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ABSTRACT
The reproducibility of experimental data is challenged by many factors in both clinical and preclinical research. In preclinical studies, several factors
may be responsible, and diet is one variable that is commonly overlooked, especially by those not trained in nutrition. In particular, grain-based
diets contain complex ingredients, each of which can provide multiple nutrients, non-nutrients, and contaminants, which may vary from batch to
batch. Thus, even when choosing the same grain-based diet used in the past by others, its composition will likely differ. In contrast, puriﬁed diets
contain reﬁned ingredients that offer the ability to control the composition much more closely and maintain consistency from one batch to the
next, while minimizing the presence of non-nutrients and contaminants. In this article, we provide several different examples or scenarios showing
how the diet choice can alter data interpretation, potentially affecting reproducibility and knowledge gained within any given ﬁeld of study.
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Introduction
When it comes to designing any experiment in animal models, many
factors need to be taken into account (1). In particular, there are a host of
environmental factors that require consideration in animal husbandry,
including the housing conditions (i.e., group or single housing), temperature and humidity, light and dark cycle timing, bedding, and diet.
These factors are reviewed and approved by every Institutional Animal
Care and Use Committee (IACUC), but unless directly studied, diet is
one factor that is commonly overlooked (even by the IACUC) as a possible variable and frequently is not reported in detail in the methods
sections of publications, even in highly ranked journals (2, 3). Terms
such as “standard chow,” “standard diet,” or “normal diet” are commonly used to “describe” the diet, which are inappropriate and tell us
nothing about the diet being used. This suggests that many researchers
do not consider diet as an important variable in an experiment where
diet is not the main focus of the study. So, why should researchers be
more considerate of the diet both before conducting an experiment (i.e.,
design phase) and when reporting it in the methods section of a publication?
Regardless of whether the diet is chosen to promote a certain rodent phenotype or to simply allow for normal growth and health, as

researchers we should demand transparency from manufacturers and
uphold (when publishing) it by reporting the ingredients and their concentrations (i.e., open to the public). Furthermore, researchers should
have assurance that the ingredients will not change and concentrations
will remain consistent from batch to batch. If formulas are consistent
from batch to batch (i.e., fixed), they should also have a consistent nutrient composition and minimal non-nutrients and contaminants from
one batch to the next. The chosen diet may indeed allow the rodents
to grow and thrive, but if certain factors are present in the ingredients used (e.g., those naturally occurring in plants, due to climate or
location of harvest, or synthetic contaminants), it is not possible to
know how one or more of these factors will affect data interpretation.
In some cases, they may be acting additively or synergistically, and affecting multiple mechanisms. Furthermore, should the amounts of various non-nutrients and contaminants vary from batch to batch (which
they invariably will), data reproducibility would be, at the very least,
compromised. Many of these concepts have been described in the most
recent National Research Council publication in 1995 (4). As we learn
more about how nutrients and other factors within the diet influence
data, scientists need to increase their awareness of what is being fed to
their animals to avoid costly errors and improve study outcomes, ultimately improving rigor and reproducibility. In this article, we have cited
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references that have proper control diets and diet designs to provide evidence that ingredients, non-nutrients, and contaminants present in the
diet can alter data interpretation and affect reproducibility in a number
of scientific fields.
There are numerous commercially made diets being used in rodent
studies at any given moment, and they fall into 2 general categories:
grain-based (also called cereal-based) diets and purified ingredient diets
(or purified diets).

