trials), and there were no significant differences between the old and young dogs in the initial learning or reversal learning (Figure 3). The second task was much

more difficult, and it also revealed large age effects, with the
old dogs learning more slowly and making more errors than
the young dogs.

Evidence for the Existence of Separate
Cognitive Domains in the Dog
Thus far, we have shown we can set up different types of
tasks that can differ markedly in difficulty as well as age
sensitivity. In the above example, two tasks that appear to
be virtually identical were strikingly different in difficulty.
We believe that this is because the problems engage different cognitive processes. The first task is easy because the
subjects have to learn to respond to the object closest to
their right in order to perform accurately. This strategy
won’t work in the second task. If we look at each of the
three problems separately, in the first task, the three problems were about equally difficult. In the second task, however, both groups of dogs made significantly more errors
on the second problem than they did on either the first or
third pattern (see Figure 4).

Figure 3. Performance of old and young dogs on two different concurrent spatial discrimination learning tasks. Learning is rated based on the number of errors made before reaching a learning criterion. Note differences in Y-axis scales.

Figure 4. Errors as a problem of function and age on two different variants of a concurrent spatial discrimination task.
Task
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Task

The above results provide two lines of evidence of the
existence of distinct cognitive domains. First, the differences in difficulty and in pattern of errors suggest that different processes are required to learn Task 1 than Task 2.
Second, Task 2, but not Task 1 shows sensitivity to age with
old dogs performing more poorly than the young.
Zanghi, et al.2 provided more direct evidence that cognitive domains are at least partially independent. They first
ranked a group of aged dogs’ performances on a delayednonmatching-to-position test (DNMP), which assess working memory. Based on accuracy of performance, the dogs
were first characterized as high, medium or poor performers.
The subjects were then trained on an attention task and a
motor-learning task.
Figure 5. Performance on a test of selective attention
as a function of performance on a spatial memory task
and number of distractors. (HMP: high memory performers; MMP: moderate memory performers; LMP: low
memory performers).

The attention task assessed the dogs’ ability to detect and
respond to a previously rewarded object, when given one,
two or three alternative choices. Performance on this task
depends on the total number of choices, and the larger the
number, the greater the number of errors. Despite the significant differences among the groups in performance on
the memory task, there were no significant differences on
the attention task, indicating that dogs that differ in memory capabilities do not necessarily differ in their ability to
selectively attend to a specific object (See Figure 5).
The motor-learning task involved training dogs to reach
and pull in an object in order to obtain a food reward underneath the object. Performance on the task was based on the
maximum distance between the object and the dog, at which
the dog could respond successfully. On this task as well,
there were no differences in performance among any of the
three groups.
Collectively, these results show that performance on a
memory task does not accurately predict performance on
an attention or motor-learning task, which supports the

supposition that the tasks reflect functionally separate cognitive domains.

Strategies for Developing Nutritional
Interventions that Target Cognition
The potential value of nutritional modification in dogs,
like in humans, is apparent in many areas. The composition
and quantity of food consumed can be a key factor in the
development of potentially pathological conditions, such
as obesity and osteoarthritis, which affect quality of life. 3
Purina, for example, carried out a lifelong dietary restriction
study examining the long-term effects of caloric restriction. 4
Labrador Retriever dogs, at 6 weeks of age, were assigned
to either a control diet or a caloric-restricted diet and maintained on the diets throughout their lives. Later in life,
there were numerous changes, including dramatic differences
in the development of osteoarthritis (OA). Thus, by 8 years
of age 77 percent of the dogs fed the control diet showed
radiographic evidence of OA in two or more joints; by contrast, only 10 percent of the dogs on the caloric-restricted
diet showed evidence of OA in two or more joints.
Our focus here is on a more restricted target, namely that
of cognition. The previous discussion provides a necessary
preamble by showing that cognition is not a unitary process,
and this has important implications in the assessment of
nutritional benefits. With companion animals, this is a new
field of research, but it could have important implications for
dogs as well as for humans. As we’ve previously seen, there
is a marked age-dependent cognitive decline in acquisition
of a spatial concurrent discrimination and reversal task. We
have also carried out numerous studies using neuropsychological measures that demonstrate a selective pattern of
cognitive decline, which is particularly notable in tests of
complex learning, executive function and attention. 5,6
Two different strategies have been followed in the attempt
to provide nutritional supplements that have cognitive
benefits. The first, the “cocktail approach,” incorporates a
combination of ingredients and the assumption that the
ingredients will work cooperatively. The second focuses on
individual supplements. We’ll look at both, starting with two
different types of cocktails and subsequently examine the
potential benefits of the two different nutritional supplements, docosahexanoic acid (DHA) and medium-chain
triglycerides (MCT).

