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The composition of laboratory diets is essential for the health 
and wellbeing of all laboratory animals. Diets are carefully op-
timized to supply the necessary nutrients, minerals, and trace 
elements. In many formulas for rodent nutrition, soy is used as 
a plant-derived source of protein. However, soy also contains 
high amounts of isoflavones, a class of phytoestrogens.9,33 Due 
to chemical structural similarities to the most potent estrogen 
17-β-estradiol, isoflavones are capable of mimicking the actions 
and functions of 17-β-estradiol and thus trigger estrogenic or 
antiestrogenic effects.10,25 Therefore, the effects of isoflavones 
on estrogen-modulated systems, for example, cardiovascular, 
skeletal, reproductive, and nervous systems,37 can potentially 
influence the outcome of in vivo experiments. One comprehen-
sive review15 emphasizes the possible interference of dietary 
isoflavone levels with experimental results. The concentration 
of isoflavones can differ substantially between different for-
mulas—from approximately 80 µg/g chow to more than 500 
µg/g—but also between batches of the same formula.15 Not 
only the doses of isoflavones but also the timing and duration of 
exposure could considerably influence experimental results.26,27 
An analysis of isoflavone levels that assessed these parameters 
could provide helpful information to detect isoflavone-evoked 
effects and could contribute to an understanding of variability 

in experimental results.15 However, determining the isoflavone 
concentrations of feeds is considerably labor- and cost-intensive.

Another consequence that many investigators are considering 
in light of such observations is the complete avoidance of soy in 
rodent diet formulas, thereby avoiding soy isoflavone exposure 
of the animals. The effects of isoflavones on development and 
behavior have already been investigated in several studies, but 
their focus was mostly on rats, especially females.15,20,21,29 Here, 
we performed a broad behavioral investigation of the most 
widely used inbred mouse strain, C57BL/6, in both sexes. Due 
to the frequent use of this strain in various scientific disciplines, 
this behavioral assessment likely is of major interest.

We therefore extensively evaluated mice that received a stand-
ard soy-containing diet or a soy-free diet to identify alterations 
of behavior and to estimate the potential influence of isoflavones 
on the results. Although the exclusion of soy as a confounding 
factor might be beneficial in terms of the scientific outcome, we 
also were interested in potential effects on the wellbeing of the 
mice. Therefore this study also included measures indicating the 
welfare of the animals, for example, nesting and anxiety- and 
depression-related parameters.

Materials and Methods
All experimental animals were bred in the SPF animal facility 

of the Central Institute of Mental Health, Mannheim, Germany. 
The parent generation of C57BL/6 N Crl mice (Charles River 
Laboratories, Sulzfeld, Germany) was fed with the same diet as 
their future offspring for at least 3 wk before mating. Male (n = 
12) and female (n = 12) littermates were then randomly selected 
for the feeding experiment according to the feeding scheme of 
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the parental generation: either a soy-free (LasQCdiet Rod16-H, 
LasVendi, Soest, Germany) or a soy-containing standard (Rat/
Mouse Maintenance V1534, sniff Spezialdiäten, Soest, Germany) 
mouse diet. Details of the diets are listed in Figure 1, with 
additional information in (Supplemental Figure S1). The mice 
were fed with the corresponding diet throughout their lifespan.

At 8 wk after birth, the subjects were transferred to sex-
specific colony rooms and allowed to acclimate for 14 d before 
behavioral testing. The reversed dark:light cycle was set to 12:12 
h, with lights off at 0700, the room temperature to 23 ± 2 °C, and 
relative humidity to 50% ± 5%.

Mice were reared single-housed in conventional cages 
(Macrolon type II, 26 × 20 × 14 cm) and were provided with 
bedding (Espen bedding medium, ABEDD Lab and Vet, Vi-
enna, Austria), nesting material (unbleached cellulose tissue, 
Pharmacy Stadtklinik, Frankenthal, Germany), and untreated 
tap water and food without restriction. Housing conditions 
allowed visual and olfactory contact between counterparts. 
Body weight was assessed during the weekly cage changes 
for 8 wk, starting at the arrival in the colony room until the 
end of the experiments. All experiments were conducted 
during the active phase of the mice, except for the nest test, 
due to its experimental demands. All experiments complied 
with regulations covering animal experimentation within the 
European Union (European Communities Council Directive 
2010/63/EU) and were approved by German animal welfare 
authorities (Regierungspräsidium Karlsruhe, ethical approval 
number 35-9185-81-G-193-11).