GB Diets
As the name implies, GB diets contain a combination of cereal grains
such as ground wheat, corn, and oats; soybean and alfalfa meals; and
wheat middlings (a wheat milling byproduct); and in many cases, animal byproducts including fish meal and porcine meat meal. In most
cases, these formulas are “closed” or proprietary, so while a list of ingredients is provided, their concentrations are unknown and can potentially be manipulated by the manufacturer. However, even if the formula is open and fixed, nutrient amounts would be difficult to keep
consistent as each ingredient in a GB diet contains multiple nutrients
(i.e., soybean meal contains protein, carbohydrate, fat, fiber, vitamins,
minerals) and nutrient amounts can vary batch to batch (5). In order to
address this potential variation, certain processes are in place to monitor compositional changes in ingredients themselves and the complete
diets. Companies preparing GB diets may alter ingredient amounts in
order to maintain consistent nutrient amounts across batches of each
diet, which is typically proprietary and not disclosed publicly when
formulas are not “open” (4, 6, 7). While the maintenance of nutrient
amounts may be possible with rigorous quality-control measures in
place, other factors need to be considered, such as possible nutrient
losses during manufacturing and storage, bioavailability of nutrients in
the ingredients, and potential nutrient interactions (4). It is also possible that changes to non-nutrients and contaminants will occur with
modifications to ingredient amounts (or even when they are not altered). In fact, it is common to find non-nutrients in most ingredients and they include phytoestrogens (i.e., isoflavones from soybean
meal and coumesterol from alfalfa meals) (8–10), heavy metals (i.e., cereal grains and animal byproducts contain arsenic, cadmium, lead) (11,
12), synthetic contaminants (i.e., pesticides, genetically modified organisms, and pollutants including polychlorinated biphenyls and polychlorinated dibenzo-p-dioxins and dibenzofurans), all at highly variable concentrations among GB diets from different manufacturers (12).
In addition, other contaminants such as mycotoxins, which are toxic
metabolites of fungi known to be present in cereal grains, are present
in varying amounts in different batches of the same GB diet, including
deoxynivalenol, ochratoxin A, and zearalenone (13). Finally, endotoxins, which are lipopolysaccharides present in the outer cell membrane
of gram-negative bacteria, have been observed in variable amounts in
different GB diets (14). For some of these non-nutrients and contaminants, it is known that they can affect data at amounts present in GB
diets, while for others, there are not enough data in the literature to
definitively describe their effects on experimental outcomes. One goal
of this article is to make researchers aware of the presence of these

Purified Diets
In contrast, purified diets are made with refined ingredients, each providing 1 main nutrient (i.e., corn starch is mainly carbohydrate, soybean oil is mainly fat, casein is mainly protein). Furthermore, these formulas are “open” formulas that remain constant and unchanged, allowing the researcher to “report” the ingredient composition. By using refined ingredients, the nutrient compositions of both macro- and micronutrients in purified diets are well defined, limiting both the variability of nutrients and also contaminants (18). As such, this allows
the researcher to selectively manipulate individual nutrients to their
advantage.
While a specific purified-ingredient diet may not be appropriate for
every research need, they provide researchers with both a defined and
“cleaner” option to maintain consistency from one study to the next as
well as the ability to adjust nutrients one at a time for studying nutrient amounts from excess to deficiency. The AIN-76A or AIN-93 series diets, established by separate committees in 1976 and 1993 (19,
20), respectively, allowed toxicologists to study the effects of various
compounds without the confound of background contaminants that are
typically present in GB diets. These diets also provided a means to understand the essentiality of nutrients by removing 1 ingredient, which
provides 1 main nutrient, or to understand the development of
metabolic disease in mice and rats by adding excess amounts of calories from fat, such as lard in place of calories from a carbohydrate source
like corn starch. However, even unadulterated, these AIN diets (or other
low-fat diets), which often serve as a control diet for higher-fat diets,
may cause some mild metabolic disease (e.g., the early stages of glucose intolerance) or alter other phenotypes compared with GB diets.
This may be, in part, due to the refined nature of purified diets, including the presence of sucrose and the typically low amount of total fiber
along with the lack of fermentable fiber, which is in contrast to the very
high amounts and diverse fiber types found in GB diets. More specifically, fiber in many purified diets consists of only cellulose, an insoluble
fiber that is not fermentable by most gut microbes. Hence, researchers
should understand the caveats to using certain purified-ingredient diets
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compounds. Individual researchers can then decide if these compounds
may have “positive,” “negative,” or “neutral” effects on their specific
endpoints.
One non-nutrient found in very high concentrations in GB diets
(relative to purified ingredient diets) is fiber, and includes different
concentrations of both insoluble and soluble fibers. Sources of fiber
in GB diets are derived from plant cell walls of cereal grains (i.e.,
ground wheat, wheat middlings, ground corn, beet pulp) and include cellulose, hemicellulose (i.e., xylans, mannans, glucans), and
lignin, which are mainly insoluble fibers, and pectin, a soluble fiber.
The concentrations of these fibers can differ significantly from one
GB diet to the next (15). However, other sources that may provide
significant amounts of fiber include brewer’s dried yeast, which provides β-glucans within the yeast cell walls and is a source of both
soluble and insoluble fiber (16). While it is generally considered
that dietary fiber has beneficial effects through its influence on gut
microbiota (17), it is conceivable that varying fiber amounts/types
among and within GB diets could affect microbiome data
reproducibility.
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Non-nutrients and Contaminants in GB Diets That Can
Influence Data Interpretation
Phytoestrogens
Endocrine disruptors are chemicals that are either synthetic or naturally found in our environment that may interfere with the endocrine
system and affect developmental, neurological, reproductive, and immune functions in humans and animals. Phytoestrogens are one class
of naturally derived endocrine disruptors found in soybean meal and
alfalfa meal, which are typically included in GB diets. While phytoestrogens are absent in purified diets such as the AIN-76A or AIN93 series diets, their concentrations in GB diets can range from either low concentrations of <100 mg/kg (if soybean meal and alfalfa
meal are omitted) up to 800 mg/kg diet (8, 10, 24). As their name
implies, their chemical structures are similar to endogenous estrogens
and can target and bind estrogen receptors (ERs), particularly ERβ and
to a lesser extent ERα, although more weakly than estradiol. Because
of this, phytoestrogens are classified as natural selective ER modulators (SERMs). Studies have demonstrated that the estimated intakes
of phytoestrogens by mice and rats fed GB diets can alter many phenotypes, including effects on carcinogenesis development and matu-