Development of Nutritional Cocktails for
Modification of Cognitive Function
Effects on Cognition of Dietary Supplementation with
Antioxidants and Mitochondria Cofactors
Our first attempt to evaluate the effectiveness of a nutritional intervention on cognition in dogs was in 1999 when
we set up a study in collaboration with the University of
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California at Irvine, Hills Pet Food, and the Lovelace Respiratory Research Institute in New Mexico. The project was a
longitudinal study designed to examine the effect of a diet
supplemented with a cocktail of antioxidants (AOX) and
mitochondirial cofactors on age-associated cognitive decline.
The subjects were 48 aged, cognitively naïve Beagle dogs.
We also ran a group of puppies in parallel on the same tasks
and diets.
The initial results showed a positive effect of the AOXsupplemented diet on acquisition of a landmark discrimination learning test, which assesses visuospatial function, 7
on an oddity discrimination learning paradigm, 8 on size
and intensity discrimination learning, and on discrimination
reversal learning. 9,10 By contrast, over the first two years of
the study, we found no group differences on performance of
a working memory task, but we did obtain positive results
on this task in the third year of the study. 11
In accounting for all the positive data, we discovered that
antioxidant supplementation provided only part of the story.
The initial design also included another intervention, namely
behavioral enrichment, which had extra cognitive training,
increased exercise and social interaction. A 2x2 design was
used, in which half the dogs on each diet were also provided
with behavioral enrichment and half were given the antioxidant supplement. The positive results on the landmark and
oddity tests were based on a comparison that was restricted
to the dogs that also received behavioral enrichment. On
the discrimination and reversal tasks, when the analysis
took into consideration behavioral enrichment as well as
AOX supplementation, it became clear that the positive
AOX effect was largely driven by the group that received
both AOX and behavioral enrichment; AOX alone did not
produce significant improvement over the control diet.
Similarly, the positive data on the DNMP after two years
of treatment was also driven by the group that received
the AOX-supplemented diet and behavioral enrichment.
Isolating Key Nutritional Supplements
A related follow-up study 12 sought to establish the importance of mitochondrial supplementation by restricting the
supplementation to a combination of l-carnitine and alpha
lipoic acid, which is a mitochondrial cofactor. The study used
12 dogs that were matched based on performance on a DNMP
task and then placed into a control and treatment group.
The groups were then assessed for performance on a
landmark discrimination protocol and retested on the DNMP
task. The dogs receiving the supplement performed significantly better than the group administered the control compound on the landmark task. On the DNMP, by contrast, the
treatment and control groups did not differ.
In an attempt to confirm and extend these results, Christie,
et al. 13 obtained baseline data from a group of dogs showing
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equivalent levels of cognition based on performance on the
DNMP. They then formed three equivalent groups: a control
group, a group administered only acetyl-l-carnitine (ALCAR),
and a third group administered alpha-lipoic acid (LA). They
tested the dogs on a landmark discrimination learning protocol. After completing this initial single-supplement phase,
the treatment groups were given an additional supplement so
that the dogs initially provided ALCAR were now also given
LA, and the dogs initially given LA were now also given
ALCAR. To assess the effects of the combined supplements,
subjects were tested on a black/white discrimination and
reversal learning protocol. The results did not reveal any
statistically significant group differences during either the
single supplement or combined supplement stages, indicating that ALCAR, LA and the combination of the two had no
significant cognitive benefits. However, these dogs had been
undergoing cognitive assessment over several months when
the study was performed, which provided them with considerable cognitive enrichment and could have obscured the
appearance of any significant treatment effects. Another
factor that could not be evaluated was the levels of carnitine
in the normal diet, compared to the levels in the earlier study.
There was some indication that basal levels were increased
over those in the control diet of the previous study, raising
the possibility of there being a threshold amount of carnitine
in the diet necessary to support normal cognition.
Cognitive Benefits from a Specially Formulated BrainProtection Blend of Nutrients
The second example of a cocktail-based approach was a
report by Pan, et al., 14 who developed a new diet referred to
as the brain protection blend (BPB) based on a biomarker
analyses. The specific strategy targeted risk factors known
to be associated with aging and dementia in humans. The
four main components were antioxidants, arginine, B vitamins,
and fish oil. They first attempted to assess effectiveness in aged
cats that had been trained on a collection of neuropsychological tests analogous to those we had developed for use in
dogs. Subjects were tested after a 30-day washin. The BPB
group showed significantly more accurate performance on
three of the four test protocols (an egocentric learning and
reversal task, a size discrimination and reversal learning
task, and a spatial memory task). There were no significant
differences on the landmark test.

