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Abstract

Diet is an important variable in toxicology. There are mixed reports on the impact of soy 

components on energy utilization, fat deposition, and reproductive parameters. Three generations 

of CD-1 mice were fed irradiated natural ingredient diets with varying levels of soy (NIH-41, 

5K96, or 5008/5001), purified irradiated AIN-93 diet, or the AIN-93 formulation modified with 

ethanol-washed soy protein concentrate (SPC) or SPC with isoflavones (SPC-IF). NIH-41 was the 

control for pairwise comparisons. Minimal differences were observed among natural ingredient 

diet groups. F0 males fed AIN-93, SPC, and SPC-IF diets had elevated glucose levels and lower 

insulin levels compared with the NIH-41 group. In both sexes of the F1 and F2 generations, the 

SPC and SPC-IF groups had lower body weight gains than the NIH-41 controls and the AIN-93 

group had an increased percent body fat at postnatal day 21. AIN-93 F1 pups had higher baseline 

glucose than NIH-41 controls, but diet did not significantly affect breeding performance or 

responses to glucose or uterotrophic challenges. Reduced testes weight and sperm in the AIN-93 

group may be related to low thiamine levels. Our observations underline the importance of careful 

selection, manufacturing procedures, and nutritional characterization of diets used in toxicological 

studies.
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 Introduction

Diet has long been recognized as an important variable that can influence the results of 

rodent toxicology studies (Brown and Setchell, 2001; Conner and Newberne, 1984; Cooper 

et al., 2006; Fullerton et al., 1992; Greenman and Fullerton, 1986; Greenman et al., 1987; 

Heindel and vom Saal, 2008; Kozul et al., 2008; Newberne and Conner, 1986; Rao and 

Knapka, 1998; Thigpen et al., 2013; Thigpen et al., 2004). In the case of studies of potential 

endocrine disruptors, and, in particular, agents with potential estrogenic activity, there has 

been much concern about the possible confounding effects of soy components, particularly 

estrogenic soy isoflavones (Boettger-Tong et al., 1998; Muhlhauser et al., 2009; Patisaul et 

al., 2012; Thigpen et al., 2004; Wang et al., 2005). This focus is due to the widespread use of 

varying levels of soy meal in natural ingredient diets typically used in rodent studies and 

fluctuations in isoflavone levels in diets of equivalent amounts of soy meal based on weather 

and other growing conditions (Brown and Setchell, 2001; Heindel and vom Saal, 2008; 

Thigpen et al., 2007; Thigpen et al., 1999). The interpretation of studies on the impact of 

diets containing soy is complicated by the presence of many non-isoflavone bioactive 

components in soy meal that can vary independently of the isoflavones (Kang et al., 2010; 

Velasquez and Bhathena, 2007). In addition, other dietary factors, including energy content, 

impact study results (Odum et al., 2001; Odum et al., 2004; Thigpen et al., 2002).

The present study was prompted by consideration of conducting long-term studies with 

hormonally active agents in a mouse model. We had previously used a soy-free diet in 

several studies with strong and weak estrogens in Sprague-Dawley rats, including 

multigenerational and chronic studies (Delclos et al., 2014; National Toxicology Program, 

2008a, b, 2010a, b). Similarly, others have used soy-free diets in multigenerational 

reproductive studies in rats and mice (e.g., Kendig et al., 2012; Sprando et al., 2000); 

however, some literature suggested that the specific soy- and alfalfa-free diet that we had 

used might be problematic in studies in the CD-1 mouse (Ruhlen et al., 2008). This diet, 

designated 5K96, was originally designed to be nutritionally equivalent to the open-formula 

NIH-31 diet. The soy and alfalfa meal present in NIH-31 were replaced by casein in 5K96 to 

reduce considerably the estrogenic isoflavones and coumestrol found respectively in soy and 

alfalfa meals. Ruhlen et al. (2008) reported that CD-1 mice fed the 5K96 diet from one week 

prior to mating produced offspring that were obese as adults, with males, but not females, 

also showing increased serum leptin and impaired glucose regulation at PND 90 relative to 

mice fed soy meal-containing 5008 diet. Weights of the testes, epididymides, and seminal 

vesicles were decreased in the soy-free diet group, while prostate weight was increased. 

These effects were hypothesized to be due to the increase in fetal estrogen levels measured 

in mice fed 5K96 diet relative to those in mice fed the soy-containing diet. Cederroth et al. 
(2007) reported a similar finding with respect to body weight and fat deposition in CD-1 

mice maintained from conception on a soy-free modified natural ingredient diet (Ziegler 

Phytoestrogen Reduced Rodent Diet I) similar to that used by Ruhlen et al. (2008). 
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Cederroth and Nef (2009a) further reported that the beneficial effects of a high 

phytoestrogen diet on obesity were confined to postnatal exposure and beneficial effects on 

glucose tolerance were confined to intrauterine exposure, with the latter effects dependent on 

the intrauterine position of the pups. In addition, Cederroth et al. (2010) reported opposite 

effects on the male reproductive tract from Ruhlen et al. (2008), with the high soy diet 

resulting in reduced sperm counts, reduced seminal vesicle weight, and reduced fertility.

While the studies listed above were major motivators for the study described here, other 

literature also presents an unclear picture of the effects of dietary soy components on body 

weight, fat deposition, and reproductive function, as well as on the ability to detect the 

effects of weak estrogens in rodents. Multiple studies have suggested beneficial effects of 

phytoestrogens and soy protein on obesity (reviewed in Orgaard and Jensen, 2008; 

Velasquez and Bhathena, 2007). Soy has been implicated as a protective factor against the 

development of metabolic syndrome in rodents (Cederroth and Nef, 2009b), and both 

isoflavones and soy protein, due to its amino acid composition or peptides derived from the 

protein (Moriyama et al., 2004; Tachibana et al., 2010), have been implicated in this 

beneficial effect. Similar to the results mentioned above in CD-1 mice (Cederroth et al., 

2007; Ruhlen et al., 2008), Badger et al. (2001) reported that Sprague-Dawley rats fed an 

AIN-93 based diet with a soy protein isolate replacing casein from conception had lower 

body weights than the animals fed the casein diet. Andreoli et al. (2015) also reported that 

feeding adult male Wistar rats a low phytoestrogen diet induced obesity and impaired 

glucose metabolism. Conversely, exposure of Wistar rats to a soy meal-containing diet 

during development has been reported to result in increased adult body weight in males, but 

not females (Cao et al., 2015), while developmental exposure of Sprague-Dawley rats to 

genistein was reported to result in obese adult females, but not males (Strakovsky et al., 

2014). Lifetime exposure of Sprague-Dawley rats to 500 ppm, but not 5 or 100 ppm, 

genistein reduced body weight gain in the F1 and F2 generation females and in the F1 

generation males (National Toxicology Program, 2008a). Developmental exposure of Wistar 

rats to soy protein-containing diet was reported to increase body weight of both male and 

female rats as adults compared to those fed a casein diet, but glucose intolerance was more 

pronounced in adult males (Jahan-Mihan et al., 2011). The effects of the dietary protein 

difference were largely attributed to the dams’ diet during pregnancy (Jahan-Mihan et al., 

2012). The data regarding soy diet effects on body weight and obesity are thus somewhat 

difficult to interpret and may depend on species and strain, the specific soy preparations or 

components examined, or other diet constituents or properties (e.g. pellet hardness or 

moisture content) that differ across studies.