ration onset (9, 10, 24, 25). The amounts of phytoestrogens from soy
(i.e., isoflavones) in GB diets can vary as much as 3- to 6-fold in different lots of the same diet, with amounts ranging in the hundreds of
milligrams per kilogram of diet (8, 10) and differences can be found
among lots that are only 1 mo apart (26). The differences in genistein and daidzein (isoflavones in soy) concentrations from lot to lot
(from 93, 223, or 431 mg/kg diet) were found to influence maturation onset in 1 rat strain but not another (25). In CD-1 mice, variation in daidzein and genistein from 2 lots of 1 GB diet was >2fold (159 and 431 mg) and the higher concentration significantly increased the proportion of mice with vaginal opening at day 24. There
are several factors that may contribute to these differences including
soy variety and variations in location and timing of harvest and climate (27, 28). Variability in phytoestrogen concentrations in different
GB diets influence circulating phytoestrogen concentrations (8), but
other factors may also contribute, such as transformation of daidzein
to S-equol by gut microbiota, which can influence bioavailability and
bioactivity (29).
Because phytoestrogens are SERMs, they can affect typical estrogen actions such as pubertal onset, which is dose dependent in certain rodent models (25, 30). For example, Thigpen et al. (30) found
no dose-dependent change in timing of pubertal onset when diets contained a potent SERM (diethylstilbestrol) in the context of a GB diet
with 431 mg daidzein and genistein/kg diet but did find a change in a
different lot of the same diet with 159 mg daidzein and genistein/kg.
The lack of effect of the SERM in their initial study was attributed
to the naturally high phytoestrogen amounts in their initial GB diet.
When it comes to mitigating the effects of synthetic SERMs known
to reduce cancer, the effect by phytoestrogens may not be linear. For
example, a lower dose of phytoestrogens abrogated the efficacy of tamoxifen on breast cancer in a mammary tumor mouse model while
a higher dose had no effect (31). Furthermore, effects by phytoestrogens may either be pro- or anticarcinogenic, depending on the cancer
model being studied. In the ovariectomized, carcinogen-induced mam-

TABLE 1 Typical sources of nutrients and non-nutrients in rodent purified diets and grain-based diets1
Typical sources
Purified-ingredient diet
Nutrients
Protein
Fat
Carbohydrate
Fiber
Micronutrients
Possible non-nutrients/contaminants
Phytoestrogens

Casein
Soybean oil, corn oil
Corn starch, maltodextrin, sucrose
Reﬁned cellulose
Mainly vitamin and mineral premixes
Absent2

