+++
ENVIGO

ance to science.”
1959)




Introduction

Reproducibility is a key principle in the conduct and
validation of experimental science. Fundamental to
the conduct of reliable, reproducible scientific research
is limiting variables to those being studied. There are
numerous factors that can influence research outcomes
and should, therefore, be controlled. Aside from the
health status of the laboratory animal, environmental
factors such as diet, bedding, light cycles, noise,
humidity, temperature, and personnel interactions with
animals are key variables that can influence research
outcomes (Reardon, 2016).

Almost 40 years ago, the National Academy of

Sciences recognized that the detailed composition of
laboratory animal diets used for experimental purposes
is important knowledge for scientists (Institute of
Laboratory Animal Resources Committee on Laboratory
Animal Diets, 1978). The overall quality and consistency
of diets fed to a variety of laboratory animal species was
further strengthened in the late 1970s, when the U.S.
Food and Drug Administration (FDA) issued regulations
outlining the principles of Good Laboratory

Practice (GLP).

Reproducibility is a key principle
in the conduct and validation
of experimental science.

While it has long been known that diet affects
reproduction, growth, disease, and response to
experimental manipulation in laboratory animals
(Barnard, 2009), diet continues to be an overlooked
variable in experimental investigations (Newberne,
1996; Warden, 2008). Since diet can affect the accuracy
and reproducibility of scientific studies, it follows that
diet can influence experimental outcomes and the
conclusions drawn from the empirical data.

Careful consideration of animal diet will help support
experimental designs. Broadly, the selected diet should
align with nutritional requirements of the animals,

have minimal batch-to-batch variation, and minimize
the potential for confounding (e.g. exclusion of an
ingredient that has a well-known effect on an outcome).

This article is intended to provide the reader with basic
information about how diets can be both a source of
experimental variation and a valuable research tool,

as well as describe some key considerations when
choosing a lab animal diet.
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Types of laboratory animal diets

The first step to a more thorough understanding

of diet is a review of terminology, which will be
done in the next several sections and is summarized
in Table 1.

Laboratory animal diets are differentiated into
categories based on either the ingredient composition
(i.e. natural or refined ingredients), or their end use
(i.e. standard, custom, medicated). Each of these
categories is described in more detail below.

Natural ingredients in laboratory animal diets refer
to relatively unrefined agricultural commodities.
Some examples are grains (corn, wheat, oats), grain
by-products (wheat middlings, wheat bran),
concentrated plant protein sources (soybean meal,
corn gluten meal, alfalfa meal), and animal proteins
(pork meal, fish meal). These natural ingredients
are chemically complex, containing a variety of
macronutrients and micronutrients as well as
non-nutrients.

Figure 1. Standard diets: L to R bottom: pelleted rodent diet,
extruded rodent diet. L to R top: dog, rabbit, non-human pri-
mate, cat and ferret diet.

Refined ingredients are those that have undergone
further processing from their source material. As a
result, they are chemically simple, as they typically
provide one major nutrient and sometimes trace
amounts of several other nutrients. For instance, casein
is a common protein source extracted from cow’s milk
— it is precipitated, washed, and dried. The end result
is a concentrated protein source with very little fat or
carbohydrate, and the only mineral of significance with
respect to formulation of diets is phosphorus. Other
commonly used refined ingredients include free amino
acids, sucrose, glucose, fructose, cornstarch, cellulose,
and fats and oils. The non-nutrient component has
generally been removed or reduced during processing.

Standard is a common term used to denote diets
comprised of natural ingredients. Standard diet is also
commonly referred to by other terms including grain-
based, cereal-based, and chow. Standard

diets have been used to feed laboratory animals

for more than 75 years. For practical reasons (cost,
ready availability), they are the most widely used

type of laboratory animal diet. These diets come

in various shapes and sizes that reflect species and
method of processing (Figure 1).

