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Abstract Diarylpropionitrile (DPN) is an estrogen
receptor-β-specific agonist that has been linked to neu-
roprotection, preserving cognitive function with age, the
suppression of anxiety-like behaviors, inhibition of can-
cer growth, and other positive properties. We hypothe-
sized that DPNmay have pro-longevity properties. DPN
was administered via feed at a dose corresponding to
approximately 3 mg/kg/day to ovariectomized female
mice beginning at 7 months of age. Mice were followed
for the duration of their lifespans while monitoring body
mass, aspects of behavior, learning, memory, and frailty.
DPN-treated mice gained more body mass over the first
2 years of age (17 months of the study). A test of
voluntary running behavior at 24 months of age behav-
ior revealed no deficits in DPN-treated mice, which
were as likely as control mice to engage in extended
bouts of wheel running, and did so at higher average
speeds. DPN administration had anxiolytic-like effects
whenmeasured using an elevated plus maze at 9 months

of age. A mouse frailty index was used to assess age-
related changes. The correlation between age and frailty
differed between control and DPN-treated mice. Over-
all, dietary DPN administration had some beneficial
effects on the aging phenotype of ovariectomized fe-
male mice with few significant detrimental effects.
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Introduction

In addition to their role as regulators of female reproduc-
tive physiology, estrogens have effects on mammalian
energy metabolism (Rettberg et al. 2014), stress physiol-
ogy (Green andMcCormick 2016), cognition and behav-
ior (Ervin et al. 2015), neuroprotection (Arnold and
Beyer 2009), cancer cell growth (Liao et al. 2015), and
possibly also aging (Vasconsuelo et al. 2013; Lejri et al.
2018). 17-β-Estradiol (E2) modulates cellular activities
acutely and chronically via estrogen receptor (ER)-medi-
ated and independent pathways. Two classical ERs, ERα
and ERβ, function as transcription factors regulating the
expression of hundreds of genes. Inmany instances, ERα
and ERβ stimulate opposing activities.

The study of ERα- and ERβ-mediated events
has benefited from the development of selective
ER agonists with specificity for one or the other ER.
Diarylpropionitrile (DPN) was developed by Meyers
et al. (2001) as an ERβ-selective ligand. DPN has a
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70-fold higher binding affinity for ERβ than ERα and
stimulates a 170-fold stronger transcriptional activity
with ERβ. DPN has since been used to elucidate ERβ-
mediated effects on a wide range of cellular and organ-
ismal biology that are not directly related to reproduc-
tive physiology. ERβ is widely expressed in the rodent
brain and DPN has many effects on learning, memory,
and the manifestation of anxiety-like behaviors in mice
and rats (Walf and Frye 2005; Oyola et al. 2012). ERβ
regulates mitochondrial function and DPN has multiple
effects on bioenergetics and metabolism (Rettberg et al.
2014). DPN also inhibits growth of various cancers
(Pravettoni et al. 2007; Motylewska et al. 2009;
Mancuso et al. 2011; Giroux et al. 2011; Yakimchuk
et al. 2014). Overall, it is clear that DPN can elicit a
multitude of beneficial effects in mammals via ERβ.

Given its neuroprotective and anti-cancer activities,
we hypothesized that DPN may have pro-longevity
effects. We tested this hypothesis in ovariectomized
female mice, as a model of postmenopausal female
humans (Brinton 2012). ERβ agonists have been stud-
ied as potential therapeutics for symptoms of meno-
pause and can ameliorate some of the negative physio-
logical and neurological aspects of ovariectomy in mice
(e.g., Zhao et al. 2011). Female mice were ovariecto-
mized at 6 months of age and began receiving DPN
supplemented chow at 7 months of age, continuing until
death. Food intake and body mass were recorded
throughout the study. During the first 2–2.5 years of
life, effects of DPN on anxiety-like behaviors, learning
and memory, and voluntary running behavior were
assessed. A mouse frailty index (Whitehead et al.
2013) was used to assess signs of deterioration associ-
ated with aging. Finally, survivorship was analyzed
using Online Application for Survival Analysis 2 (OA-
SIS 2) (Han et al. 2016), an online tool for statistical
analysis of lifespan-related parameters. While there was
no statistically significant increase in mean, median, or
maximal lifespan associated with dietary DPN supple-
mentation, there were effects on various behaviors.