Heavy metals

Trace/not detectable

Pollutants, pesticides, mycotoxins,
nitrosamines, endotoxins3

Trace/not detectable

1

Table adapted from reference 17 with slight modiﬁcations.
Unless soy protein isolate is used.
3
Endotoxin source unknown, but high in grain-based diets (14, 23).
2
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Grain-based diet
Soybean meal, ground corn, wheat, and oats, whey,
alfalfa, ﬁsh meal, meat meal
Porcine animal fat, ﬁsh meal, meat meal
Ground corn, wheat, and oats, wheat middlings
Ground corn, wheat, and oats, dried beet pulp,
alfalfa, wheat middlings
Most ingredients, extra micronutrients added
Soybean meal (genistein, daidzein), alfalfa meal
(coumestrol)
Grains and animal byproducts (arsenic, lead,
cadmium, cobalt)
Grains (pollutants, mycotoxins) and animal
byproducts (pollutants, nitrosamines)
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that lack soluble fiber and/or contain appreciable amounts of sucrose
while at the same time be aware that these formulas can be modified.
Modifications include the addition of more total fiber and soluble fiber
sources, such as inulin, and replacement of sucrose with sources such as
corn starch and dextrose to minimize fructose, an initiator of metabolic
disease, including insulin resistance, glucose intolerance, and hypertriglyceridemia (21, 22). It is important for investigators to recognize
that not only do purified diets differ in composition from GB diets but
how these differences will affect the rodent phenotype. Table 1 provides
an overview of nutrient and contaminant sources in both purified and
GB diets.
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mary tumor model, phytoestrogens can elicit procarcinogenic effects
(32) but are antagonistic in certain cancers in mouse models with intact ovaries (33). These examples are by no means comprehensive and
other phenotypes known to be affected by phytoestrogens and soy protein include metabolic disease (34, 35) and osteoporosis (36). Therefore, knowing the baseline phytoestrogen amount of any diet being
fed may be useful but will not help the researcher predict its impact
on the rodent phenotype. This has been discussed at various meetings
(37) and still requires attention by investigators across several scientific
fields.

Mycotoxins
Mycotoxins are secondary metabolites of fungi that can grow on or
within different grain products added to GB diets, including wheat,
corn, oats, and soybeans. Over 300 mycotoxins have been identified,
and 6 classes of mycotoxins are commonly found in foods, including
aflatoxins, fumonisins, trichothecenes (e.g. deoxynivalenol), ergot alka-
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Arsenic and heavy metals
Cereal grains and meat meals are typical sources of toxic heavy metals in GB diets (18, 38, 39), including lead, arsenic (As), cadmium, and
mercury (12). While present in relatively low concentrations (typically
in the hundreds of micrograms per kilogram of diet), As in GB diets
may be higher than what is considered safe in drinking water (i.e., 10
ppb inorganic As) (40, 41) and can severely compromise data when trying to evaluate effects of lower doses of exogenous As (i.e., 10–100 ppb
inorganic As). Indeed, there were no effects of As (10 or 100 ppb As
in the drinking water) in mice fed a GB diet with 390 ppb total and
56 ppb inorganic As, on gene expression of metabolic and detoxifying
enzymes as well as immune-signaling pathways in the liver and lung
(11). In contrast, this study found clear differences in gene expression
due to As in the drinking water when mice were fed the AIN-76A diet
(11), a result attributed to the significant differences in dietary As between the purified and GB diets used in this study. When 100 ppb inorganic As was added to the drinking water of mice fed purified diets
(AIN-76A), it was possible to identify effects on inflammatory factor
activation in the lung (including IL-1 receptor and a number of Tolllike receptors) and compromised immune response to infection by an
influenza A virus in C57BL/6 mice (42, 43). In addition, the effect of
dosing As in the water at 300 ppb (equivalent to human exposure of
58.5 ppb in water) was found to increase body fat in mice fed the AIN76A diet (44). These amounts of As are relatively close to what has been
measured previously in GB diets (12), and (as may be expected given
the variation of grains and animal byproducts in different GB diets),
the amounts of As (and other heavy metals) can vary from one GB
diet to the next (12). Furthermore, the amounts of these heavy metals in the diet are reflected in a dose-dependent fashion in various tissues of weanling female Sprague-Dawley rats (n = 9) fed purified and
GB diets for 28 d (dietary As, ppb: LabDiet 5002, 278; NIH-31M, 486;
AIN-76A and AIN-93G, not detectable; liver As, mean ± SEM ppb:
LabDiet 5002, 939 ± 83; NIH-31M, 2806 ± 176; AIN-76A, 154 ± 16;
AIN-93G, 224 ± 16; M Ricci, M Pellizzon, J Couse, and E Ulman, unpublished data, 2010). It is beyond the scope of this paper to determine
whether certain amounts of heavy metals will or will not affect specific
phenotypes but rather to educate the reader as to their presence in GB
diets.