The goals of the present study were to assess the suitability of a soy- and alfalfa-free 

modified natural ingredient diet for use in toxicology studies with CD-1 mice, to explore the 

utility of modified purified ingredient diets to alleviate the variability inherent in natural 

ingredient diets, and to better separate the effects that are due to soy isoflavones from those 

due to soy protein or other soy components. The results affirm marked diet-related 

differences in basic animal parameters, underline the difficulties in attributing diet effects to 

specific dietary components, and point to the importance of careful consideration of 

micronutrient variations when using irradiated purified diets.
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 Materials and Methods

 Animals

Weanling CD-1 mice [Crl:CD1(ICR)], approximately three to four weeks old, were obtained 

from Charles River Laboratories (Wilmington, MA). The experiment was loaded in two 

equal sized animal groups spaced two weeks apart. Males born a week earlier than females 

were obtained to ensure that littermates were not mated. Upon receipt, animals were fed 

NIH-41 Irr diet and housed in polysulfone cages with hardwood chip bedding (P.J. Murphy, 

Montville, NJ), wire lids, and microisolator tops. Millipore-filtered tap water was provided 

in glass bottles with silicone stoppers and stainless steel sipper tubes. Feed and water were 

provided ad libitum. Animal rooms were maintained at 23° ± 3°C with a relative humidity of 

50% ± 20%. Lights were on for 12 hours per day starting at 6 AM.

Within a week of arrival, animals were randomly allocated to one of six experimental diet 

groups by a stratified randomization procedure by sex based on body weight to give 

approximately equivalent mean body weights in each diet group. Males and females were 

randomly paired one-to-one within diet groups when the F0 females were approximately 11–

12 weeks of age. Pairs were separated after 10 days. Except for the mating period and the 

pre-weaning period when dams and pups were co-housed, animals were individually housed 

to allow for more accurate evaluation of food consumption. Sentinel animals were 

maintained with NIH-41 Irr diet in each animal room and one animal per room was removed 

and evaluated for viral and bacterial pathogens at the midpoint and end of the study in 

accordance with the sentinel animal program at the National Center for Toxicological 

Research (NCTR). No pathogens were detected in any sentinel animal. All animal 

procedures were approved by the NCTR Animal Care and Use Committee.

 Diets

There were six diet groups and 10 diets in the experiment. Four of the groups had separate 

growth (G) and maintenance (M) diet formulations, while the remaining two groups had one 

diet formulation fed through all stages of the experiment. The six diet groups were: 1) 

NIH-41, an irradiated formulation of NIH-31, 2) 5K96, 3) 5008(G)/5001(M), 4) AIN-93 G 

and M, 5) SPC G and M, which were modifications of AIN-93 in which casein was replaced 

with ethanol-washed soy protein concentrate (SPC, Arcon® SJ, product 066408, Archer 

Daniels Midland, Decatur, IL), and 6) SPC-IF G and M, the SPC diet formulations 

supplemented with isoflavones (IF, NovaSoy® 650, containing 73.08% isoflavones, product 

152650, Archer Daniels Midland). The open formula purified diets AIN-93, SPC, and SPC-

IF were obtained from Envigo (Harlan) Teklad Diets (Madison, WI). SPC was used in this 

study rather than soy protein isolate because a commercially available ethanol-washed, and 

thus isoflavone-free, soy protein isolate product could not be identified at the time that the 

study started. NIH-41 open formula, and 5K96 and 5008/5001, which are closed formula 

diets, were obtained from PMI Nutrition International (LabDiet/TestDiet), St. Louis, MO. 

Single lots of each diet were used in this study. All of the diets were provided in pelleted 

form and were irradiated by the manufacturers prior to shipment. Natural ingredient diets 

from Lab Diet were irradiated with Cobalt 60 (gamma irradiation) at an average dose of 20–

25 kGy for approximately one hour (personal communication, Dr. Carrie Schultz, PMI 

Camacho et al. Page 4

Food Chem Toxicol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nutrition International). The other diets were irradiated with a Cobalt 60 source at 20–50 

kGy for approximately six hours (personal communication, Dr. Barbara Mickelson, Envigo 

(Harlan) Teklad). Diets were confirmed to be free of microbiological contaminants. All were 

stored at 4°C until given to the animals and fresh diet was supplied weekly. Compositions 

and calculated energy contents of the natural ingredient diets are summarized in Table 1. 

Compositions and calculated energy contents of the three AIN-93 based diets are shown in 

Table 2. The AIN-93 based diets had higher energy densities than did the natural ingredient 

diets, including the natural ingredient growth diet, 5008. F0 animals were assigned as 

described above to one of the six maintenance diets within one week of arrival at NCTR. 

One week before mating, the F0 and F1 breeding animals were fed the growth diet in the 

four diet groups that had growth and maintenance diets. F1 animals were switched to 

maintenance formulations on PND 21.

 Chemical analyses of diets

Results of analyses of selected dietary components and contaminants assayed after arrival at 

NCTR are reported in Table 3. Fat was extracted with a Soxhlet apparatus and analyzed by 

gravimetry; total protein was quantified using a FP28 nitrogen/protein determinator (LECO 

Corporation, St. Joseph, MI); vitamins A and E were determined by high pressure liquid 

chromatography (HPLC) with fluorescence detection, and thiamine by the method of 

Gehring et al. (1995). Organochlorine pesticides, organophosphate pesticides, and 

polychlorinated biphenyls were determined following a modified FDA Pesticides Analytical 

Manual (PAM) method by gas chromatography with electron capture detector. Aflatoxins 

were measured by thermospray mass spectroscopy after derivitization with iodine (Holcomb 

et al., 1991). Fumonisins were measured with a RIDASCREEN®FAST fumonisin 

immunoassay kit (R-Biopharm Inc, Marshall, MI) according to the manufacturer’s 

instructions. Heavy metals (arsenic, cadmium, selenium, and mercury) were analyzed by 

Applied Research and Development Laboratory, Inc. (Mount Vernon, IL), using standard 

EPA methods. Daidzein, genistein, and zearalenone levels in feed were determined by LC 

tandem mass spectrometry following an acid hydrolysis standard addition method. 

Background levels of bisphenol A (BPA) in feed and cage bedding were determined by LC-

MS/MS following liquid-liquid extraction and cleanup using solid phase extraction.

 Body weights, food consumption, and F1 pup allocation

Animals were weighed on arrival and weekly thereafter, except for the period when they 

were paired for mating. Litter weights were recorded by sex on PND 1 (day of birth = PND 

0) and body weights of individual pups were recorded on PND 4, 7, and weekly thereafter. 

Body weights were also collected on the day on which vaginal opening and preputial 

separation were observed, on the day of glucose challenge, and at removal for necropsy. 

Food consumption was measured weekly except for the mating period. Food consumption 

data are approximate, since waste was not accounted for.

For each diet group, the first 20 litters born that met the minimal litter criterion of at least 

three male and three female pups were continued on the study beyond weaning. Litters with 

more than 10 pups were randomly culled to 10 on PND 4 with a distribution of five males 

and five females when possible. At PND 21, one pup per sex per litter was euthanized and 
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the carcass scanned by dual x-ray absorptiometry (DXA). Two other pups per sex per litter 

were randomly selected to continue on the study after weaning at PND 21. One retained pup 

of each sex was mated with a non-littermate at 11 – 12 weeks of age to produce F2 litters 

(breeding or BR arm), and the other pup of each sex underwent glucose challenge and 

necropsy (GN arm) as described below. F2 litters were treated similarly to the F1 litters, 

except that there was no minimum litter size requirement and all pups retained after the 

culling of the litter on PND 4 were euthanized at PND 21.