Cognitive Modification by Addition of
Single Supplements
Effect on Cognition in Aged Dogs of Dietary Supplementation with Medium-Chain Triglycerides
Medium-chain triglycerides were first proposed as a nutritional intervention for cognition by Reger, et al., 15 who
hypothesized that MCTs can be converted to ketones, which

could provide the brain with an alternative to energy obtained
from glucose metabolism. The idea is appealing because
brain metabolism is known to decline with age and could
be a factor in causing age-associated cognitive decline.
To assess the effectiveness of MCTs in dogs, we first administered a collection of cognitive tests to a group of aged Beagle
dogs and used the results to establish cognitively equivalent
groups on control and treatment diets. The dogs in the treatment group were maintained on a diet supplemented with
5.5% MCT and were maintained on the diet for eight months.
During this time, they were tested sequentially on landmark
discrimination learning, an egocentric visuospatial function
test and an attention test. The groups did not differ on the
initial component of the landmark task, which involved learning to discriminate between a coaster and a coaster with a
plastic rod on top of it. They did differ significantly, however,
on the next component, a true landmark task in which the
dog was rewarded for approaching the coaster closest to the
landmark. On the egocentric task, the groups performed at
equivalent levels on the initial learning, but the MCT-supplemented group made significantly fewer errors on the reversal
component. Finally, on the attention task, the groups did
not differ on the first two phases, but they differed on the third
phase, in which the dogs tested with a stimulus previously
associated with reward and with a novel distractor. In each of the
protocols, the group differences observed always reflected more
accurate performance by the group on the MCT supplement.
We also found, as expected, that the group on the MCT
supplement showed significantly elevated levels of betahydroxybutyrate, a ketone body. The cognitive data showed
improved performance of the MCT-supplemented group on
selective tasks from each of the three protocols. In each case,
the significant improvement was seen in the more difficult
tasks, though the groups did not differ in easier tasks. This
suggests that supplementation with MCTs can produce a
generalized enhancement of brain function.
DHA Supports Cognition in Aged Dogs
The final study (Hadley, et al., 2016, in submission) focused
on possible benefits accruing from supplementation with
DHA, an omega-3 fatty acid. The study used aged Beagle dogs,
which prior to the start of the study were first switched to a
new diet that lacked n-3 polyunsaturated fatty acids (Joy®
dog food). The dogs were screened at baseline on the DNMP,
and then assigned to two cognitively equivalent diet groups.
One group was continued on the baseline diet, and the
second group was given the control diet plus a supplement,
Schizochytrium sp., which is a primary source of omega-3
long-chain polyunsaturated fatty acids (n-3 LCPUFA). The
study ran for almost six months after the start of the treatment
phase, and during this time the dogs were tested on a collection
of different neuropsychological tests that included DNMP, a

concurrent discrimination learning task and a contrast
sensitivity protocol.
The results showed that DHA supplementation produced
task-specific benefits. Specifically, the results revealed statistically significant improvement in learning a contrast
discrimination task and in performance on a variable contrast phase (See Figure 6). The dogs receiving DHA supplementation did not differ from the dogs on the control diet
on the DNMP task (see Figure 7) or in learning a concurrent
discrimination task.
Figure 6. Performance of control animals (Group 1) and
animals on a diete supplemented with Schizochytrium sp.
on a contrast discrimination protocol. During the initial
learning phase, subjects were trained to distinguish
between a black triangle and black circle on a white background. During the variable contrast phase, the contrast
between background and object was varied, with performance decreasing in parallel with reduced contrast
Learning