loids, zearalenone, and ochratoxin A (mainly of the genera Aspergillus,
Fusarium, and Penicillium). Exposure to certain climate conditions at
different stages of plant growth as well as damage caused by insects can
allow for growth of fungal species, and growth may persist postharvest
and during transportation and storage of grains (45–47). The potential
for fungal growth of various species and mycotoxin production in various grains can cause significant differences in mycotoxin amounts from
one GB diet to another and from lot to lot within the same diet (13). Several mycotoxins are measurable in GB diets (i.e., deoxynivalenol, ochratoxin, fumonisin, zearalenone, and ergot alkaloids; e.g., ergot alkaloids
in Teklad 7012 different lots, ppb: 57, 144, 345; in contrast, all mycotoxins were undetectable in 3 different purified diets: Research Diets,
Inc., D11112201, D12450J, and D12492; S Radhakrishnan, M Pellizzon,
P Greiss, M Ricci, unpublished data, 2019).
There are well-known effects of individual mycotoxins on the phenotype of various animal species, including hepatotoxicity, immunotoxicity, carcinogenicity, estrogenicity, reproductive toxicity, teratogenicity,
gastrointestinal disorders, and reduced growth and food intake. However, it is unknown whether the combinations of different mycotoxins or
fungi present in GB diets can alter the rodent phenotype. In vitro studies conducted in Caco-2 cells suggest possible additive or synergistic effects for increasing oxidative stress (depending on the combinations of
mycotoxins) and mainly additive effects for DNA and protein synthesis
(48). In vivo, biological effects of mycotoxins depend on several factors
including the amounts ingested, number of occurring toxins, duration
of exposure to the toxins, and animal sensitivity (47). There is also evidence of lactational transfer of mycotoxins such as fusaric acid from
nursing dams to the neonate, as stomach concentrations of mycotoxins in neonates were dependent on the dose given to the dams, which
was even observed in those fed the control diet with 300 ppb fusaric
acid (49).
Establishing low adverse-effect amounts of mycotoxins in animals and performing these studies in a repeatable manner will require the use of purified diets with minimal contaminants. One
study examined the effects of zearalenone on uterine growth in mice
and used a GB diet (LabDiet 5002), which contained soybean meal
and alfalfa meal (50). The researchers rightly measured zearalenone
and found it was <100 ppb, which was lower than the amounts
studied (i.e., ≥2000 ppb), although they did not measure dietary
amounts of phytoestrogens, which could conceivably confound data
interpretation given their similar chemical structure to the mycotoxin being studied. While there are some GB diets that are formulated without soybean meal and alfalfa meal to be “phytoestrogen free,” these diets are typically formulated with higher concentrations of corn and wheat products, which commonly contain zearalenone (and some of its metabolites), ultimately leading to more
mycotoxins that bind ERs (45, 51). Therefore, to eliminate any possibility that factors from the diet could bind estrogen receptors, and affect data interpretation, a phytoestrogen-free purified diet would be preferred over any GB diet. Furthermore, to establish the dose where no ill
health effects are found with a particular mycotoxin (or lowest observed
adverse-effect amount), it would be critical to use a purified diet. This
conclusion was made in a study using a GB diet to study the effects of
ppb concentrations of arsenic in mice (11) and the same rationale can be
applied to mycotoxins. Even if the concentration of a particular mycotoxin added to the diet (or gavaged) is in excess of what may be present
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in the control diet, it can be argued that it would be prudent to avoid
the presence of other mycotoxins, which may be additive or synergistic
(or perhaps even counteractive) to the mycotoxin being studied. Only
by using a purified diet with minimal contaminants can one truly study
the lowest observed adverse-effect amounts of individual mycotoxins,
or any other contaminants for that matter.
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Pesticides and pollutants—xenoestrogens
Xenoestrogens are foreign estrogens that (like phytoestrogens) are close
enough structurally to bind to ER sites. Several examples of xenoestrogen compounds include pesticides (herbicides, insecticides, and fungicides) and dioxins, which is a term used for polychlorinated dibenzo-pdioxins and dibenzofurans (PCDD/Fs), an example of which is 2,3,7,8tetrachlorodibenzo para dioxin (TCDD), a known carcinogen. Other
compounds present include dioxin-like compounds such as polychlorinated biphenyls (PCBs). Mesnage et al. (12) assessed 13 different GB
diets from 5 different continents and found that all diets were contaminated with pesticides and dioxins (PCDD/Fs and PCBs), as well as
genetically modified organisms (GMOs) and heavy metals (lead, cadmium, mercury, and arsenic). This is not necessarily surprising given