They are used to support reproduction, growth, and
maintenance of animal colonies. Because of the nature
of the ingredients and the scale of production, there
will be a greater degree of nutrient variability relative to
diets using refined ingredients. Only in recent decades
has the presence of non-nutrients and their variability
in content, and how research can be impacted (Brown
and Setchell, 2001), been appreciated.

»
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Custom diets (Figure 2), as implied in the
name, are custom formulated and generally
produced in small quantities. Purified diets
— also referred to as semi-purified, defined,
or synthetic — are the most common type of
custom diet and are made from the refined
ingredients previously described. These
food-grade ingredients have relatively
simple chemical compositions, making it
possible to manipulate individual nutrients
(Reeves, 1997). The use of refined ingredients
provides uniformity and reproducibility
benefits, allows for tremendous versatility in
diet design, and serves to reduce variation
due to natural substances that may have
biological activity (Kozul, 2008; Thigpen,
1999). Also quite common is the use of

a complete standard diet as the primary
component in a custom diet to which

a variety of ingredients can be added.
Custom natural ingredient diets can also

be formulated using the same agricultural
commodities as found in standard diets.
This is less common, as the complexity of
ingredient composition in natural ingredient
diets limits their usefulness for a custom
application. Overall, custom diets are
developed and used for a defined purpose,
often with input from the investigator.

Types of laboratory animal diets

Medicated diets are those produced in bulk
and used for veterinary purposes. These
medications are added to a standard diet,
and the diets are produced in facilities where
equipment can be sufficiently cleaned to
minimize the risk of downstream cross-
contamination. Anthelmintics (a group of
antiparasitic drugs) and antibiotics are the
most common types of medication used in
medicated diets. The purpose of these drugs
in the diets is to eliminate pinworms and fur
mites and to prevent infection. Importantly,
drugs incorporated into a medicated diet
should be stable and able to withstand
degradation during production and storage.
Many diets containing medications or similar
compounds can be made on a small scale,
and these fall into the custom category.

Figure 2. Custom diets: Purified diets (white

or colored; colors are from approved food dyes,
added to aid the user in differentiating diets)
and custom diet with standard diet base or
natural ingredients (brownish)

»
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Types of laboratory animal diets

Table 1: Summary of diet types and various attributes of these diets

Standard Custom Medicated diet
(natural ingredient) diet diet (veterinary purpose)

+ Natural ingredients that + Primarily refined and Medications generally added
are relatively unrefined chemically simple, with to standard diet
and chemically complex limited non-nutrients
+ Potential for non-nutrients + Can be made from natural
which can impact phenotype ingredients or consist of
standard diet plus other
ingredients

Limited for those produced
in large quantities

6 or 9 months 6 months 6 months

Relatlvely limited Practically unlimited

Careful consideration
of animal diet will help
support experimental design.
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Formula types

Diet formulas for laboratory animals can be classified
as open or closed (Figure 3). In open formula diets,
the quantitative ingredients are published and
available. Any manufacturer can produce the diet to

specification, and researchers can report a full formula.

In contrast, closed formulas are proprietary, meaning
that while the ingredients are disclosed, the exact
recipe is known only to the manufacturer. Researchers
must rely on technical datasheets supplied by the
manufacturer for relevant details about the diet. These
closed or proprietary standard natural ingredient diets
are marketed under trade names (e.g. Envigo Teklad
2018; LabDiet 5001, SDS RM3) and are widely used in
facilities across the globe.

Figure 3: Schematic of formulation terminology

Open formulas are by definition fixed, meaning the
recipe is the same each time is it produced. The
most familiar examples of open, fixed formulas are
standard natural ingredient diets that were created
by government agencies like the National Institutes
of Health (NIH) and the National Toxicology Program
(NTP), such as the NIH-07, NIH-31, and NTP-2000 diets.
These open formula diets are used less frequently
than closed formulas, mostly due to the limited
options which are not as well-suited to various
research applications.