Experimental testing started 1 h after the onset of the dark, 
active phase and followed an individually randomized order 
for each test (Research Randomizer, http://www.randomizer.
org). Animals were habituated to the experimental room for at 
least 30 min, except for the forced swim and fear-conditioning 
tests. Because the nest test requires observation of the home 
cage, this test was performed in the colony room. The test order 
was designed to start with the least aversive and to end with 
the more distressful experiments. Stress accumulation due to 
frequent testing was prevented by having a minimum of 48 h 
and a maximum of 7 d between experiments (Figure 2). For each 
test, we tested all mice on the same day, except for the puzzle 
box test, for which mice were separated into subgroups because 
of the temporal requirements of the test. Unless specified oth-
erwise, all measures were performed manually.

Nest test. The test was performed as described previously.8 
Briefly, a cotton square (Zoonlab, Castrop-Rauxel, Germany) 
was introduced into the home cage at 1 h before onset of the 
dark phase. Nest building was evaluated after 5 and 24 h, ac-
cording to a rating scale based on nest cohesion and shape. 
Briefly, the rating scale ranged from 1 to 5: 1, nearly untouched 
cotton square; 2 and 3, increasingly shredded square; 4, a flat 
nest; and 5, a complex bowl-shaped nest.

Novel cage test. Mice were placed into an ethanol-cleaned 
cage with a decreased amount of bedding (20 mL instead of the 
standard 600 mL) and were observed for 300 s under red light.32 
The number of rears performed was recorded.

Open field–novel object test. Mice were placed into an un-
familiar white arena (50 × 50 cm), which was illuminated from 
above (25 lx).43 Activity was recorded for 10 min. Subsequently 
a water-filled 50-mL conical tube (the novel object) was intro-
duced into the center of the arena, and object exploration was 
recorded for 10 min. An image-processing system (EthoVision 
XT 8.0, Noldus Information Technology, Wageningen, the 
Netherlands) was used to analyze the distance moved, velocity, 
time spent moving, and time spent in center. Data regarding 

the latency to approach the novel object and the number of 
approaches were collected manually.

Elevated O-maze test. Mice were placed into a walled section 
of an O-shaped gray plastic runway (width, 6 cm; outer diam-
eter, 46 cm; 50 cm above the floor) with 2 walled (height, 10 cm) 
sections of gray polyvinyl that were placed opposite to each 
other.32 The floor of the apparatus was laminated with grip tape 
to prevent the mice from slipping. The setup was illuminated 
from above (25 lx). Mice were observed for 300 s, during which 
the latency to first exit, number of exits, and total time spent in 
the open compartments were recorded.

Dark–light test. Mice were placed into the dark compartment 
of a 2-chamber setup in which the chambers were connected by 
a small tunnel.2 The dark compartment was made from black 
acrylic (20 × 15 cm) and covered by a lid, whereas the white 
chamber (30 × 15 cm) was illuminated from above (600 lx). Mice 
were observed for 300 s. The latency to the first exit, number of 
exits, and total time in the light compartment were assessed.

Novel object recognition test. The novel objects protocol was 
modified from a previous study.3 Mice were familiarized with 
the empty arena (50 × 50 cm2, illuminated from above with 25 
lx) for 10 min each at 1 day before testing and at 2 h before the 
first trial. Then they were introduced into the same arena but 
containing 2 identical items (a small candy glass or plastic cube) 
for 7 min or until they explored the objects for a total of 15 s. 
After an intertrial interval of 2 h, they were reintroduced for 5 
min into the same arena, which now contained one familiar and 
one novel object, and the positions of the objects were changed 
to avoid bias. The number of approaches and time spent explor-
ing were recorded.

Social memory test. The social memory test was performed as 
previously described.13 Briefly, mice were tested in a 3-chamber 
(20 × 30 × 30 cm) social testing arena, in which the chambers 
were separated by clear acrylic walls containing rectangular 
openings (5 × 6 cm). The subject was habituated to the central 
chamber for 300 s before the acrylic panels were removed from 
the rectangular openings to allow exploration of the complete 
setup for 300 s. Carousel cages were then introduced into each 
of the lateral chambers, one containing an unfamiliar C57BL/6N 
mouse of matched age and sex. The subject was allowed to 
familiarize with the social partner for 10 min. Subsequently, 
either a familiar or an unknown social partner matched for age 
and sex was introduced into the compartments. The time spent 
with each mouse was assessed for 10 min. The side including 
the social partner was balanced systematically between subjects 
throughout the experiment.