these diets contain agricultural products and byproducts that are exposed to these environmental contaminants. All GB diets contained
pesticides and PCBs at variable amounts from one diet to the next, both
with respect to the individual pesticides and PCBs detected as well as
the amounts of total pesticides. Measured pesticide residue amounts
were as high as 2641 ppb in 1 GB diet and a total of 9 residues were
found across different diets, with some containing as much as 6 residues
(12). One diet contained 141 ppb deltamethrin, which can potentially
initiate tumor development in mice (57), and the presence of piperonyl butoxide, a synergist that could exacerbate the potential toxicity
of deltamethrin (and other pesticide residues) (58), was found in 8 of
the 13 diets. Glyphosate, present in the pesticide Roundup (Monsanto
Company), is a tumor promoter (59), and Roundup added to water at
0.1 ppb was capable of inducing mammary adenoma growth in rats
over a 2-y period (60). These Roundup residues varied from 0 to >300
ppb in different GB diets and were positively correlated to the percentage of Roundup-tolerant GMOs present in these diets (12). In addition
to pesticides, several of the GB diets contained consistent amounts of
PCDD/Fs, while others had relatively higher amounts (in some cases,
>0.1 ppb) and should be considered when studying lower-dose exposure amounts of these pollutants on xenobiotic metabolism, immune
function, and developmental/reproductive toxicity (61). Mesnage et al.
determined how their combination potentially impacted health in rodents by using chronic non-cancer hazard indexes established by the US
Environmental Protection Agency and European Food Safety Authority and found a high potential for these contaminants to impact rodent
health. This hazard index was calculated as an additive effect by the mea-
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Endotoxin
Laboratory animal diets can be a source of microbial contamination and this should be considered, particularly when studying the
gut microbiota or those using germ-free or specific-pathogen-free
mice. GB diets typically contain higher amounts of bacteria than
purified diets (LabDiet 5001 vs Research Diets, Inc. D11112201:
>10 CFU/g, too numerous to count vs 0 CFU/g; independent
laboratory, M Ricci, unpublished observations, 2019) and methods of
sterilization, such as γ -irradiation (for both purified and GB diets) or
autoclaving (for GB diets), can reduce viable bacterial loads. Besides microbial loads, certain nutrients are highly sensitive to γ -irradiation at
∼30 kGy, including thiamin and vitamin A, and lipid peroxide formation is found at doses between 2 and 10 kGy (52, 53). While it may be
difficult to predict just how much the vitamin composition of a given
diet is influenced by a given dose of irradiation, it is a common practice
by manufacturers to increase dietary amounts of vitamins when higher
than typical irradiation doses (e.g., >20 kGy) are required. Irradiation
levels used for diets to be fed to germ-free animals require certain doses
(depending on the animal facility) and will further reduce microbial
loads. However, the bacterial “parts” will still be present, including LPS
or endotoxin, which are present in the outer cell membranes of gramnegative bacteria. In line with microbial load, GB diets contain higher
endotoxin amounts than purified diets (14), and more variable amounts
from one lot to the next (e.g., Teklad 7012, 3 different lots: 17,669,
25,239, 57,701 Endotoxin Units (EU)/g) including phytoestrogen-free
GB diets (e.g., Teklad 2020X, different lots: 992, 1576, 4692 EU/g); much
lower amounts and variability were observed in purified diets (e.g., Research Diets, Inc., D11112201, 4 different lots: 68.2, 77.4, 155.6, and
186.7 EU/g) (analyses performed by Charles River Laboratories, Inc.,
Charleston, SC, unpublished data, 2019). The presence of endotoxin
within irradiated GB diets can impact immune system development and
function in germ-free mice. The largest immune organ in the body is
the gut-associated lymphoid tissue, and perhaps not surprisingly, this
compartment contains fewer immune cells in germ-free mice relative
to conventional mice (54). In germ-free mice, a GB diet can drive expansion of T and B cells in Peyer’s patches (found in the mucosal wall
of the ileum) and mesenteric lymph nodes (14). An LPS-containing extract from 2 different GB diets with 10-fold different concentrations of
LPS both increased the production of cytokines and maturation of regulatory cells in an in vitro test in dendritic cells from wild-type mice,
with the greater increases coming from the diet with more LPS (23).
When these same diets were fed to germ-free mice to study their immune response to subcutaneous immunization with birch pollen, those
fed the higher-LPS diet had a lower immune response than those fed the
lower-LPS diet (23). While it is unknown if different GB diets or variable
amounts of endotoxins affect immune system development in conventional mice, it is conceivable that batch-to-batch variability could differentially affect immune system development of germ-free mice from
one study to the next, based on previous data (14). Thus, these potential