In some cases, pups from any litters produced above the 20 above or that did not match the 

litter size criterion were used in the uterotrophic assay (see below) or as sentinels.

 Uterotrophic assay

On PND 17, 180 F1 female pups (30 per diet group; maximum two per litter) were weaned 

and housed up to six per cage within diet groups so that no animals in any given cage were 

littermates. Starting on PND 17, daily subcutaneous injections of 0, 0.1, 1, 10, or 100 μg/kg 

body weight (bw)/day ethinyl estradiol (EE2; Sigma product # E4876-10G, lot # 028K1411) 

in corn oil (Sigma, product # C8267, lot # MKBG0329V) were administered for three 

consecutive days, with animals in a given cage all receiving the same EE2 dose. On the 

morning of PND 20, the mice were euthanized and body weights recorded. The uterus was 

removed as prescribed in OECD Test Guideline 440 (OECD, 2007) and the wet (i.e., uterus 

and luminal fluid) and blotted (i.e., uterus after expression and blotting of luminal fluid) 

uterine weights were recorded.

 Markers of sexual development and vaginal cytology

Anogenital distance was measured using an ocular micrometer (Delclos et al., 2014) at PND 

21 on all F1 pups kept in the study after the PND 21 sacrifice. The anogenital distance 

measured at weaning has been reported to reflect the intrauterine androgen environment in 

mice (Vandenbergh and Huggett, 1995; Hotchkiss and Vandenbergh, 2005). Preputial 

separation and vaginal opening were monitored in F1 pups from PND 22 until occurrence. 

Vaginal smears were taken on the day of vaginal opening and daily thereafter for 20 

consecutive days to determine the time of first estrus.

 Glucose challenge

On PND 90 ± 3, one F1 animal per sex per litter (GN arm) had food removed from the cage 

at 6 AM. Starting at 1 PM, the animals were weighed and a zero-time blood sample 

collected by a tail vein prick made with a 3 mm lancet. Each animal received an 

intraperitoneal injection of 2.0 g/kg bw of glucose in 0.9% saline, and blood drops were 

collected from the tail vein at 15, 30, 45, 60, and 120 minutes after dosing for measurement 

of glucose levels using a glucometer (Accu-chek Aviva, Roche Diagnostics, Indianapolis, 

IN). After the final glucose measurement, animals were returned to their cages and 

continued on the study until necropsy on PND 105 ± 5.

 DXA

On PND 21 (F1 and F2 males and females) and PND 105 (F0 male and F1 male and female 

breeders), animals were sacrificed and analyzed on the same day using a DXA PIXImus 

Camacho et al. Page 6

Food Chem Toxicol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



densitometer (Lunar GE Medical Systems, Madison, WI). The instrument was calibrated 

daily using the manufacturer’s phantom mouse. The whole carcasses were scanned in the 

ventral position, with the limbs held splayed and the tail wrapped around the left side of the 

body. The head of each mouse was excluded from analysis by placing it outside the X-ray 

field and/or using the software’s exclusion area.

 Necropsy, sperm analyses, and testicular histopathology

F0 breeder males and females were sacrificed after the 10 day mating period or after 

weaning of litters, respectively. Animals were anesthetized with gaseous carbon dioxide and 

blood was collected by cardiac puncture into a serum separator tube. The blood was allowed 

to clot and centrifuged at 1000 × g for 10 minutes. Serum was utilized for the following 

clinical chemistry measurements: cholesterol, triglycerides, glucose, insulin, leptin, and 

adiponectin. Clinical chemistry analyses were conducted on an Alfa Wassermann ALERA 

(West Caldwell, New Jersey), as previously described (Delclos et al., 2014). Leptin 

concentration was measured using a mouse leptin ELISA kit (Millipore, St. Charles, MO). 

Plates were read on an ELx800 Universal Microplate Reader (Bio-Tek, Winooski, VT). 

Insulin was assayed using a “Coat-a-Count” radioimmunoassay (RIA) (Siemens, Los 

Angeles, CA) and adiponectin was assayed with a mouse adiponectin RIA kit (Millipore, St. 

Charles, MO). The insulin and adiponectin tubes were then counted on a Wizard2 

(PerkinElmer, Shelton, CT) gamma counter. An aliquot of the male serum was also used for 

isoflavone analyses (Twaddle et al., 2002). For males, the terminal body weight was 

recorded and the carcass was scanned by DXA for body composition analysis. For females, 

the uterus was removed and placed in 10% ammonium sulfide for enumeration of 

implantation sites. The uteri of F0 dams that did not deliver litters or delivered litters with 

less than 3 pups per sex were also evaluated for implantation sites and non-viable fetuses.

For F1 animals in the GN arm, food, but not water, was removed at 6 AM on the morning of 

scheduled necropsy on PND 105 ± 5. After a mean fast of 7.6 ± 0.8 (SD) h, animals were 

anesthetized with gaseous CO2, blood was collected by cardiac puncture, and serum 

prepared as described above. The serum was used for the following assays: total protein, 

albumin, urea nitrogen, creatinine, alanine aminotransferase, gamma glutamyl 

transpeptidase, sorbitol dehydrogenase, aspartate aminotransferase, alkaline phosphatase, 

total bile acids, glucose, cholesterol, triglycerides, insulin, leptin, and adiponectin. The 

following organs were removed and weighed: adrenals, brain, prostate (ventral and 

dorsolateral after fixation), epididymides, kidneys, liver, ovaries, seminal vesicles with 

coagulating gland, testes, epididymal, ovarian and parametrial (combined), and 

retroperitoneal fat pads, thyroid (after fixation), and uterus. Paired organs were weighed 

together, except for testes and epididymides, which were weighed separately because of the 

sperm evaluations described below. A vaginal smear was taken at the time of necropsy to 

determine the stage of the estrous cycle; in all diet groups, except the NIH-41 group, there 

was one animal with a poor smear from which the estrous cycle stage could not be 

determined. The cycle stage at necropsy was not taken into account in the analyses of the 

clinical chemistry or organ weights. With the exception of the testes, which were processed 

for microscopic evaluation, all weighed tissues were fixed in 10% neutral buffered formalin 

and held as wet tissue. The right testes was removed, fixed in modified Davidson’s fixative, 
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embedded in infiltrating media (Formula R, Leica, Buffalo Grove, IL). Five μm sections 

were stained with Periodic Acid Schiff’s stain for histological evaluation. The left testis was 

frozen on dry ice and stored at −80°C for later use in determining testicular spermatid head 

counts. The left epididymis was dissected away from the testis, weighed, and processed for 

determination of sperm motility and morphology and total sperm counts as previously 

described (Delclos et al., 2014).

 Statistics

NIH-41, the standard institutional diet at NCTR, was considered the reference control diet 

for pairwise comparisons among the six diet groups. In addition, exploratory analyses using 

AIN-93 as the reference control diet for comparisons were conducted within the three diet 

groups based on the AIN-93 diet (AIN-93, SPC, and SPC-IF). Results of the latter analyses 

are discussed in the text and summarized in Supplemental Table 1. Analyses were performed 

separately for females and males and for the BR and GN study arms. Adjustment for 

multiple comparisons of diet groups to the reference control diet was performed using 

Dunnett’s method for analysis of variance (ANOVA), analysis of covariance (ANOCOVA), 

the log-rank test, logistic regression, and Poisson regression; pairwise comparisons of diets 

to the reference control diet were performed within contrasts. Holm’s method of adjustment 

was used for Fisher’s exact test. For analyses of repeated time point measures, within-group 

correlations were modeled using a heterogeneous first-order autoregressive (ARH(1)) 

correlation structure; for correlation between litter mates, correlation was modeled using a 

compound symmetric correlation structure. All statistical tests were conducted as two-sided 

at the 0.05 significance level.