Forced swim test. Mice were placed for 6 min into a glass cylin-
der (height, 23 cm; diameter, 13 cm) filled with water (21 °C) to a 
height of 12 cm.22 Latency to immobility and percentage of time 
spent immobile were determined by using an image-processing 
system (EthoVision ×8, Noldus Information Technology). This 
test was conducted twice, with a 24-h intertrial interval.

Hot-plate test. To assess pain threshold, the mice were placed 
on a 53 ± 0.3 °C hot plate (ATLab, Vendargues, France). The 
latency to the first coping reaction (that is, jumping or licking 
hindpaws) was assessed.5 If no reaction occurred within 45 s, 
the test was terminated.

Fear conditioning. Contextual fear conditioning was per-
formed in conditioning chambers (58 × 30 × 27 cm; TSE, Bad 
Homburg, Germany). The subject was habituated for 2 min to 
white noise in the chamber. Then an unconditioned stimulus 
(2-s continuous foot shock at 0.8 mA) was applied, accompanied 
by the presentation of a tone. After 24 h, freezing behavior in 
the same context was manually scored every 10 s for 5 min.
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Puzzle box test. The puzzle box test was performed as pre-
viously described.1 Briefly, the mouse was introduced into a 
brightly lit start zone (58 × 28 cm, 600 lux) of the puzzle box, 
from which it could travel to a goal zone (15 × 28 cm, cov-
ered). In 9 trials over 3 consecutive days, the passage through 
an underpath (4 cm) was modified through obstructions of 
increasing difficulty: trial 1) open door over the underpass 
location; trials 2 through 4, open underpath; trials 5 through 
7, underpath was filled with sawdust (burrowing puzzle), 
and trials 8 and 9, underpath was blocked by a cardboard 
plug (plug puzzle). A trial started by placing the mouse in the 
start zone and ended when all 4 paws of the mouse entered 
the goal zone or after a total time of 5 min. The performance 
of mice in the puzzle box was assessed by measuring the 
latency to enter the goal zone.

Analysis of isoflavones in mouse serum samples. Daidzein, 
genistein, and their corresponding phase II metabolites and 
of equol, equol-7-glucuronide, and equol-4ʹ-sulfate in mouse 
serum samples were analyzed by using a validated LC-MS 
method19,34,42 with the following minor alterations: mouse se-
rum (100 μL) was thawed and 5 μL of internal standard solution 
(containing 5 μM 13C3-daidzein, 5 μM 13C3-genistein, 5 μM 13C3-
daidzein-7-glucuronide, and 5 μM 13C3-genistein-7-glucuronide 
in DMSO) was added. The samples were diluted with 400 μL 
of water, and extraction and analysis was done as described 
previously.19,34,42 Briefly, an automated pipetting workstation 
(Microlab Star, Hamilton Robotics, Martinsried, Germany) was 
loaded with the water-diluted serum samples, and automated 
solid-phase extraction was performed by using a 96-well plate 
(Strata-X AW, 60 mg; Phenomenex, Aschaffenburg, Germany). 
The eluates were evaporated to dryness by using a SpeedVac 
(model no. SPD131, Thermo Electron LED, Langenselbold, 
Germany), and the residues were dissolved in 200 μL 30% 
(v/v) methanol in water. Then the samples were filtered (0.45 

μm glass fiber, 96-well plate; Phenomenex) and the filtrates in-
jected to the UHPLC–MS–MS system. This system comprised a 
mass spectrometer (QTrap 5500, AB Sciex Germany, Darmstadt, 
Germany) equipped with an LC system (Nexera, Shimadzu 
Europa, Duisburg, Germany). Analytes was separated on a 
Acquity HSS T3 column (internal diameter, 2.1 mm; length, 
100 mm; particle size, 1.8 μm; Waters, Eschborn, Germany) 
with a precolumn (Acquity HSS T3; diameter, 2.1 mm; length, 
5 mm; particle size, 1.8 μm; Waters) and a pre-inline filter (0.5 
μm; Krudkatcher, Phenomenex, Aschaffenburg, Germany). The 
column oven temperature was adjusted to 40 °C, and the flow 
rate was set to 0.5 mL/min. Gradient elution was performed 
by using an aqueous 40 mM ammonium formate buffer (pH 3) 
and an acetonitrile:methanol mixture (1:2.5, v:v) as solvents. 
The injection volume was 15 μL. The electrospray ionization 
source of the MS was operated in the negative mode, and the 
scheduled multiple-reaction monitoring mode was used to 
monitor the analytes. Limits of quantification are summarized 
in Supplemental Figure S2.