effects by dietary endotoxins deserve to be studied further in both conventional and germ-free mice and the use of purified diets rather than
GB diets would eliminate confounding variables to study the effect of
endotoxin doses.
Although endotoxin levels are very low in purified diets, the
type of casein used in these diets can affect 16S ribosomal RNA
(rRNA) sequencing data of fecal samples. For example, typically purified diets use casein precipitated from cow milk with lactic acid
cultures. While pasteurization reduces viable bacteria, 16S rRNA
sequencing of feces from germ-free or antibiotic-treated mice can
provide a strong signal of certain bacterial genera present such as
Lactobacillus or Lactococcus (55, 56). An alternative to lactic acid
casein, mineral acid casein, contains no lactic acid cultures and
should mitigate concern of these bacterial components affecting gut
physiology.
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High amounts and diverse types of fiber in GB diets
Fiber is another factor in diets that is not usually considered unless being directly studied. However, given the very high concentration in GB
diets, it may be one of the most important factors to consider as cereal
grains provide diverse fiber types and amounts, some of which can be
fermented by gut microbiota. Insoluble and soluble fibers (mainly plant
cell wall material) include a complex array of hemicellulose (partially
soluble), cellulose (insoluble), lignin (insoluble), and pectin (soluble),
all of which have been shown to be present at variable levels in different
GB diets (15). GB diets typically contain amounts ranging from 15–25%
total fiber, 18–20% insoluble fiber, and 3–5% soluble fiber (15, 17), likely
due to the ingredients (e.g., corn, wheat, and oats), which can vary significantly in total, insoluble, and soluble fiber (65, 66). Therefore, should
one need to know the concentration of each type of fiber in a given batch
of GB diet it must be directly measured as it is not reported by the manufacturer.
Fibers present in grains such as hemicellulose and pectin can be
metabolized by gut microbiota and form metabolites such as SCFAs
[known to be a source of energy for colonocytes (67)], which, in turn,
can affect the health of the gut. Should there be a change in the GB diet
batch during a study, and given the potential variability in fiber in ingredients used in these diets, it is conceivable that this could, in turn,
alter the gut microbiota profile. One recent study that fed 3 different GB
diets to female Institue of Cancer Research (ICR) mice to study microbiome changes in different regions of the gut including jejunum, ileum,
cecum, and fecal samples found differences in ɑ-diversity, but no significant differences in fecal and cecal richness between the 3 diets (68).
While it suggests that there may be less concern with feeding different
GB diets than expected, it is possible that these diets were compositionally similar given that they had a similar list of ingredients and were
prepared by the same company; however, each ingredient concentration is unknown as these are closed formulas. It also should be considered that it may be difficult to differentiate bacterial genera using 16S
rRNA sequencing as reports have indicated that ∼42% of these genera
have 16S rRNA sequences that are >97% similar (69). Given that there
are several manufacturers of GB diets and that grains may differ from
one supplier to the next in terms of fiber types and amounts, more of
these types of studies with different GB diets (and different batches of
the same diet) are necessary. Certainly, the gut microbiome is altered