The commonly used purified diets AIN-76A, AIN-93G,
and AIN-93M are open formulas that were developed
by a committee of scientist members of the American
Institute of Nutrition (now called American Society for
Nutrition). Most manufacturers of purified diets fully
disclose the ingredient composition and inclusion rates
to the end user.

Formula type

Open formula

Fixed formula
(i.,e. NTP, NIH)

Fixed formula

Closed formula
(proprietary)

Variable formula

(managed)
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Formulation practices and impact

on nutrient variation

Closed formulas can be either fixed or variable
(Figure 3). For both types, ingredients should be
listed on the manufacturer’s technical data sheet.
Beyond this, it is relevant to make some comparisons
between the approaches.

In fixed-formula diets, the ingredients and their relative
proportions are not altered. This factor is coupled with
stringent ingredient sourcing and monitoring practices
in order to manage variability. The rationale for using
fixed formulation is that natural ingredients contain a
variety of nutrient and non-nutritive components, both
of which can influence research results. The overall
goal is to satisfactorily minimize nutrient variation and
manage non-nutrient variation to the extent possible,
all while maintaining the integrity of the formula.

Manufacturers that use variable formulation do so
because they believe macronutrient variability in raw
materials could lead to significant variation in the
finished diets. Therefore, inclusion rate changes may
be necessary. These changes are made based on
the indirect assay of ingredients using near infrared
spectroscopy (NIRS) to achieve stability in a set of
nutrients (protein, fat, crude fiber, and perhaps a
few macro-minerals) that can be predicted relatively
accurately by NIRS. These changes are made in real
time, and not all nutrients can be monitored. End users
will not be aware whether or how a variable formula
diet has changed over time. It is plausible that this
practice will introduce more variability in nutrients
that are not monitored, and in the amount and type
of non-nutrients. This may have considerable impact
on study results (Thigpen, 2004; Thigpen, 2007).

The nutrient content of plants does vary with harvest
location and across growing seasons, and although
geographic and seasonal variations may impact
ingredient nutrient levels, the effects on levels

in the finished feed are often overstated.

The results from a study of the quality and variation

in the average protein content of soybean meal sources
from six highly varied countries revealed a maximum
difference of just of 2.8% (Thakur, 2007). In most feeds,
this would represent a finished product variation of
0.2-0.7% protein — a small variation that would likely

be balanced by protein variations in other ingredients.

Overall, irrespective of formulation approach, rigorous
quality control by feed manufacturers can significantly
reduce the magnitude of batch-to-batch nutrient
variation in a finished product.

»
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Formulation practices and impact
on nutrient variation

It is not necessary to alter ingredient inclusion rates

to manage nutrient variability, as shown in Figure 4.
The plot is a comparison of the coefficient of variation
(CV) over a period of 5 years, comparing a variable
formula and a fixed formula. The plot shows both the
magnitude and the distribution of variation for these
nutrients (<5% for protein and 5-15% for most minerals)
and demonstrates that fixed and variable formulation
strategies can result in similar nutrient stability in the
finished product.

Figure 4. Comparison of macro- and micro-nutrient variation
in a fixed vs. variable formula diet over a period of 5 years
(2009-2013). Source: Envigo
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Ingredient selection and monitoring to
minimize the presence of specific non-nutrients

In addition to the effects a diet may have

on research studies as a result of its nutrient
profile, the presence of non-nutrients can
also affect endpoints (Kozul, 2008). Plant and
animal origin materials in natural ingredient
diets contain many compounds that are not
nutrients. Some fall into the category of
contaminants which are introduced from the
environment, while others are inherent in the
ingredients. Some have been identified, can
be reliably measured, and have recognized
physiological effects. Others are yet to

be identified.