Statistical analyses. Statistical analyses were performed by 
using SPSS Statistics version 24 (IBM, Armonk, NY). Differences 
were considered to be significant at a P value less than 0.05.

The data were analyzed through 2-way ANOVA with 
treatment and sex as factors or, when appropriate, by using 
repeated-measures ANOVA. Mann–Whitney U tests for inde-
pendent samples and Wilcoxon tests for related samples were 
used to analyze nesting behavior.

We excluded the data from 2 soy-free–fed female mice that 
had high serum concentrations of isoflavone metabolites, in-
dicating an unintended and undesirable isoflavone exposure. 
Therefore, the sample size for all experiments are: soy-free 
males, n = 12; standard-diet males, n = 12; soy-free females, n 
= 10; and standard-diet females, n = 12.

Figure 2. Sequence of experiments. NT, nest test; NC, novel cage test; OF-NO, open field–novel object test; OM, elevated O-maze test; DLB, 
dark–light test; SM, social memory test; NOR, novel object recognition test; PB, puzzle box test; FST, forced swim test; HP, hot plate test; FC, fear 
conditioning.

Figure 1. Diets used to feed the mice throughout their lifetimes.
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Results
Analysis of isoflavones in mouse serum samples. The lev-

els of daidzein, genistein, and their corresponding phase II 
metabolites and of equol, equol-7-glucuronide, and equol-4ʹ-
sulfate in mouse serum were quantified (Table 1). The profiles 
of the isoflavone phase II metabolites were comparable to 
those described recently,31,32 except that in the proportions 
of monosulfates were substantially higher and the levels of 
monoglucuronides and sulfoglucuronides were lower in fe-
male than in male mice.

Isoflavones were detectable in all serum samples of mice that 
received the soy-free diet, but daidzein and genistein aglycone 
equivalent concentrations were 15 to 20 times lower than those 
in the standard diet group.

Evaluation of body weight, litter size, locomotion, and nesting. 
The soy-free diet did not adversely affect the number or size 
of litters, in that 5 of the 6 breeding pairs on each diet success-
fully delivered a total of 65 offspring, which demonstrated a 
female:male ratio of 3.5:3.

In general, mice fed the standard diet weighed more than 
those given the soy-free diet (treatment: F1,42 = 7.178, P = 0.010), 
and the differences in weight were statistically significant from 
week 12 onward. The gain in body weight was normal in both 
sexes (time: F8,336 = 232.674, P < 0.001; time×sex: F8,352 = 22.937, 
P < 0.001), with male mice being heavier (sex: F1,42 = 129.725, 
P < 0.001; Figure 3 A) independent of the diet.

Nesting behavior was not affected by sex or diet (Figure 3 
B). The quality of nests improved over time (all: Z = –5.922, 
P < 0.001; males: Z = –4.303, P < 0.001; females: Z = –4.117, 
P < 0.001; standard diet: Z = –4.295, P < 0.001; soy-free diet: 
Z = –4.123, P < 0.001). Locomotion did not differ between 
the treatment groups (Figure 3 C through F). Although no 
sex-associated differences were detectable in vertical activity 
in the novel cage test, female mice moved greater distances 
and at higher velocity than male mice in the open-field test 
(sex: distance, F1,44 = 8.018, P = 0.007; velocity: F1,44 = 7.949, P 
= 0.007; Figure 3 D and E). This effect was not detected in the 
subsequent novel object test. Although female mice spent less 
time in the center of the empty arena during the open-field 
test (sex: F1,42 = 5.664, P = 0.022) and during the novel object 
test (sex: F1,42 = 8.221, P = 0.006, Figure 3 F), neither sex nor 
diet influenced exploratory behavior directed toward the 
novel object (data not shown).