Variable Contrast

Figure 7. Performance on the DNMP task as a function
delay for the control and treatment groups at baseline
and at the end of the treatment phase

The contrast discrimination task was designed to assess the
dogs’ ability to both learn a difficult task and to detect objects
on cards, in which the objects became difficult to distinguish
from the background because of low contrasts. The superior
performance of the supplemented group suggests that though
DHA supports cognition in general, it also is selectively
important for tasks involving complex visual processing.
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Discussion and Conclusions
This article had two main goals. The first was to describe
what we mean by cognition in dogs, and the second was to
discuss evidence that canine cognition can be modified by
nutritional interventions. Our approach toward understanding
canine cognition is parallel to that taken by neuropsychologists who have attempted to characterize cognition in
humans and assume that cognition consists of functionally
distinct domains that can be selectively assessed with neuropsychological tests.
Evidence in support of this view comes from comparisons
of performance on a collection of neuropsychological tests,
which reveals that the correlations between some pairs of
tests are small. Thus, a given dog may show a high level of
accuracy on a test of working memory but perform poorly
on a test of selective attention or motor learning. From a
neuropsychological perspective, these findings are consistent with the suggestion that differences in test performance arise because the tests utilize different brain regions
or systems.
The cognitive domain hypothesis also accounts for differences between tasks in age sensitivity. For example, we’ve
consistently found that tasks requiring complex learning,
such as the concurrent spatial discrimination task, show
much greater age sensitivity than simple discrimination
learning or working memory tasks.

Nutritional Supplementation and
Cognitive Benefits
As previously mentioned, there has been little systematic
research on the effectiveness of nutritional interventions in
modifying cognition in dogs or cats. The data presented here,
however, strongly suggests that nutrition can have beneficial
effects and that further research may prove fruitful. We have
discussed two different types of strategies, the cocktail
approach and the single supplement approach. The cocktail approach uses a combination of supplements that are
hoped to work synergistically. The first example that we
discussed was a diet supplemented with a broad spectrum
of antioxidants and mitochondrial cofactors, and the study
went on for over two years. The results revealed that positive
evidence was obtained only from aged dogs and that the
effectiveness appeared to be linked to environmental enrichment. The absence of an effect on young dogs was not unexpected since oxidative damage is only thought to become
functionally important later in life.
The second example was the brain protection blend diet,
which was supplemented with antioxidants, arginine, fish
oil, and B vitamins. In addition, the study was performed in
cats. Unlike the antioxidant spiked diet, the rationale
underlying the formulation of the BPB diet was to elevate
levels of biomarkers that normally decline with age.
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We also discussed two different single-supplement interventions: a medium-chain triglyceride and an algae containing high levels of omega-3 fatty acids. Both studies yielded
positive results. The rationale for the addition of a mediumchain triglyceride was to increase availability of energy to
the brain by providing an alternative source of energy produced by metabolism of ketones. The study that used algae
as a supplement also demonstrated positive results and was
informative in two respects. Before starting the treatment
phase, the subjects were placed on a control diet that lacked
significant levels of DHA. This provides a useful strategy for
demonstrating the benefits of omega-3 fatty acids in the diet.
It would be useful to know, however, what the maximum
potential benefits could be and how much omega-3 must
be present to produce optimal performance.