when switching from a GB diet to a purified diet with 5% cellulose (regardless of the amount of fat) in ileal, cecal, and fecal samples (70). Furthermore, there are significant changes in gut morphology, with mice
fed purified diets having smaller and shorter ceca and colons compared
with those fed a GB diet, even after only 2 d of feeding (71). Therefore, it is vital to know what is being fed when studying gut parameters and microbiota. At present, the study of the effects of different dietary fibers on gut microbiota profiles in laboratory animals is still in its
infancy.

Purified Low-Fat Diets and Metabolic Effects
Purified diets such as the AIN diets (or other low-fat purified diets
based on these original formulas) have been modified, often for the
development of metabolic disease in rodent models by increasing the
fat content in place of carbohydrate. In some cases, even a low-fat
purified diet causes mild metabolic impairments relative to GB diets, and certain factors within these diets are to blame, including the
very high sucrose content in the AIN-76A diet (50% by weight) and
also the very low fiber content. Sucrose at 50–68% of kcals has been
found to reduce glucose tolerance in C57BL/6 mice (22) and induce
insulin resistance, hypertriglyceridemia, hepatic steatosis, and hypertension in rats (72–74). For example, low-fat diets like the AIN-76A
and AIN-93G diets can adversely affect body weight, blood and liver
lipids, and blood pressure compared with GB diets (75–78). Although
the AIN-93G diet reduced serum cholesterol concentrations in rats regardless of gender compared with those fed the AIN-76A diet, concentrations in males fed both diets were still elevated significantly above
those fed GB diets after 1, 6, and 13 wk. Similar effects were found
for plasma triglycerides, but in this case, the AIN diets (particularly
the AIN-76A diet) elevated plasma triglycerides (at all time points in
females) compared with those fed a GB diet (77). The main factor
present in sucrose that influences these metabolic changes is fructose
(21), and replacing sucrose with glucose-derived carbohydrate such as
dextrose or corn starch can reduce these metabolic effects of purified
diets (74).
Other factors that may explain the differences observed between
those fed the AIN diets and GB diets include the lack/presence of soluble fiber and phytoestrogens. Fiber is commonly added to purified diets
as cellulose at ∼5% by weight (called for by the AIN diets and others),
which, as stated previously, is far less than what is commonly found in
GB diets. For example, the addition of soluble fibers such as inulin, in
the context of a diet higher in fat, can reduce body weight, adiposity,
and blood and liver lipids, and improve glucose tolerance of rodents,
and these changes may be due in part to increases in SCFAs produced
by fermentation of inulin by gut microbiota (79, 80). Prebiotic fibers like
inulin have direct effects on gut microbiota by increasing IL-22 and, in
turn, increase epithelial cell formation and mucosal layer thickness for
improved barrier function (81, 82). In addition, these beneficial effects
with soluble fiber may lead to improvements in metabolic health of mice
fed these diets (17, 82). Therefore, further improvements to purified diets may be as simple as the addition of soluble fiber source(s). However,
to more closely mimic gut microbiota in mice fed GB diets, the addition
of multiple, diverse fiber sources will likely be required, which we have
discussed previously (17). Table 2 provides a short list of questions to
CURRENT DEVELOPMENTS IN NUTRITION
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sured substances, which may be an underestimation of true risk given
that there are other potential toxic substances present that are either unknown or not measured and some of these substances in combination
may have synergistic effects.
Mechanistically, these compounds (among others such as phytoestrogens or certain mycotoxins) in GB diets can influence the phenotype of rodents via ERs and/or aryl hydrocarbon receptors (AhRs) (62).
The AhR, in particular, may cause pleotrophic effects as it is a transcription factor controlling multiple genes, including those involved in the
immune response and detoxification. Thus, the dietary amount of
an AhR ligand should be well controlled, particularly in studies
focusing on immunity. Indole-3-carbinol from cruciferous vegetables is a well-known AhR ligand, but did not activate the AhR
when added to a GB diet while it did when added to a purified diet, suggesting that factors in the GB diet interfered with its
activation (63, 64).
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TABLE 2 Questions to ask when considering the diet choice
for rodent studies
Purifiedingredient
diets

Grain-based
diets

Yes
Yes
Yes
No
No2

No1
No
No
Yes
Yes

Open formulas?
Deﬁned/consistent ingredients?
Can modify 1 nutrient at a time?
Non-nutrient chemical entities?
High/diverse ﬁber?
1

Only a select few are open.
Can modify by adding more total ﬁber and different ﬁber sources.

ask when choosing to use either purified or GB diets in in vivo studies
with rodent models.

Improper Use of Control Diets
After learning of the differences between GB and purified diets, it should
be clear that these diets should never be compared to one another when
determining a given dietary effect on the rodent phenotype. When designing any experiment, scientists try to limit the differences between
the groups to those being purposely studied. In the case of diet, it is impossible to interpret the data if the diets are completely mismatched—it
would be similar to comparing data from mice to those from rats. Yet,
comparing mismatched (often, purified to GB) diets is an all too common phenomenon and unfortunately appears to be generally accepted
by preclincal research authors and reviewers. It is particularly disturbing
that this occurs in journals that are highly cited, thus leading to more
researchers to perpetuate what is essentially subpar science (2, 3). It is
our hope that information like that contained in this article will help to
reduce the use of mismatched diets and therefore lead to a better use of
valuable experimental resources, stronger conclusions, and accelerated
scientific progress.

Conclusions
Diets—specifically the nutrients and non-nutrients/contaminants that
they contain—affect the rodent phenotype. Given the diversity of diets
in use today and that many studies use GB diets (which contain contaminants at biologically relevant levels), it is easily conceivable that this
diversity is playing a role in the data-reproducibility crisis. Should there
be an interest in replicating a particular study, then all aspects of the
study would need to be replicated, including the diets used. That said,
even if one uses the same GB diet from one study to the next, it is difficult to say this diet is the “same” given the well-known batch-to-batch
variations in contaminants and, potentially, even some nutrients. This
was the reason why the first AIN committee went to great lengths to establish the “open formula” purified-ingredient AIN-76A diet—to allow
researchers across the globe to use the same diet. However, there are still
factors to consider when using a purified diet (e.g., fiber) and therefore
it is critical for the investigator to understand these issues prior to beginning their study. Therefore, the details of the diet(s) used should be
known during the stage of study design and reported in detail (i.e., diet
number, company, complete formulation, if available) both in grant apCURRENT DEVELOPMENTS IN NUTRITION
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