Effects of dietary soy on affective state. The effect of dietary 
soy on affective behavior was heterogeneous. Anxiety-
sensitive parameters in the Elevated O-Maze test and the 
dark–light test remained unchanged (Figure 4 A through 
D), but despair behavior in the forced swim test was slightly 
decreased in soy-free–fed mice. Repeated-measures analysis 
revealed a general increase of the latency to start floating in 
soy-free–fed compared with standard-fed mice (treatment: 
F1,42 = 4.928, P = 0.032) (Figure 4 F). Yet, this treatment-induced 
effect was not observed for the immobility parameter (Figure 
4 E). Immobility increased significantly on day 2 compared 
with day 1, whereas latency decreased (day: latency, F1,42 
= 67.458, P < 0.001; immobility, F1,42 = 686.572, P < 0.001; 
day×sex: F1,42 = 7.457, P = 0.009). Compared with females, male 
mice showed significantly more immobile behavior on day 2 
(sex: day 2, F1,42 = 4.332, P = 0.044). Subsequent analyses for 
each sex did not reveal any significant differences between 
treatment groups.

Effect of dietary soy on cognitive functions. Treatment with 
soy-free diet did not alter cognitive abilities in tests of fear con-
ditioning, social memory, or novel object recognition; neither 

did the soy-free diet alter executive functioning in the puzzle 
box test (Figure 5 A through D).

Compared with their male counterparts, female mice dem-
onstrated a reduced context-dependent freezing response 
after fear conditioning (sex: F1,42 =37.108, P < 0.001). The pain 
threshold in the hot-plate test was similar between sexes 
(data not shown). Even though diet did not lead to differ-
ences between groups, it influenced the sex-specific outcome 
(treatment×sex: F1,42 = 7.454, P = 0.009). Whereas male mice 
fed the soy-free diet had the most frequent freezing behavior 
(mean ± SEM, 43.06% ± 4.78%), soy-free-fed females had the 
least (7.33% ± 3.36%).

In all tests based on recognition, novelty was preferred by 
all groups: an unfamiliar social partner in the social memory 
test (familiar: F1,41 = 19.262, P < 0.001) and the number of ap-
proaches (familiar: F1,42 = 5.314, P = 0.006) and the time spent 
near a novel object (familiar: F1,42 = 12.299, P = 0.001) in the 
novel object recognition test. This pattern depicts the natural 
behavior of mice toward novel conditions and is a basis for the 
analysis of differences between the groups. We did not find sex- 
or treatment-dependent effects on Social Memory and Novel 
Object Recognition.

Dietary soy content did not influence executive functions or 
problem solving in the puzzle box test (Figure 5 E). A general 
improvement of responses over time indicated successful learn-
ing in all mice (training: F8,336 = 7.490, P < 0.001). However, female 
mice acquired the task more quickly than males (training×sex: 
F8,336 = 2.225, P = 0.025) and were able to solve the tasks in sig-
nificantly less time (sex: F1,42 = 5.361, P = 0.026). This outcome 
was most pronounced in trial 4 (F1,44 = 9.488, P = 0.004) and trial 
5 (F1,44 = 12.621, P = 0.001).

Discussion
Whether to include or omit soy in laboratory animal diets 

continues to be debated. Some investigators argue that the 
removal of soy circumvents possible interference by estrogen-
modulated properties, others do not want to exclude soy 
from their experiments or to exclude it only under certain 
circumstances, depending on the specific research focus.15,28,40 
The aim of the current study was—by focusing on welfare, 
affective, and cognitive parameters—to provide a scientific 
basis to support evidence-based decision-making regarding 
the most suitable diet instead of choosing the approach of 
‘one size fits all.’ Accordingly, we did not aim to detect which 
component of soy (for example, isoflavones) was likely to 
initiate possible changes. We want to emphasize that soy 
itself or its metabolites might be responsible for observed 
effects; for example, administration of the soy metabolite 
βCGα (323–333) elicits anxiolytic effects.31 When we looked 
at the serum levels of isoflavones and their metabolites, we 
found the expected sex-associated differences, supporting 
previous findings.36 Although not within the scope of our 
project, we want to highlight the effects that soy can have 
on reproductive endpoints, which are very sensitive to soy, 
including uterine physiology and other estrogen-sensitive  
endpoints.