Prevention Versus Cognitive Enhancement
There are generally two reasons why a supplement could
produce cognitive benefits. The first pertains to the possibility
of supplementation being neuroprotective by slowing or
possibly reversing degenerative processes, which could
potentially explain why in the AOX study there was evidence
of benefits that only began to emerge after three years on
the diet. The second reason why a supplement could have
beneficial effects is because it can enhance normal brain
function. Thus, we suspect that MCT supplementation serves
more as a cognitive enhancer, which would have cognitive
benefits that only persist if the dog is maintained on the diet.

CDS and Age-Dependent Cognitive
Dysfunction
A final question that warrants discussion is the clinical
relevance of this laboratory-based research for companion
animals outside the laboratory. We believe that the cognitive structure assessed in the laboratory utilizes the same
processes available outside the laboratory, and the types of
changes that we observe correspond to parallel changes that
can occur in normal life. Companion animals may also show
parallels in cognitive and behavioral changes associated with
aging to those observed during the development of human
dementia. Ruehl, et al. 17 were the first to identify a syndrome
in dogs referred to as cognitive dysfunction syndrome (CDS)
that is associated with disorientation, inactivity, sleep problems, disrupted social interactions, loss of housetraining,
and anxiety. CDS can emerge in many different forms and
is assumed if dysfunction is seen in more than one category
of signs. Thus, CDS may encompass behavioral deficits, such
as activity or sleep problems, that would not necessarily be
described as cognitive, but similar to cognitive decline are
also linked to changes in brain health.

Future Directions
Finally, it’s important to ask where this research will
eventually lead us. This is a particularly important question
in the context of pharmaceutical research into human cognitive loss and dementia. Despite spending billions of dollars
on research into drug development, we still are lacking any
drug that can treat or prevent dementia. Nutritional interventions that enhance normal function provide a promising
approach for targeting age-related cognitive decline in both
humans and companion animals. In this context, it would
be useful to have more multiyear studies that could definitively establish long-term benefits. For such studies, it also
would be important that the assessment tests be carefully
selected, keeping in mind the complex structure of cognition.
A better understanding of the beneficial effects of nutritional
supplementation could also have economic benefits by prolonging the useful life span of working dogs.
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Abstract

of AEDs upon QoL may be considerable and
cited by owners as the primary reason for
decreased QoL in their dogs. 6 In addition,
drug resistance to AEDs can be a source of
frustration for owners and veterinarians
alike in the treatment of canine IE. Seizure
freedom may not always be achievable, with
over two-thirds of dogs with epilepsy
continuing to have seizures long term 5,10-12
and around 20 to 30% will remain poorly
controlled (<50% reduction of seizure frequency) despite appropriate treatment with
standard AEDs phenobarbital and/or
potassium bromide. 13-15 Finding an effective AED that reduces
seizure frequency to an acceptable level or results in seizure
freedom can be a long process; several AEDs may need to be
added before optimum treatment is reached. Our previous
research has indicated that overall response rates (with
response defined as >50% reduction in seizure frequency)
to the first, second and third AEDs were 37.2%, 10.7% and
6.1%, respectively16; thus, many dogs continue to seizure
chronically despite multiple therapies. New treatments for
canine IE are urgently needed. The major problem in veterinary medicine is that many of the newer AEDs that are
effective and well tolerated in humans 17-19 are not efficacious
in small animals due to inappropriate pharmacokinetics or
life-threatening side effects. 20,21 Their use is furthermore
prohibited by cost. Finding new and alternative treatment
options to improve seizure control is of utmost importance
to allow dogs with IE to be treated with a reduced AED
dosage or ideally no AED treatment to avoid their associated
side effects.

Glossary of Abbreviations
ADHD: Attention Deﬁcit
Hyperactivity Disorder
AED: Anti-Epileptic Drug
HRQoL: Health Related
Quality of Life
IE: Idiopathic Epilepsy
KD: Ketogenic Diets
MCT: Medium-Chain
Triglycerides
QoL: Quality of Life

Canine epilepsy is the most common
chronic neurological condition seen in
first opinion practice. Despite its frequency
in occurrence and a battery of anti-epileptic
drugs, the majority of dogs continue to
seizure. New and more effective treatment
strategies are needed. A newly developed
ketogenic diet, based on medium-chain
triglyceride supplementation, has been
shown to be effective in improving seizure
control and reducing behavioral comorbidities. Medium-chain triglyceride enriched
diets not only improve brain metabolism but also have direct
anti-seizure effects via blockage of AMPA receptors in the
brain. Diets provide a new therapeutic option in the treatment
of canine epilepsy.