Body weights, food consumption, and metabolic efficiency (g of body weight gained per g 

of food consumed in a given time period) were analyzed using a repeated measures mixed 

model ANOVA with terms for diet, week, and interaction. Food consumption outliers were 

defined as daily average greater than 80% of an animal’s body weight at the end of the 

week; outliers for average weekly percent metabolic efficiency were identified using 

Grubb’s test.

Mating success, defined as the proportion of females that littered to number mated, was 

analyzed using Fisher’s exact test. Pup counts at birth (number alive, number of males, 

number of females, and number of unsexed) were analyzed using Poisson regression. Litter 

size was defined as the total number of pups (male, female, and unsexed) born alive. Sex 

proportions within litters were analyzed using logistic regression. Unsexed pups were 

assigned as male for the analysis reported, but assignment of the unsexed pups as female did 

not change the results. For litter weight data, analysis was performed using ANOVA. For 

mean animal weights, ANOCOVA was performed adjusted for litter size. Numbers of 

implants and resorptions were analyzed using ANOVA; the number of resorptions was 

calculated as the number of implants minus the sum of the number of pups born alive and 

dead. For anogenital distance (AGD), repeated measures mixed model ANOVA was 

performed for the mean of three measurements of AGD and for anogenital distance index 

(AGI), defined as the mean of AGD divided by the cube root of body weight.
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Age and body weight at vaginal opening for females and at preputial separation for males 

were analyzed using ANOVA. Daily vaginal swabs were reported as estrus (E), proestrus 

(P), or diestrus (D), in addition to some reported as indeterminate (E/D, P/E, and D/P). For 

the analysis, E/D and P/E were categorized as E and D/P as D. Time to first estrus was 

defined as the first occurrence of an estrus smear during data collection up to 21 days 

following vaginal opening. Log rank analysis was performed for time to first estrus, with 

animals considered censored if dead or moribund, or if estrus was unobserved. The 

distribution of D, E, and P animals at necropsy for each diet compared to the reference 

control was analyzed using Fisher’s Exact test with Monte Carlo estimation.

Glucose levels at baseline and at 15, 30, 45, 60, and 120 min after the injection of glucose 

were analyzed using a repeated measures mixed model ANOCOVA with terms for diet 

group, time, interaction, and covariate baseline glucose level. Area under the curve (AUC) 

was also calculated using the trapezoidal rule. One male animal was excluded due to an 

accidental early death.

For clinical chemistries, ANOVA was performed using a nonparametric method with 

midranks and an unstructured covariance. Measurements beyond detection limits were 

defined as one-half the lower limit or equal to the upper limit of quantification; samples with 

insufficient volume for analysis were considered missing.

ANOVA was performed for DXA scan of percent fat of tissue using arcsine square root 

transformation. In addition, ANOVA was performed for bone mineral density, bone mineral 

content, bone area, tissue area, and total tissue mass. Organ weights were analyzed using 

ANOVA for absolute weights. ANOCOVA was performed with covariate brain or terminal 

body weight in separate analyses. Ovaries with grossly observable cysts were excluded from 

the ovary weight analysis; in addition, the ovarian weights of one animal in the NIH-41 diet 

group and one animal in the AIN-93 diet group were excluded because the ovaries had been 

weighed together with the oviduct. Fisher’s Exact test was performed to compare diet groups 

to NIH-41 control for the number of these exclusions. For seminiferous tubule degeneration 

of the testes in the study diet groups compared to the NIH-41 control, Fisher’s Exact test 

was used for incidence, and Shirley’s method, modified by Williams, was performed for 

severity scores; tests were conducted as one-sided and no adjustment was made for multiple 

comparisons.

 Results

 Diet analyses and serum isoflavones

The results of analyses of diets for the estrogenic substances, macronutrients, and vitamins 

in the single lots of each irradiated diet used in the study are shown in Table 3. The 

estrogenic compounds assayed (genistein, daidzein, coumestrol, zearalenone, and BPA) 

were specific for this study and the other analyses are standard analyses conducted at NCTR 

for all diets. As expected, the natural ingredient diets contained varying levels of soy-derived 

isoflavones in the order 5008/5001 > NIH-41> 5K96. Minimal soy isoflavones were 

reported in the AIN-93 G/M and SPC G/M diets, while SPC-IF had the highest measured 

isoflavone content of all diets used. Assessment of the serum of F0 breeder males confirmed 
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that only animals fed 5001, SPC-IF, or NIH-41 had measurable levels of circulating 

isoflavones (Table 4). Coumestrol levels were highest in 5001 and NIH-41. Levels of other 

measured contaminants varied across diets, but were within tolerances established by the 

National Toxicology Program (National Toxicology Program, 2011) with the exception of 

malathion levels in 5K96, which exceeded the 0.5 ppm tolerance by approximately 20%. 

Low ppb levels of BPA were also found in all diets tested for the present study.

Vitamin A and B1 (thiamine) were higher in the natural ingredient diets than in the AIN-93-

based diets, while vitamin E levels were higher in the AIN-93-based diets, particularly in the 

SPC and SPC-IF diets. All vitamins, except thiamine, exceeded NRC recommended levels in 

all diets (National Research Council, 1995). As shown in Table 3, several of the AIN-93-

based diets (AIN-93 G and M, SPC M, SPC-IF M) had thiamine levels that were not 

detectable by the standard method used for diet thiamine analysis at this institution. After all 

of the study data had been collected and analyzed, samples of the purified diets were 

returned to the manufacturer for reanalysis, which confirmed low levels of thiamine in the 

diets (Table 3, footnote), although the length of time that had elapsed between diet 

preparation and analysis precludes the exact determination of the thiamine level at the time 

the diet was fed to the animals.

 Body weights, food consumption, and metabolic efficiency

For F0 females, pairwise comparisons to NIH-41 indicated that the only significant 

difference for the females was at 6 weeks with the mean weight of the 5K96 group higher 

(6%) than that of the NIH-41 group (Supplemental Figure 1). There were no significant 

differences between any diet and NIH-41 at any week in pairwise comparisons for F0 males 

(Supplemental Figure 1).

Mean male pup PND 1 weights, adjusted for litter size, were 5% lower in the SPC-IF group 

relative to the reference NIH-41 group in both the F1 (p = 0.041) and F2 (p = 0.030) 

generations (Supplemental Table 2). In both generations, body weights of both sexes in the 

SPC and SPC-IF groups were significantly less than those in the NIH-41 group at PND 4, 7, 

14, and 21 (Figure 1). Although no formal statistical comparison was conducted, these 

weight differences were similar for SPC and SPC-IF groups relative to the other natural 

ingredient diets. The mean body weights in animals fed SPC or SPC-IF ranged from 11 – 

15% lower than those fed NIH-41 at PND 4 and 25 – 31% lower at PND 21 (Figure 1). For 

the AIN-93-related diet subset, there was no difference in PND 1 weights among the 

AIN-93, SPC, and SPC-IF groups. At PND 4 and after, both sexes in both the SPC and SPC-

IF groups generally had significantly lower mean body weights than the AIN-93 group 

(Supplemental Table 1).