We assessed several animal welfare parameters, includ-
ing basic health parameters (for example, locomotion, body 
weight), the ability to perform natural behaviors (for exam-
ple, nesting), and measures of affective state (for example 
anxiety or despair), to investigate the effect of soy consump-
tion on the animals’ wellbeing. All mice were well nourished 
and showed a typical gain in body weight when compared 
with previous data from our own lab. Soy-fed mice weighed 
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significantly more from week 12 onward, although isofla-
vones are suggested to have beneficial effects on obesity.21,38 
Several studies suggest an increase of locomotor activity as 
the cause for the often-observed reduced body weight in 
animals supplemented with soy isoflavones.21 Yet, similar to 
a previous study,4 we did not detect differences in locomotor 
activity in the open field test, possibly because we used a 
similar testing duration and setup size as previously.4 Perhaps 
a longer time window would have revealed further differ-
ences.30,39 We did not monitor the food intake in the current 
study, and the greater body weight of mice that received the 

standard diet might be due to increased energy intake. Even 
though our results are not definitive in this regard, we want 
to emphasize that estrogenic diets, like endogenous estro-
gens, might help with weight control in laboratory animals. 
This propensity might also be an interesting perspective for 
manufacturers, who might want to develop diets that are less 
prone to induce weight gain.

Housing is a much-discussed topic in the field of animal 
welfare, because both individual and group housing can 
have sex-dependent effects on stress levels and behavior. In 
particular, as a part of the behavioral repertoire of mice, nest 

Table 1. Serum concentrations (nM) of daidzein, genistein, and their corresponding phase II metabolites and of equol, equol-7-glucuronide, and 
equol-4’-sulfate as determined through LC-MS

Standard formula Soy-free formula

male (n = 12) female (n = 12) male (n = 12) female (n = 10) Effects (ANOVA)

mean 1 SD mean 1 SD mean mean 1 SD treatment sex treatment×sex

Daidzein 126.6 58.6 94.2 44.4 10.5 5.3 5.9 F1,42 = 83.113 
P < 0.001

NS NS

Daidzein-4’-GlcA 2.8 9.8 6.4 14.8 ND ND NS NS NS
Daidzein-7-GlcA 141.2 51.2 197.3 94.0 ND ND F1,42 = 109.121 

P < 0.001
NS NS

Daidzein-7,4’-diGlcA ND ND ND ND
Daidzein-4’-S 27.1 21.2 56.0 28.0 1.8 2.0 4.5 2.3 F1,42 = 51.883 

P < 0.001
F1,42 = 8.747 
P = 0.005

F1,42 = 6.013 
P = 0.018

Daidzein-7-S 207.6 101.9 411.8 184.2 22.3 18.7 34.6 21.1 F1,42 = 76.647 
P < 0.001

F1,42 = 11.355 
P = 0.002

F1,42 = 5.021 
P = 0.030

Daidzein-7,4’-diS ND ND ND ND
Daidzein-7-GlcA-4’-S 14.1 10.5 35.6 14.3 ND ND F1,42 = 85.808 

P < 0.001
F1,42 = 16.022 

P < 0.001
F1,42 = 16.022 

P < 0.001
Daidzein-4’-GlcA-7-S 0.6 1.3 1.4 1.5 ND ND F1,42 = 10.622 

P = 0.002
NS NS

Daidzein aglycone  
equivalent

520.1 236.1 802.5 368.1 34.5 29.3 44.4 29.0 F1,42 = 87.521 
P < 0.001

F1,42 = 4.838 
P = 0.033

F1,42 = 4.205 
P = 0.047

Unconjugated  
daidzein (%)

24.8 3.8 11.8 1.2 32.7 24.8 7.9 8.5 NS F1,42 = 22.491 
P < 0.001

NS

Genistein 46.0 17.1 29.3 13.7 1.7 3.6 ND F1,42 = 119.909 
P < 0.001

F1,42 = 7.464 
P = 0.009

F1,42 = 5.021 
P = 0.030

Genistein-4’-GlcA ND ND ND ND
Genistein-7-GlcA 140.2 65.2 206.9 102.9 ND ND F1,42 = 88.525 

P < 0.001
NS NS

Genistein-7,4’-diGlcA ND ND ND ND
Genistein-4’-S 40.0 28.3 56.2 30.3 2.6 3.1 2.4 2.7 F1,42 = 52.185 

P < 0.001
NS NS

Genistein-7-S 188.6 97.8 378.3 186.8 19.5 16.3 28.7 12.2 F1,42 = 65.392 
P < 0.001

F1,24 = 9.622 
P = 0.003

F1,42 = 7.923 
P = 0.007

Genistein-7,4’-diS 1.4 3.2 ND ND ND
Genistein-7-GlcA-4’-S 33.7 17.8 57.2 26.8 2.5 3.5 5.6 2.7 F1,42 = 71.056 