Introduction
Epilepsy is the most common chronic neurological presentation in first opinion practice; however, it may be too easy
to think of it as a simple disorder that can be controlled with
anti-epileptic drugs. Epilepsy is more than just a seizure
disorder,1 it also is a brain disease 2 and a major risk to the
health and welfare of dogs. In our recent review paper
“Epilepsy Beyond Seizures,” 3 we said that dogs with epilepsy
have an increased risk for developing behavioral changes,
such as anxiety and attention-deficit hyperactivity disorder
(ADHD), and having reduced quality of life (QoL) from antiepileptic drug (AED) side effects and complications of AED
treatment and early death. 4-7 Between 20 to 60% of dogs
with idiopathic epilepsy (IE) die as a direct consequence of
this disorder. 8 The frequency and severity of the seizures
may progress with time, with very frequent or prolonged
seizures potentially leading to brain damage and death.
The condition has an early onset (most dogs experiencing
their first seizure between 1 to 4 years of age), is lifelong 9
and requires chronic medication.
Medication with AEDs poses a fine balance between
benefits and harms, with potentially adverse welfare consequences due to unpleasant side effects including excessive
hunger, thirst, restlessness, lethargy, and ataxia.6 The impact

The Influence of Diet on Seizures
Key to reducing stress and improving QoL for the owner
and the dog is to consider the influence of the environment,
diet, comorbidities and anti-epileptic treatment. Some
reports have indicated the importance of diets, such as the
ketogenic diet, hypoallergenic diet and fatty acid supplementation, as new or alternative treatment strategies for
canine epilepsy. Anecdotally, canine epilepsy support
groups commonly report the importance of diets for the
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control of canine epilepsy. Food supplementation with omega-3
showed inconclusive results. 22 There is some anecdotal
evidence that a hypoallergenic diet might improve seizure
control in dogs with gastrointestinal hypersensitivity. 23
Ketogenic diets (KDs) have shown to be efficient in reducing seizure frequency in human patients and rodent models
of epilepsy. The ketogenic diet, which was originally characterized by a high fat and low carbohydrate diet, has been
a highly efficacious anti-epileptic treatment in children for
several decades. KDs can decrease seizure activity or lead
to seizure freedom in children refractory to AED therapy
allowing reduction or cessation of medication. 24,25 With the
original human diet, it was more difficult to induce ketosis
in dogs than in humans, 26 and so it was unknown whether
the ketogenic diet would prove to be an effective anti-epileptic
treatment in dogs. A traditional high fat and low carb/protein
ketogenic diet failed to improve seizure control in dogs. 27 A
more promising ketogenic diet is based on the addition of
medium-chain triglycerides (MCT), which improved seizure
control in the majority of cases. 28 MCTs have a high ketogenic
yield that can improve brain metabolism. Furthermore,
valproic acid, an AED, is an MCT, and it is thought that its
metabolites and other MCTs may have a similar anti-epileptic
effect. There also is robust evidence that the MCT decanoic
acid (capric acid; C10) has anti-seizure effects, as reported
in a recent study revealing mechanism of action. Decanoic
acid was found to be a noncompetitive AMPA receptor
antagonist at therapeutically relevant concentrations that
results in direct inhibition of excitatory neurotransmission,
and thus has an anticonvulsant effect.29
In a six-month prospective, randomized, double-blinded,
placebo-controlled crossover dietary trial, we recently
compared the aforementioned MCT diet to a standardized
placebo diet in chronically anti-epileptic drug-treated dogs
with IE. 28 Dogs were fed either the MCT or a placebo diet for
three months followed by a subsequent respective switch of
diet for an additional three months. Seizure frequency and