After weaning, the animals that were assigned to the BR and GN arms were analyzed 

separately, with similar results in both study arms. As with the pre-weaning animals, the 

body weights of the SPC and SPC-IF groups were lower than those of the NIH-41 reference 

animals during the post-weaning period of both sexes (Figure 2). The animals in the SPC-IF 

group had the lightest body weights, ranging from approximately 30% lighter than the 

NIH-41 group in the week after weaning to approximately 10 – 18% at week 12 (BR arm) or 

13 (GN arm). For both pre- and post-wean animals, the analysis of the modified AIN-93 diet 
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subsets showed similar significant differences for SPC and SPC-IF groups versus the 

AIN-93 control group, with the SPC and SPC-IF animals having lower body weights than 

the AIN-93 group (Supplemental Table 1). Males in the 5001 group had mean body weights 

that were 10 – 12% lighter than the reference NIH-41 group animals at weeks 10, 11, and 12 

for the BR arm (Figure 2, top left) and at week 12 in the GN arm (Figure 2, bottom left). For 

the F1 BR arm, the AIN-93 group females had a higher body weight (11 – 15%) than 

NIH-41 animals during the post-weaning period (Figure 2, top right).

Food consumption was measured only for the F1 post-weaning animals and similar results 

were seen in both the BR and GN study arms. Food consumption was lower than that in the 

NIH-41 group for the AIN-93, SPC, and SPC-IF groups in both sexes (Figure 3). 

Consumption in the 5K96 group was higher (24 – 59%) in females in all weeks after week 4 

in the BR arm (Figure 3, top right) and in weeks 5, 6, and 8 in the GN arm (Figure 3, bottom 

right). Males did not show a consistent difference in food consumption for 5K96 versus the 

NIH-41 control, with higher consumption in week 6 and lower consumption in week 9 in the 

GN arm (Figure 3, bottom left) and higher consumption in weeks 5 and 8 in the BR arm 

(Figure 3, top left). For the AIN-93-related diet subset, females and males in both the SPC 

and SPC-IF groups in both the GN and BR study arm had significantly lower food 

consumption than the AIN-93 group over the course of the study, although the numerical 

differences were less than those between these diets and NIH-41 (Figure 3 and Supplemental 

Table 1). Food consumption data were also plotted as calories consumed, since the diets 

differed in energy density, with similar results to those of grams consumed (Supplemental 

Figure 2).

Metabolic efficiency, while variable over the course of the study, was generally numerically 

higher for AIN-93, SPC, and SPC-IF relative to NIH-41, and was higher in all significant 

comparisons (Supplemental Figure 3). For the AIN-93-related diet subset, significant 

differences in metabolic efficiencies were observed in a few specific weeks that varied by 

sex and study arm (Supplemental Table 1).

 F0 and F1 mating and litter summaries

Mating success of the F0 and F1 generations and basic litter parameters are shown in 

Supplemental Table 2. There were no statistically significant differences in the proportion of 

mated pairs producing litters, implant sites, resorptions, litter size, or pup sex ratio in either 

generation. The percentage of mated pairs producing litters ranged from 83 – 97% in all diet 

groups in both generations, except in the F1 AIN-93 group, where it was 70%; however, this 

decrease was not significantly different from the NIH-41 diet control.

 Markers of sexual development and estrous cycle

A summary of the markers of pubertal development measured in both study arms is shown 

in Table 5. Statistically significant effects on the timing of vaginal opening were confined to 

the SPC diet group in the BR arm (1.9 day delay). The difference of 0.9 days in the GN 

study arm was in the same direction, but it was not statistically significant. The body weight 

at vaginal opening was significantly lower in the SPC and SPC-IF diet groups, consistent 

with the generally lighter body weights of the animals in these groups reported above. In 
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both study arms, the time of first estrus was delayed relative to that in the NIH-41 diet group 

in the 5001, SPC, and SPC-IF groups. The time of first estrus was significantly less than that 

in the NIH-41 group in the AIN-93 group in the BR arm, but not in the GN arm, where the 

median time of first estrus was numerically later than that in the NIH-41 group. All smears 

in the breeding group for 21 days were read regardless of the time that the first estrus smear 

was detected and evaluated for cycle parameters; however, the majority of mice did not show 

regular cycles within this time period, consistent with previous reports that regular cycles in 

mice can take weeks to become established after vaginal opening and first vaginal estrus are 

observed (Nelson et al., 1990). The results of these analyses, which indicated limited 

statistical differences across diets, are not shown. The distributions of D/E/P animals at 

necropsy were as follows: NIH-41, 8/12/0; 5K96, 9/9/1; 5001, 13/4/2; AIN-93, 9/8/2; SPC, 

12/5/2; SPC-IF, 10/7/2. These proportions did not differ significantly in comparisons of diets 

to the reference control.

AGD and AGDI were measured in all retained pups at PND 21. There were no AGD 

differences among diet groups that were not explained by the body weight reductions in the 

SPC and SPC-IF groups, as indicated by the lack of statistically significant differences for 

the AGDI (Supplemental Table 3).

 Uterotrophic assay

Data from the uterotrophic assay were analyzed based on both absolute and body-weight 

adjusted uterine wet and blotted weights. Body weight-adjusted results are discussed 

because of the significant effect of the SPC and SPC-IF diets on body weight. Both wet and 

blotted uterine weight relative to body weight (Figure 4, top and bottom, respectively) 

showed an increase over the corn oil control at 1 μg EE2/kg bw/day and above. For the SPC-

IF group, the wet uterine weight was significantly higher than the NIH-41 control at 0.1, 1, 

and 100 μg EE2/kg bw/day; similarly, the blotted uterine weights were significantly higher 

than the NIH-41 control at 0, 0.1, and 100 μg EE2/kg bw/day. Both wet and blotted uterine 

weights were lower in 5001 than that in the control diet group at 10 μg EE2/kg bw/day.

 Glucose tolerance

The baseline glucose level for the AIN-93 diet was 30% higher compared to the NIH-41 diet 

for males; however, there were no significant differences in post-baseline glucose levels, 

adjusted for baseline, between any of the diet groups compared to the NIH-41 diet for either 

females or males (Supplemental Figure 4). In addition, there were no differences across diets 

in the area-under-the-blood-glucose*time curve (Supplemental Table 4).

 Clinical chemistry

Selected clinical chemistry measurements are shown in Figure 5; terminal blood was 

collected from unfasted F0 animals, while F1 animals were fasted for approximately 7 hours.

In F0 males, the AIN-93, SPC, and SPC-IF diet groups had significantly elevated glucose 

levels (18, 19, and 14%, respectively) and depressed insulin levels (40, 28, and 29%, 

respectively) relative to those in the NIH-41 diet. Cholesterol was elevated by 16% in the 

SPC group and triglycerides depressed by 26% in the 5001 group relative to levels in the 
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NIH-41 diet group. For females, the only statistically significant difference in the clinical 

chemistry parameters measured was a 12% increase in glucose in the SPC group relative to 

levels in the NIH-41 animals.