P < 0.001
F1,42 = 7.373 
P = 0.010

F1,42 = 4.342 
P = 0.043

Genistein-4’-GlcA-7-S ND ND ND ND
Genistein aglycone  
equivalent

449.7 221.0 727.8 353.6 26.2 25.9 36.8 17.3 F1,42 = 77.544 
P < 0.001

F1,42 = 5.200 
P = 0.028

F1,42 = 4.468 
P = 0.041

Unconjugated  
genistein (%)

10.9 2.2 4.1 0.5 10.3 28.6 —a NS F1,42 = 3.857 
P = 0.056

NS

Equol ND ND ND ND
Equol-7-GlcA 458.8 243.5 349.2 178.1 3.0 10.2 ND F1,42 = 77.569 

P < 0.001
NS NS

Equol-4’-S 427.7 215.4 398.7 138.2 14.9 11.1 27.4 21.5 F1,42 = 101.592 
P < 0.001

NS NS

GlcA, β-d-glucuronide; ND, not determined; NS, nonsignificant; S, sulfate
aBecause the genistein aglycone concentrations in all samples of this group were below the limit of quantitation, the percentage of unconjugated 
genistein could not be calculate.
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building is a parameter that is very sensitive to stress effects.16 
It is, therefore, a useful tool for investigating wellbeing and 
a naturalistic behavior.8,16 Given that we noted no difference 
in nest building between male and female mice, the chosen 
form of housing (individual) did not appear to influence this 
stress-sensitive parameter. Likewise, the type of diet did not 
affect this behavioral pattern.

Previous studies on affective behavior and isoflavones 
indicated both anxiolytic and anxiogenic effects in rats21,23 
and mice.11,41 We did not detect alterations in anxiety-related 
approach–avoidance tests related to soy consumption in 
C57BL/6 mice. However, mice consuming the soy-free 
diet showed less despair behavior in the forced swim test 
than those fed the standard chow. Whether this effect is 
antidepressant or, conversely, whether feeding soy induces 
depressive-like behavior is a matter of perspective, especially 
given that earlier studies showed the antidepressant effects 
of a powdered soy supplement and the soy isoflavone gen-
istein.17 Nevertheless, apparently the affective state of the 
mice did not suffer due to the soy-free diet and, therefore, 
none of the mentioned welfare domains deteriorated due to 
omitting soy from the diet.

The importance of awareness of possible influences of 
dietary soy can be illustrated by findings on cognitive per-
formance. Previous work has shown increased cognitive 
performance due to isoflavone supplementation, mostly 

in female rats (for review, see reference 20). Some evidence 
suggests that dietary soy isoflavones influence sexually  
dimorphic cognitive behavior.24 In particular, when their food 
contained phytoestrogens, female rats performed better than 
males in tasks requiring reference and not working memory 
in the radial arm maze.24 In contrast, males given the same 
treatment demonstrated impaired visual spatial memory, 
which could be rescued by switching to a phytoestrogen-
free diet. The authors propose an advantageous outcome 
of increased mobility in females but a disruptive effect in 
males.24 Our results support this finding, given that the 
highly significant sex-associated difference we detected in the 
contextual learning phase of the fear conditioning paradigm 
was further amplified when the mice received soy-free chow. 
These findings clearly emphasize the importance of including 
both sexes in experiments, as characteristic of sound scientific 
practice, and the potential for interaction effects.6 Although 
we found some sex-specific differences regarding locomotor 
and cognitive performance in C57BL/6 mice, we did not find 
significant differences between the treatment groups, apart 
from the earlier-mentioned results from the fear condition-
ing test. Social memory, object recognition, and executive 
functioning in the puzzle box appeared to be unaffected 
by soy avoidance. This outcome contradicts the findings of 
another group,12 who observed sexually dimorphic social 
behavior that was influenced by soy diet. This discrepancy 

Figure 3. Body weight but not basal behavior is altered due to soy content of diet. (A) Mice fed with soy-free diet weighed significantly less than 
mice given soy-containing diet, and males weighed more than females. (B) Nest building behavior and (C) the number of rearings in the novel 
cage test were unaffected by diet and sex. (D) Distance moved, (E) velocity, and (F) time spent in the center were not altered by soy content but 
differed between sexes in the open-field and in part during the subsequent novel object test. Female mice moved farther, more quickly, and 
longer than male mice, which spent more time in the center. Data are presented as mean ± SEM; *, P < 0.05; †, P < 0.01; ‡, P < 0.001; time effect, 
black symbols; between treatments, red symbols; between sexes, blue symbols.