clinical and laboratory data were collected and evaluated
for 21 dogs completing the study. Seizure frequency was
significantly lower when dogs were fed the MCT diet
(2.31/month, 0-9.89/ month) in comparison to placebo diet
(2.67/month, 0.33-22.92/month); 3 dogs achieved seizure
freedom, 7 dogs had ≥50% reduction in seizure frequency,
5 had an overall <50%-reduction in seizures (38.87%,
35.68-43.27%), and 6 showed no response. Seizure day
frequency was also significantly lower when dogs were fed
the MCT diet (1.63/month, 0-7.58/month) in comparison to
the placebo diet (1.69/month, 0.33-13.82/month). Consumption of the MCT diet also resulted in significant elevation of
blood beta-hydroxybutyrate concentrations in comparison
to the placebo diet.
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Influence of Diet on Behavior in Canine
Epilepsy
In addition to the demonstrated benefits of MCTs on
seizure frequency, there are potentially beneficial effects
on the documented behavioral comorbidities of canine
epilepsy. In humans, pilot study results have shown reductions in some of the behavioral, social communication and
cognitive deficits seen in children with autism on a KD. 30
Diet-induced behavioral modifications in dogs have been
reported in peer-reviewed literature and anecdotal notes. 31
For example, a low-protein diet has been shown to reduce
certain types of aggression in dogs, 32,33 and supplementation
of casozepine or the proportion of protein in a given diet may
reduce anxiety-related behavior. 34 A similar ketogenic MCT
diet used in our study has previously been demonstrated to
improve the cognitive function of aged dogs, hypothesized to
be due to the diet providing the brain with a more effective
energy source.35
The prevalence of psychiatric disorders in people with
epilepsy is higher than in the general population or patients
with other chronic medical diseases, 36-38 with the most
common disorders being depression and anxiety disorders
followed by psychoses and attention-deficit disorders. 37,39-42
A bidirectional relationship between epilepsy and psychiatric
disorders such as depression has been considered, with
potentially common operant pathogenic mechanisms in
the disorders that facilitate the occurrence of one in the
presence of the other. 43 This is supported by people with
epilepsy being at greater risk of developing depressive
disorders, but patients with depressive disorders also being
at higher risk of epilepsy. 44,45
Behavioral comorbidities of epilepsy should be taken
seriously due to their potential to decrease QoL. In a study
of HRQoL in people with epilepsy, inter-ictal anxiety and
depression were found to have adverse effects on HRQoL,
with their effects greater than those of seizure frequency,
severity and chronicity. 46 To date, few studies have considered the possibility of psychiatric comorbidities in dogs with
IE. The first study of this topic was successfully carried out
by our research group, in which we found that at least one
behavior had changed since the onset of IE in 71% of dogs
studied. 4 Drug-resistant dogs were found to have greater
behavioral changes than drug responders in that study, 4 a
finding also seen in rodent models of epilepsy where drugresistant rats had greater behavioral changes. 47 As such,
finding appropriate treatments to reduce the effects of
behavioral comorbidities alongside seizure frequency in
dogs with epilepsy (if present) should be a further goal of
epilepsy treatment. We documented a significant reduction
in chasing behavior (a potential indicator of canine ADHDlike behavior) during the MCT diet period compared to the

placebo diet phase, and a reduction in stranger-directed
fear, which may indicate anxiolytic properties of the MCT.48

Quality of Life. Proc of the 24th Symposium ESVN-ECVN.
J Vet Intern Med. 2012;26:823-852.

Pet Owner Education

8. Mellersh CS. Genetic Testing in Canine and Feline
Epilepsy. In: British Small Animal Veterinary Association
Congress. Birmingham, U.K. 2010.