For F1 animals, significant differences between the NIH-41 control diet and the other diets 

for the analytes shown in Figure 5 were confined to males. In AIN-93 males, glucose was 

elevated 21%, while insulin, leptin, and triglycerides were decreased by 66%, 51%, and 

36%, respectively. The insulin levels in SPC-IF were decreased by 60%, but glucose, leptin, 

and triglycerides were not significantly different from the control diet level. None of these 

parameters differed in the SPC diet versus the NIH-41 diet. In the 5001 group, cholesterol, 

triglycerides, leptin, and insulin were all significantly lower than NIH-41 levels by 18%, 

28%, 68%, and 61%, respectively. Triglycerides were increased by 23% in the 5K96 diet 

compared to NIH-41 diet. There were few statistically significant changes in the other serum 

components measured (Supplemental Tables 5 and 6 for males and females, respectively). 

All three of the AIN-93-related diet groups had reduced alanine aminotransferase levels 

relative to the NIH-41 control in both sexes.

 Organ weights

Selected organ weights recorded at necropsy are shown for males and females in Tables 6 

and 7, respectively. Other recorded organ weights are listed in Supplemental Tables 7 

(males) and 8 (females). The percentage differences mentioned in this paragraph are based 

on the least squares means generated by the statistical model. In males, brain, kidney, testes, 

and thyroid gland showed significant differences across diets. In females, significant diet 

effects were confined to the kidney and thyroid gland. Male brain weight, corrected for body 

weight, in the SPC-IF group was 12% higher than that in the NIH-41 group. Kidney weights 

were lower than those in the NIH-41 group in the AIN-93, SPC, and SPC-IF groups in both 

males (9%, 19%, and 20%, respectively) and females (11%, 21%, and 26%, respectively). In 

males, thyroid weights were significantly lower than those in the NIH-41 group in the 

AIN-93, SPC, and SPC-IF groups (29%, 33%, and 30%, respectively). In females, only the 

SPC-IF diet group had a significantly different thyroid to body weight ratio (35% lower). 

Mean thyroid weights were numerically lower than the NIH-41 control mean in the 5001, 

AIN-93, and SPC diet groups, but these differences were not statistically significant. Testes 

weight in the AIN-93 group was significantly reduced compared to the mean weight in the 

NIH-41group (21% less). Summaries of the significant results from the analysis of organ 

weight adjusted for body weight in the AIN-93-related diet subset are shown in 

Supplemental Table 1. In both sexes, kidney weights were lower in the SPC and SPC-IF diet 

groups compared to the AIN-93 group, while liver weight was lower in both sexes in the 

SPC group and in females in the SPC-IF group. Testes weights were significantly higher in 

the SPC and SPC-IF groups than in the AIN-93 group.

While there were no diet-related differences in ovary weights, grossly observable cysts led to 

the exclusion of many ovaries from weighing at the time of necropsy, and the percentage of 

animals affected was significantly different across diets (Table 7). The 5K96, AIN-93, and 

SPC diet groups had 9 of 20 (45%), 11 of 20 (55%), and 12 of 20 (60%), respectively, 

excluded for ovarian cysts compared to 1 of 20 (5%) in the NIH-41 group. All of these low 
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isoflavone diet groups differed significantly from the NIH-41 control (p = 0.025, 0.005, and 

0.002, for 5K96, AIN-93, and SPC, respectively). Histological examination of the ovaries 

confirmed an association between the gross cysts and bursal cysts (data not shown).

 DXA scans

DXA scans were conducted on the carcasses of F0 males, F1 and F2 PND 21 weans, and F1 

males and females from the BR arm. The results for percent body fat are shown in Table 8. 

PND 21 females and males in the AIN-93 diet group had significantly increased percent 

body fat in both the F1 (13–14% higher) and F2 (28–30% higher) generations compared to 

the NIH-41 diet group. There were no statistically significant differences between any of the 

diets and the NIH-41 control in percent fat in F0 adult males or F1 adult males or females, 

except for F1 adult females fed SPC-IF. The DXA software also calculated bone area, bone 

mineral content, bone mineral density, total area, and total tissue mass (Supplemental Tables 

9 and 10 for males and females, respectively).

 Sperm evaluation and testicular histopathology

No significant differences in F1 caudal sperm motility or morphology were found between 

any diet group and the NIH-41 group (data not shown). Testicular spermatid head counts 

were significantly lower in the AIN-93 group than in the NIH-41 group, but caudal 

epididymal sperm counts did not differ among diet groups (Table 9). Analysis of the 

AIN-93-related diet subset indicated that both SPC and SPC-IF groups had significantly 

higher mean testicular spermatid head counts than the AIN-93 group (Supplemental Table 

1). Data from the microscopic evaluation of the testes are summarized in Table 10 and 

Figure 6. In the AIN-93 diet group, there was a 65% incidence of seminiferous tubule 

degeneration characterized by degenerate and necrotic spermatogenic cells with reduced 

numbers of germinal epithelial cells and with multinucleated giant cells. In some areas, the 

germ cells were markedly depleted and only flattened Sertoli cells remained. Sixty-two 

percent (8 or 13) of the affected animals had a marked (grade 4, the highest grade) lesion 

severity. Low incidences (5 – 10%) of minimal severity (grade 1) lesions were seen in the 

NIH-41, 5K96, 5001, and SPC diet groups and were considered background.

 Discussion

The primary purpose of this study was to assess the suitability of a soy- and alfalfa-free 

modified natural ingredient diet for use in toxicology studies with CD-1 mice. The study 

was initiated in light of reports of both low and high soy diets interfering with evaluations of 

estrogenic agents or directly inducing adverse effects (Cederroth et al., 2007; Cederroth et 

al., 2010; Ruhlen et al., 2008). Uncertainty with regard to the soy components that are 

responsible for various soy diet-related effects prompted us to investigate the purified 

ingredient diet AIN-93 and modifications of that diet with casein, the sole protein source in 

that diet, replaced with an ethanol washed soy protein concentrate with or without added 

isoflavones. As indicated previously, the soy- and alfalfa-free modified natural ingredient 

diet 5K96 was tested because it has been the diet used for several rat studies of chemicals 

with estrogenic activity at this institution (Delclos et al., 2014; Delclos et al., 2009; National 

Toxicology Program, 2008a, b, 2010a, b) and because it was reported to induce a neonatal 
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estrogenization-like metabolic syndrome in CD-1 mice (Ruhlen et al., 2008). NIH-41, an 

irradiated version of NIH-31, was tested because it is the formulation on which 5K96 is 

based, with soy and alfalfa meals replaced by casein, so it is nutritionally equivalent to 

NIH-41, but has a lower soy content than diets to which soy-free diets have been compared 

in previous mouse studies (e.g., Cederroth et al., 2007; Cederroth et al., 2008; Cederroth et 

al., 2010; Ruhlen et al., 2008). 5008 and 5001, a G/M combination of diets, were used 

because they are the comparison diets used by Ruhlen et al. (2008) and they have a variable, 

but relatively high, phytoestrogen content (Brown and Setchell, 2001; Thigpen et al., 2004). 

Under the conditions of this study, where feeding of a single lot of 5K96 was started shortly 

after weaning of the F0 generation and continued throughout the study, we did not observe 

significant differences between the 5K96 group and the NIH-41 group with regard to body 

weight, fat pad weights, serum leptin, adiponectin, insulin, triglycerides, total cholesterol or 

glucose, response to glucose or estrogen challenges, sperm parameters in F1 animals, or 

reproduction over two generations. Although no formal statistical comparisons were 

conducted comparing the 5K96 diet group to the 5008/5001 diet group, no marked 

differences were apparent in the means of these endpoints between these groups. It should 

be noted that the specific lots of 5008 and 5001 used in this study had lower chemically 

measured isoflavone levels (Table 3) than have been reported previously (Brown and 

Setchell, 2001; Thigpen et al., 2004). The level of phytoestrogens in the diet could influence 

the observed effects. For example, Lephart et al. (2004) reported lower post-weaning body 

weights and serum leptin and insulin levels in Long Evans rat pups exposed to a soy-

containing diet with 600 ppm isoflavones from conception compared to rats exposed 

similarly to a low phytoestrogen diet. Our results show no major differences among the 

natural ingredient diets tested and suggest that all should be suitable for multigenerational 

toxicology studies in mice.