538

Vol 58, No 5
Journal of the American Association for Laboratory Animal Science
September 2019

in results may reflect the fact that this previous study was 
performed in rats, which have different social behavior  
than mice.

Another relevant aspect that is affected by the dietary soy 
content is effects on the rodent reproductive tract.7,14 An in-
depth analysis of this aspect was beyond the scope of our 
study, yet litters did not differ in number, size, or sex distri-
bution and therefore gave no indication of a soy-associated 
effect at this level. But this measure, like all of the other 
behavioral parameters that we investigated, might be influ-
enced by timing, duration, and isoflavone concentration.11 
The influence of general living conditions of animals—for 
example, type of bedding, nesting material, or food—are 
often overlooked by experimenters, even though these fac-
tors comprise the direct environment of their subjects. For 
example, the transition from vendor to laboratory most likely 
will coincide with a switch in food. The effects that can be 
triggered by such changes are unknown. Being attentive to 
the animals’ environment might yield insight into possible  
inconsistencies.

With regard to the 3Rs (replacement, refinement, and reduc-
tion), we cannot conclude from our results that removing soy 
from lab animals’ diet will result in a refinement for comparable 
experiments. Even though the assessed parameters are highly 
relevant, given that they cover a broad scope of behavior, they 
may not have been particularly sensitive to exogenous estro-
gens. In addition, this dietary manipulation does not cause 

an apparent gain in welfare, given that neither of the highly 
standardized diets applied sufficiently mimics the animals’ 
feeding behavior in nature.

The use of nonstandardized open-formula diets with natu-
ral ingredients is not recommended in general. The committee 
for nutrition of the German Society for Laboratory Animal 
Science mentions uncontrolled nutrient uptake, the possible 
influence of microbiologic status, a source of pathogens, or 
unwanted associated substances with undetected interaction 
in experiments and inaccurate interpretation of results.18 This 
concern can include soy-derived isoflavones. The removal 
of this confounding factor therefore might refine the quality 
of in vivo studies and decrease variability in resulting data, 
improve reproducibility, and achieve a desirable reduction 
in experiments involving animals. Optimizing experimental 
conditions is one way to ensure quality and to gain sustain-
ability. Another action that can increase reproducibility 
across labs rather effortlessly is to describe the diet used in 
experiments when preparing publications, as advised by the 
ARRIVE guidelines.

Our systematic investigation of behavioral changes due to 
soy-free or standard diet can serve as a basis for discussion 
and evidenced-based decision making. Generally, avoiding 
fluctuations of undesired, added substances in the food of 
laboratory rodents can reduce environmental influences and 
minimize variability, thus ultimately maximizing reproduc-
ibility.

Figure 4. Dietary soy content influenced affective behavior. (A and B) Anxiety-related parameters in the elevated O-maze and (C and D) 
dark:light test were unaffected by dietary soy content, whereas (E and F) behavior in the forced swim test was mildly altered. (F) Soy-
free–fed mice had a longer latency to start floating in general, with a more pronounced trend on day 2. Data are presented as mean ± SEM; *, P <  
0.05; †, P < 0.01; ‡, P < 0.001; time effect, black symbols; between treatments, red symbols; between sexes, blue symbols.
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Figure 5. Cognitive behavior was not dramatically affected by the soy-free diet. The outcome of (A) fear conditioning, (B) social memory, (C and 
D) novel object recognition, and (E) puzzle box tests was unaffected by treatment. However, sex-associated differences were detected in (A) fear 
conditioning and (E) puzzle box tests. (B) The nonfamiliar mouse was preferred over the familiar. (C and D) The novel object was preferred over 
the familiar one. (E) Performance changed over trials in the puzzle box test, in which female mice performed significantly better than males. Data 
are presented as mean ± SEM; *, P < 0.05; †, P < 0.01; ‡, P < 0.001; time effect, black symbols; between treatments, red symbols; between sexes, 
blue symbols; between familiar and unfamiliar, green symbols.
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Supplementary Materials
Figure S1. Nutrient content of diets.
Figure S2. Limits of quantification (nM) for daidzein, gen-

istein, and their corresponding phase II metabolites and for 
equol, equol-7-glucuronide, and equol-4’-sulfate in mouse 
serum samples measured by LC–MS.
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