Examples of contaminants include heavy
metals (arsenic, lead, mercury, cadmium),
certain pesticides (list varies by region of

the world), and mycotoxins. The disruptive
potential of some contaminants is recognized
(Oller, 1989; Rao 1987; Greenman, 1980), and
limits are placed on their levels in certified
diets used for GLP purposes. The common
practice of screening corn and wheat
ingredients for mycotoxins prior to unloading
at the feed mill ensures that finished diets
will not exceed a limit. Exclusion of fish

meal will minimize nitrosamines, a potential
carcinogen (Edwards, 1979), and result

in lower arsenic levels in a standard diet.

Many rodent diets, formulated years ago but
still commonly used, contain small amounts
of alfalfa meal. More recently,

it has been appreciated that the naturally
occurring component chlorophyll in alfalfa
meal interferes with fluorescent imaging in
live animals (Troy, 2004). Autofluorescence
in the abdominal region due to chlorophyll
obscures the image. Use of either

a standard diet without alfalfa meal or

a purified diet greatly reduces background
autofluorescence, making it possible to
quantify the signal of interest (Inoue, 2008).

Among those non-nutrients that are
inherent, phytoestrogens receive the most
attention. Phytoestrogens are plant-derived
compounds that mimic both the structure
and the function of estrogen in mammals.
The primary types of phytoestrogen present
in laboratory animal diets are the isoflavones
genistein and daidzein, found in soybean
meal, and coumestrol, found in alfalfa meal
(Thigpen, 1999). Their structural similarity

to estrogens allows interaction with the
estrogen receptors and the elicitation of
estrogenic or antiestrogenic effects.

For this reason, they are referred to as
selective estrogen receptor modulators
(SERMs) (Brown 2001, Thigpen 2004).

OH
CH,
HO HO
estradiol enistein daidzein
9
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Ingredient selection and monitoring to
minimize the presence of specific non-nutrients

Phytoestrogens have both hormonal and non-
hormonal properties capable of modulating cell
function and therefore influencing a very broad range
of physiological systems (Barnes, 2010). The effects
of dietary isoflavones at levels commonly found in
traditional rodent diets have been noted in animal
models used to study reproductive and endocrine
disruptors (e.g. Boettger-Tong, 1998; Makela, 1995),

Unfortunately, these effects are not predictable;
isoflavone content varies considerably, both between
different formulations and also from batch to batch
of the same product (Jensen, 2007). In addition,
there is no recognized dose-response relationship or
threshold for the various research effects. A number
of confounding factors (e.g. timing and duration of
exposure, level and type of isoflavone, animal model,

cancer (e.g. Ju, 2001; Allred, 2004; Lakshman,
2008), bone metabolism (e.g. Picherit, 2000; Droke,
2007), behavior (e.g. Lephart, 2004; Lund, 2001),

endpoints monitored) also contribute to the difficulty in
predicting the magnitude or direction of effects for any
phytoestrogen exposure, which may lead to apparently

cardiovascular system (e.g. Nagarajan 2008; Peluso,
2000), endocrine (e.g. Cederroth, 2008; Mezei, 2003),
immunology (e.g. Cooke, 2006; Vasiadi, 2014) among
others. See Table 2 for an abbreviated summary.

conflicting results.

Therefore, the best approach to minimize the impact
of dietary phytoestrogens on biomedical research is

to minimize their presence in laboratory animal diets
used in research studies where there is a reasonable
likelihood that they could impact an outcome.

This requirement could be met by choosing

a standard natural ingredient diet that excludes
soybean meal and alfalfa meal, or by choosing
a purified diet.

Table 2: Summary of biological effects of soy and/or soy isoflavones reported in the literature for a number of research areas.

Effects described in the literature

Oncology

Reproductive

Endocrine
Neuroscience

Immunology

Modulate tumor growth, latency, multiplicity, metastasis; diminish action of drugs such
as tamoxifen and letrozole

Increase uterine weight, accelerate vaginal opening, affect response to exogenous
estrogens/xenobiotics

Differences in body weight/adiposity, glucose/insulin homeostasis, bone density, blood pressure
Performance differences on tests measuring anxiety behaviors and response to pain stimuli

Modulate cytokine production and immune organ development
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Use of custom diets

Custom diets, by their very nature, are research

tools, as they can be designed and manufactured to
accurately control nutrient levels, induce disease, and
dose an animal. However, they need to be chosen
correctly, and there is significant value to collaborating
with a nutritionist when selecting a custom diet. The
following sections highlight some common uses of
custom diets.