Finally, pet owner education is another key to successful
management of the patient with epilepsy. The better educated the pet owner is about epilepsy, its comorbidities and
anti-epileptic treatment (side effects, pharmacodynamics
and pharmacokinetic aspects), the greater likelihood the
owner will learn to live with the condition successfully and
help the veterinarian in the care of the patient, e.g., active
monitoring of seizure frequency (e.g., paper or electronic
seizure diary using an APP (http://www.rvc.ac.uk/newsand-events/press-office/rvc-creates-a-dog-epilepsy-smartphone-app-to-help-manage-mans-best-friend-s-fits). 49 The
owner also can help to reduce environmental stress factors
and help with the individualization of the drug treatment
depending on the seizure status of the dog. 50 The principle
of holistic epilepsy care is that “every little bit helps” to
increase the seizure threshold and, therefore, improve the
management of epilepsy.
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20 peer-reviewed publications, Dr. Wallace also is editor of
the textbooks Anthocyanins in Health and Disease Prevention,
Dietary Supplement Regulations in the U.S., and Dietary
Supplements in Health Promotion. He is a member of the
American College of Nutrition, American Society for Nutrition,
American Society for Bone and Mineral Research, Institute
of Food Technologists, and the Phi Tau Sigma Honor Society
for Food and Science and Technology. Dr. Wallace also writes
a consumer food and nutrition blog that can be found at
www.drtaylorwallace.com.
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Oliver Chen, PhD, Tufts University
Dr. Oliver Chen is director of the Antioxidants Research
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interested in exploring the interrelationship between
flavonoids and gut bacteria in colonic health. He has published more than 81 scientific articles and serves on the
editorial boards of several scientific journals. He was selected
to receive the 2012 Mary Swartz Rose Young Investigator
Award sponsored by the American Society for Nutrition.
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in Companion Animal Health

Susan G. Wynn, DVM, BluePearl Georgia
Veterinary Specialists

Julie K. Spears, PhD, Nestlé Research Center
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and the Georgia Veterinary Medical Association. Dr. Wynn
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Dr. Kay Rutherfurd-Markwick is a senior lecturer in pathophysiology and senior research scientist at the School of
Food and Nutrition at Massey University in Auckland,
New Zealand. After graduating with a doctorate degree in
biochemistry from Massey University, Palmerston North,
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the efficacy and safety of bioactive proteins, peptides and
probiotics for human consumption. Her current research
interests include companion animal nutrition and the
effects of dietary supplementation on immune function
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interest include the biochemistry of unusual sulphur amino
acids such as felinine and methods for diagnosing early
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Dr. Julie Spears earned a doctorate degree in companion
animal nutrition from the University of Illinois at UrbanaChampaign in 2005. Her research focused on the effect of
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Mathematics and Department of Veterinary Medicine. She
also serves as an associate editor for the prevention and
therapy section of the Journal of Medical Microbiology.
Dr. Spears has written numerous publications in companion
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Cat Allergy
Ebenezer Satyaraj, PhD, Nestlé Research Center
Dr. Ebenezer Satyaraj graduated with a Master of Science
degree in medical microbiology from the University of Madras
in India in 1990. He completed a doctorate degree in immunology from the National Institute of Immunology in New
Delhi, India, in 1996. Dr. Satyaraj continued his training at
the University of Chicago as a postdoctoral fellow in the
Department of Molecular Genetics and Cell Biology focusing on molecular immunology. He subsequently accepted
an instructor’s position in the Department of Medicine at
Northwestern University School of Medicine in Chicago,
where he taught immunology and conducted research in
autoimmunity. In 2001, he joined Molecular Staging Inc.,
in New Haven, Connecticut, a biotech company started
with technology from Yale University, working in the area
of cytokines and disease biomarkers. At Molecular Staging,
he led research collaborations with universities and the
pharmaceutical industry and was the author of two seminal publications, one on predictive biomarkers for cerebral
palsy and the other on biomarkers for inflammatory bowel
diseases. Dr. Satyaraj joined Nestlé Purina in 2003 to work
at the Nestlé Research Center in St Louis, Missouri, leading
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business. Dr. Satyaraj has written numerous scientific papers
in the areas of cellular/molecular immunology and cytokine
biology, including a recent publication in Science that explains
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nutritional immunology. Dr. Satyaraj is a member of the
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Veterinary Immunology Association. He serves on the editorial board of the International Journal of Immunological
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Dr. Ragen McGowan is a senior scientist in the Behavior
Group at Nestlé Purina. Since joining Nestlé Purina in 2009,
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Dr. McGowan worked on other projects examining play behavior in piglets and in children and ways to reduce problem
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