Advantages and disadvantages of using natural ingredient diets versus purified diets have 

been recognized and discussed (Barnard et al., 2009; Rao and Knapka, 1998). Among the 

potential advantages of purified diets are the minimization of contaminants and reduction of 

batch-to-batch variability. Conversely, natural ingredient diets have higher micronutrient 

levels than purified diets (Oller et al., 1989; Rao and Knapka, 1998) and marginal 

micronutrient levels may contribute to occasional reports of breeding difficulties on the 

purified diets (US Food and Drug Administration, 2007). There is a lack of data supporting 

the suitability of the purified ingredient diets for chronic studies (Duffy et al., 2002; Lewis et 

al., 2003). The AIN-93 G and M purified diets used in the present study, which contain 

casein as their sole protein source, are widely used phytoestrogen-free diets that can be 

modified to accommodate dietary component additions. The ethanol-washed soy protein 

concentrate used in the SPC diet, Arcon® SJ, consisted of soy protein with a relatively low 

content of isoflavones or other ethanol-extractable low-molecular-weight phytochemicals. A 

soy isoflavones concentrate, NovaSoy® 650, was added to the SPC-IF diet to supply 

isoflavones. The most marked and consistent effect observed in the study was the 

significantly lower body weights of animals of both sexes after birth in the F1 and F2 

generations in both the SPC and SPC-IF diet groups, suggesting that the soy protein was the 

prime driver of this effect. F0 animals fed these diets only during the post-weaning period 

did not show significant differences in body weights from the natural ingredient diets or 
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from the AIN-93 group, indicating that the diet consumed by the dam during gestation and 

lactation influenced the pup body weights. The importance of the diet consumed by the dam 

on pup body weight throughout life has been reported in other studies of soy- versus casein-

containing diets, although inconsistent effects have been found, with the soy-consuming F1 

CD-1 mice having lower body weights (Cederroth et al., 2007; Ruhlen et al., 2008) and 

Wistar rats having higher body weights (Jahan-Mihan et al., 2011; Jahan-Mihan et al., 

2012). A study in Sprague-Dawley rats reported no differences in adult body weight 

between rats fed purified diets with either casein or soy protein isolate as the protein sources 

(Badger et al., 2001).

There were no notable organ weight differences seen in the F1 animals among the natural 

ingredient diets, but in males, the kidney and thyroid weights, adjusted for body weight, 

were lower than the NIH-41 organ weights in all three AIN-93-related diets. The same was 

true for kidneys in females, but in females, only the thyroid weight of the SPC-IF diet group 

was lower than that in the NIH-41 group. Within the AIN-93-related diet subset, the SPC 

and SPC-IF females had lower kidney and liver weights than the AIN-93 females and the 

SPC-IF females also had a significantly lower retroperitoneal fat pad weight. For males, the 

SPC and SPC-IF groups had lower kidney weights than the AIN-93 group, liver weight was 

decreased in the SPC group and adrenal and brain weights were lower in the SPC-IF group. 

Testis weight differences are discussed below. Soy protein has been reported to have 

beneficial effects on kidney function (Ogborn et al., 1998; Ogborn et al., 2010), and soy 

protein has been reported to lower liver weight, as well as reduce serum and liver cholesterol 

and triglycerides (Ascencio et al., 2004; Nagata et al., 1981; Torre-Villalvazo et al., 2008; 

Wanezaki et al., 2015), although the latter effects were not observed in the present study. 

While there were no significant diet effects on ovary weights, there was a higher incidence 

of gross ovarian cysts in the three low isoflavone diets compared to the NIH-41 diet. Patisaul 

et al. (2014) recently reported an increased incidence of cystic follicles in Wistar rats fed a 

soy meal containing diet.

An unexpected aspect of this study that limits the ability to compare it with other published 

studies using AIN-93 diets and modifications thereof was the low thiamine level reported in 

the AIN-93, SPC, and SPC-IF diets (Table 3). Despite these low thiamine levels, there was 

no apparent effect on growth or general health of the animals in any of the diet groups, and 

gestation and lactation were supported by all diets. In fact, throughout the course of the 

study, none of the classical signs of thiamine deficiency in rodents, including poor growth or 

neurological symptoms, were noted in any of the diet groups reported to have low thiamine. 

The U.S. National Research Council (NRC) has estimated a thiamine requirement for mice 

of 5 mg thiamine hydrochloride/kg diet (National Research Council, 1995), although the 

similar estimate for rats (4 mg thiamine hydrochloride/kg diet) has been questioned in that 

approximately 5 to 7-fold lower levels were able to maintain adequate growth in rats (Rains 

et al., 1997; Shibata and Fukuwatari, 2013). In both rodents and humans, the thiamine 

requirement has long been known to vary according to the carbohydrate content of the diet, 

with higher thiamine levels required in high carbohydrate diets (Elmadfa et al., 2001; 

Reinhold et al., 1944; Wainio, 1942). Generally, natural ingredient diets have higher levels 

of thiamine than the NRC estimated requirement, while purified diets have been reported to 

have lower and variable levels (Oller et al., 1989; Rao and Knapka, 1998). Vitamin A levels 
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were also lower in the AIN-93-related diets, although all were higher than the NRC 

estimated mouse requirement of 0.72 mg/kg (2.4 IU/g) diet. Vitamin E levels were higher in 

the AIN-93-related diets, particularly in the SPC and SPC-IF diets. As discussed below, the 

low levels of thiamine in the diet may have impacted significantly the results of the current 

study.

The reason for the low thiamine levels in the AIN-93-related diets in the present study is not 

clear, although irradiation seems to have been a factor (Table 3). It is known that heat and 

irradiation can reduce thiamine and vitamin A levels, and this is taken into account when 

formulating diets that will be autoclaved or irradiated. Irradiation has been reported to have 

relatively modest effects in a natural ingredient diet matrix (Caulfield et al., 2008), while 

thiamine was reported to be unstable on storage at room temperature in the purified AIN-76 

diet relative to a natural ingredient diet (Fullerton et al., 1982). In the current study, the 

vitamin mix added to the AIN-93-based diets should have been sufficient to account for loss 

due to irradiation, and the diets were stored refrigerated to maintain nutrient levels. 

However, specifics of pellet preparation were likely a contributing factor as, in an attempt to 

normalize hardness across all purified diets, some had higher moisture content than others. 

Factors that contribute to thiamine loss in irradiated purified diets include a combination of 

moisture content, irradiation dose, and form of thiamine (personal communication, Dr. B. 

Mickelson, Envigo (Harlan) Teklad). The longer irradiation time and higher dose range used 

by the manufacturer of the purified diets (see Materials and Methods) may have contributed 

to the lower thiamine levels in these diets. In any case, although the thiamine levels fed to 

the animals in the study were below 5 ppm, they were clearly adequate in all cases to 

support growth, gestation, and lactation.