Diet can be used to manipulate nutrient intakes.
This has been a tool used in research for a very long
time. For example, various sugar, starch and fiber-
adjusted diets have been fed to differentiate the
effects of carbohydrate type. Certain fibers and
resistant starches are commonly fed to investigate
changes in the intestinal microbiota. Diets with low or
high protein levels are used to study malnutrition,
gestational protein restriction, or renal physiology.
Amino acid defined diets are used to study inborn
metabolic errors. Using a variety of fat sources, the
fatty acid profile can be manipulated to contain
different proportions of saturated, monounsaturated,
or polyunsaturated fatty acids. Custom diets can be
formulated to be deficient in a given vitamin or
mineral. Then, specific amounts of a given nutrient can
be added back. Custom diets can be designed to
mimic human dietary intakes, such as “western”

or "Mediterranean.” These can be relatively subjective,
so it is important to convey your specific objectives to
the nutritionist who develops the formulation.

Custom diets can be designed to induce disease.
This is often in conjunction with a genetic modification,
surgical procedure, or other intervention. Some
examples include western and atherogenic diets where
the presence of saturated fat, cholesterol, and cholate
are common features. Diets containing 40-60% of kcal
from fat (most often from lard or milkfat) are commonly
used to induce obesity. Key dietary factors in the
variety of diets used to promote fatty liver disease
include sucrose, saturated fat, cholesterol, methionine,
and choline. Cuprizone, a copper chelator, added to a
standard diet base causes demyelination in a model

of multiple sclerosis.

Diet can reliably and conveniently be used to dose
an animal. Use of diet overcomes welfare concerns
and technical limitations, although a drawback is that
incorporation into diet does not offer as precise a
delivery as oral gavage. A regular approach is the
addition of doxycycline or tamoxifen to a standard diet,
to control genetics in certain transgenic models. All
sorts of ingredients can be and have been added to
custom diets, including those supplied by customers.
This requires that safety has been vetted and stability
through the manufacturing process considered. In
determining the inclusion rate of a drug, extract, or
other type of material, considerations include purity,
expected food intake, and body weight. If the dose
is being extrapolated from humans or other species,
it is suggested that the rodent’s metabolic rate be
considered in order to properly calculate the
inclusion level.
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Selecting an appropriate diet

The goal of diet selection is to minimize the

potential for diet to be a confounding factor when
interpreting data. Furthermore, the introduction of
new technologies, such as genomics and proteomics,
which have broad biological implications, will likely
increase the importance of controlling environmental
variables such as diet in research studies.

Below are some key considerations for selecting an
appropriate diet. Notably, it is often worthwhile to
consult a nutrition expert familiar with laboratory diet
options to ensure you are making the best choice
possible based on your experimental requirements.

Choose a diet that generally aligns with
nutritional requirements. This is where your

diet vendor can be helpful, as can general resources
(Tobin, 2007; National Research Council, 1995;
Ritskes-Hoitinga, 2004; Keenan, 2000). A variety

of standard diets are commercially available,
designed for various life stages and/or suitable

for specific research applications.

The goal of diet selection is to
minimize the potential for diet
to be a confounding factor
when interpreting data.

Within the broader range of standard diets, some
further divisions can be made (Table 3). The diets used
by commercial breeders contain about

18-19% protein and 5-6% fat by weight.