Endpoints to evaluate spermatogenesis (testes weight, testicular spermatid head count, 

caudal epididymal sperm count, motility, and morphology, and histopathology) were 

included based on the reports of soy/phytoestrogen detrimental effects on spermatogenesis 

in CD-1 mice (Cederroth et al., 2010). Although our data did not support such a link, 

abnormal spermatogenesis was noted in animals fed AIN-93, and its low thiamine may have 

contributed to this observed effect. Testicular degeneration had been reported decades ago in 

rats subjected to severe thiamine deficiency (Morris and Dubnik, 1947), and 

spermatogenesis defects have been reported in thiamine transporter knockout mice in the 

absence of the more severe thiamine deficiency manifestations (Fleming et al., 2003; Oishi 

et al., 2004). An interesting aspect of the present study is that defects in spermatogenesis 

were observed only in the AIN-93 diet group, which had non-detectable levels of thiamine 

reported in both the G and M formulations, while the SPC and SPC-IF groups, which had 

detectable thiamine levels in the M, but not G, formulation, did not show effects on testicular 

weights, testicular spermatid head counts, or histology. This could indicate that an early 

developmental subclinical thiamine deficiency may be critical to the noted effect on 

spermatogenesis and/or that there is an interaction between the subclinical thiamine 

deficiency and the lack of soy protein. Furthermore, although consistent effects on testes 

were noted, there was no observed deficit in epididymal sperm in the AIN-93 diet group. 

This could indicate a delayed effect on testicular spermatogenesis, similar to the delayed 

effect on spermatogenesis reported in aromatase knockout mice (Robertson, 2002). Further 

targeted experiments in mice fed low thiamine diets would be needed to address these 
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questions more definitively. The issue of thiamine deficiency affecting reproductive toxicity 

assessments in rodents is unlikely to be an issue when natural ingredient diets are used, due 

to their high thiamine content; however, this may be a potential issue for rodent studies when 

purified diets, and particularly sterilized purified diets, are used. It must also be noted that, 

while the low measured thiamine levels are possibly involved in the observed effect, other 

micronutrients that were lower in the AIN-93-related diets may have also played a role. For 

example, as noted previously, vitamin A levels were lower in these diets than in the natural 

ingredient diets and vitamin A also plays a critical role in the development of the testis and 

the maintenance of spermatogenesis (Chihara et al., 2013; Hogarth and Griswold, 2010).

A significant question is whether or not subclinical nutritional deficiencies might contribute 

to defects in spermatogenesis or to an individual’s susceptibility to reproductive toxicants. 

This issue seems to have received relatively little attention, although it has been reported that 

the effect of bisphenol A on the number and motility of sperm in mice is enhanced under 

conditions of vitamin A deficiency (Aikawa et al., 2004; Nakahashi et al., 2001). Thiamine 

deficiencies severe enough to produce beriberi are rare in the modern developed world and 

severe thiamine deficiency associated with severe neurological effects (Wernicke’s 

encephalopathy) is largely confined to alcoholic adults or other specific conditions or 

medical procedures (Francini-Pesenti et al., 2009; Frank, 2015; Lallas and Desai, 2014; 

Stroh et al., 2014; World Health Organization, 1999). Low thiamine levels in diabetics have 

been noted, and it has been hypothesized that consumption of high energy high carbohydrate 

diets may lead to low, although subclinical, thiamine levels (Kerns et al., 2015; Lonsdale, 

2015; Page et al., 2011; Rosner et al., 2014). In any case, the data reported here and by Oishi 

et al. (2004) in mouse models suggest that defects in spermatogenesis produced by low 

thiamine appear before other overt signs of deficiency. The mechanism and relevance of this 

observation to humans may be worthy of further study.

As noted in the Introduction, multiple studies and reviews over the years have pointed out 

the potential influence of diet on the outcomes of animal toxicology studies. Despite this, 

many investigators continue to provide little information on the diet utilized in their studies 

and likely select diets based largely on familiarity or convenience. The results of this study 

underline the importance of diet selection and formulation, and thorough nutrient 

characterization and reporting of the diets tested to enhance interpretability of study results 

and provide sufficient information to investigators attempting to replicate or build on others’ 

results.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CD-1 mice fed irradiated natural or purified ingredient diets were evaluated 

over three generations

• Groups fed natural ingredient diets were similar, but differed significantly 

from the groups fed purified diets

• Unanticipated low thiamine levels in the AIN-93 diet may have contributed 

to the decreased spermatogenesis in this group

• Diet choice in toxicology requires careful consideration and interaction of 

nutrients with toxicants warrants attention
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Figure 1. 
Pre-wean pup body weights of F1 (top row) and F2 (bottom row) males (left column) and 

females (right column) measured at PNDs 4, 7, 14, and 21. Mean weights ± S.E.M. are 

shown. Inset indicates the line type and symbol associated with each diet and the symbols 

(*, SPC; #, SPC-IF) used to indicate a significant difference from the NIH-41 diet group in 

the same week. During this time period, the growth diets were fed in those groups that had 

both G and M formulations.
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Figure 2. 
Post-wean F1 male (left column) and female (right column) weekly body weights for the 

breeder (top row) and glucose challenge (bottom row) study arms. For the breeder animals, 

weights recorded from the time of weaning to the time of pairing for mating are shown. For 

the glucose challenge animals, weights recorded from the time of weaning through the 

glucose challenge study are shown. All data are mean weights ± S.E.M. Inset indicates the 

line type and symbol associated with each diet and the symbols (^, 5001; @, AIN-93; *, 

SPC; #, SPC-IF) used to indicate a significant difference from the NIH-41 diet group in the 

same week.
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Figure 3. 
Post-wean F1 male (left column) and female (right column) mean daily food consumption 

per week for the breeder (top row) and glucose challenge (bottom row) study arms. For the 

breeder animals, food consumption data from the week after weaning to the time of pairing 

for mating are shown. For the glucose challenge animals, food consumption data from the 

week after weaning through the glucose challenge study are shown. All data are mean 

weights ± S.E.M. Inset indicates the line type and symbol associated with each diet and the 

symbols (&, 5K96; ^, 5001; @, AIN-93*, SPC; #, SPC-IF) used to indicate a significant 

difference from the NIH-41 diet group in the same week.
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Figure 4. 
Uterine weights relative to body weights for PND 20 F1 females treated with three 

consecutive i.p. doses of EE2 (0, 0.1, 1, 10, or 100 μg/kg bw/day) from PND 17. Mean 

weights ± S.E.M. are shown. Inset indicates the line type and symbol associated with each 

diet and the symbols (^, 5001; #, SPC-IF) used to indicate a significant difference from the 

NIH-41 diet group at the same dose of EE2.
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Figure 5. 
Serum clinical chemistry measurements made in both F0 and F1 adult males and females. 

Serum samples were collected from unfasted F0 females and males and fasted 

(approximately 7 hours) F1 females and males at necropsy. Mean ± S.E.M. are shown. There 

were 20 animals for all endpoints except for the following groups of females: 5001, n =19 

for insulin; SPC, n = 19 for leptin, n = 18 for insulin; SPC-IF, n = 19 for leptin and insulin. 

Inset indicates the bar type associated with each diet. Asterisks (*) indicate a significant 

difference from the NIH-41 diet group within the same generation and sex.
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Figure 6. 
Micrographs of normal (left panel) and affected (right panel) testes of F1 adult animals in the 

AIN-93 diet group, ×10. The affected testes shown were scored as having grade 4 (marked) 

seminiferous tubule degeneration.
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