This is suitable for breeding of most stocks and strains.
Higher-fat standard diets (8-11% fat) have increased
energy content and can be beneficial in specific
circumstances when animals are not robust or are not
thriving on typical diets, but these diets can also lead
to excess weight gain and increased fat deposition that
can ultimately reduce breeding performance. Many
diets are described as multi-purpose; they contain a
range of protein levels and moderate fat content.
Diets designed primarily for maintenance and aging
have lower protein and fat levels.

»
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Selecting an appropriate diet

Table 3: Range of macronutrient levels for commercially available standard natural ingredient diets.

Protein 14 - 24% 17 - 30%
Fat 4-11% 10 - 25%
Category Protein, % weight Fat, % weight
Breeding 18-19% 5-6%
Multiple purpose 16 - 24% 4-6%

»
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Selecting an appropriate diet

Macro- and micronutrient levels in these
standard diets are in relative excess of
estimated requirements, as they have to

be suitable for the entire recommended use
period, taking into consideration variable
effects of processing and storage. The
typical use period is 6 months in North
America and 9-12 months in other parts

of the world. This is largely based on
longstanding practices and experience rather
than an abundance of specific information
about nutrient degradation or diet quality
at these time points.

Study vendor’s technical datasheet.
However, be aware of limitations, particularly
for standard diets. It is important to have
reasonable expectations about the accuracy
and precision of the nutrient information.
The estimates are derived from a variety

of sources and should be used only as
guidelines. If the interpretation of an
experiment depends on accurate knowledge
of a nutrient level, it should be measured;
this is advisable whether a natural ingredient
or purified diet is used.

Evaluate the list of ingredients.

Careful consideration should be given to
the use of readily available and economical
standard natural ingredient diets that

have been formulated to contain minimal
levels of isoflavones by omitting soybean
meal, particularly when there is supporting
literature for such use (Table 2). These
newer formulations, which reflect a better
understanding of nutrient requirements and
nutrient utilization, were developed with an
appreciation of the impact of non-nutritive
components on study outcomes.

Consider the formulation approach

when choosing a standard diet.

Does the formula stay the same over time or
can it change? Fixed formulas do not change,
but variable ones can. Fixed formulas have
the combination of stable nutrient levels

and stable ingredient composition.

»
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Selecting an appropriate diet

Evaluate the diet manufacturer.

It is common practice at the institutional

level to purchase standard, natural ingredient diets
from a primary vendor. The selection of vendor is
typically made by a group consisting of veterinarians,
institute directors, representative researchers,

and procurement personnel. Those with this
responsibility should ensure that due diligence

is conducted to ascertain quality systems
encompassing ingredients, manufacturing,
biosecurity, and distribution network, as well as
technical support. Site audits and requests for
nutrient and contaminant data from manufacturers will
provide valuable information to aid decision-making.

Choose a custom diet when research objectives
demand it. For instance, a purified diet is necessary
when precise control of nutrient levels is needed.
Search the literature for precedent, review
manufacturer websites, and contact the company
nutritionists for advice and formulation assistance.

Appropriate planning before beginning
your experiments can pay-off in the
long-term.

Invest time upfront during the experimental design
phase to carefully select diet(s). Appropriate planning
before beginning your experiments can pay-off in the
long-term. The following example demonstrates that
diet type and specifically the degree to which diets are
matched can significantly impact study conclusions.

Hubbard et al. (2013) conducted a study to determine
whether liver iron stores could be increased through
dietary iron supplementation, using pregnant mice

to mimic human oral iron supplementation through
pregnancy. The mice were fed a control purified diet
with 45 ppm iron, a level that was not expected to
maximize liver Fe stores. In earlier work, this purified
diet was compared to a standard natural ingredient
diet containing approximately 220 ppm iron, and liver
iron stores were not increased with higher dietary iron.

To control for differences in ingredients and iron
source, both of which likely affected iron bioavailability,
the authors included a purified diet, matched to the
first except containing 220 ppm. Using this diet design,
they found that liver iron stores could be increased
through dietary iron supplementation when using
otherwise equivalent diets.
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Conclusions
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