Materials and methods

Mouse husbandry

Fifty ovariectomized CD-1 female mice (retired
breeders) were obtained from Charles River at approxi-
mately 6 months of age. They were maintained in the

animal care facility at Brock University on regular chow
for 1 month prior to the initiation of the study onMay 1,
2015. At that time, the mice were divided into two
groups. Mice in the control group (n = 24) were fed
regular chow ad libitum, and those in the DPN group
(n = 26) were fed regular chow supplemented with DPN
as described below. Mice were housed initially at 3–4
per cage (at later time points following deaths of litter-
mates, some mice were housed 1–2 per cage) in pres-
surized individually ventilated cages made of soft silicon
with a floor area of 501 cm2. Cages were supplied with
HEPA-filtered air using the Smart flow air handling unit
(Techniplast, SealSafe Plus, CA). Individual mice were
identified using ear notching. All procedures were ap-
proved by the Animal Care and Use Committee at Brock
University, in compliance with CCAC guidelines.

Experimental diets

Diarylpropylnitrile (DPN) was purchased from Tocris
Bioscience (Bristol, UK) and mixed with Teklad global
14% protein rodent maintenance diet from Envigo
(powdered chow) to form whole pellets that were pro-
vided to mice ad libitum. Control food was prepared by
adding 225–250 mL of distilled water to 260 g of
powdered chow. The DPN diet was prepared identically,
except that 13 mg DPN was added per 260 g of pow-
dered chow. Fresh food was provided to all cages daily,
and at that time, the amount of food eaten per cage over
the previous 24 h was recorded.

Mouse frailty index

Starting at approximately 16 months of age, each mouse
was examined several times a week and a “frailty index”
(modified from Whitehead et al. 2013) was scored
(Table S1). The mouse frailty index is a numerical point
scale used to gauge the onset and extent of age-related
anatomical, physiological, and neurological issues. We
assigned a value of 0 (absent), 0.5 (moderate), or 1
(severe) for each of the following traits: alopecia, fur
color, whisker loss, coat condition, tumor presence,
distended abdomen, kyphosis, tail stiffening, gait disor-
ders, tremor, overall body condition, vestibular distur-
bance, corneal opacity, eye discharge/swelling,
microphthalmia, vision loss, menace reflex, nasal dis-
charge, intestinal malocclusions, rectal prolapse,
vaginal/uterine prolapse, diarrhea, respiratory distur-
bance, grimace, piloerection, body temperature, and
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body weight. Mice either died of natural causes or were
censored upon reaching endpoint according to the rules
established by the Canadian Council on Animal Care
(CCAC). Upon death, all mice were necropsied and
major organs (including lumps/masses) were fixed in
formaldehyde for further examination.

Analysis of survivorship

Survivorship data were analyzed using the OASIS 2
(Han et al. 2016).

Elevated plus maze

An elevated plus maze (EPM) was constructed
from PVC in-house according to Leo and Pamplo-
na (2014). Each mouse was tested once, at
9 months of age. Tests were initiated by placing
the mouse in a closed arm and run for 5 min in an
empty room illuminated by low fluorescent light
while being video recorded from a ceiling mounted
camera. Time spent in closed arms, open arms,
center of the EPM, and each zone crossing event
were all scored manually by a researcher blind to
experimental condition. Between each use, the
maze and escape cage were thoroughly cleaned
with Virox.

Open field test

At 10, 12, and 20 months of age (following 3, 5, and
13 months of experimental diets, respectively), all mice
underwent open field testing under red light in 50 cm ×
50 cm boxes. Each test lasted 30min. Between each use,
the boxes were thoroughly cleaned with Virox. Behav-
ior was recorded with a Sony digital video camera
mounted to the ceiling and connected to SMART VID-
EO Tracking Software (Panlab, Harvard Apparatus).
Data were imported into Microsoft Excel for analysis.
Time spent, distance traveled, and velocity in the perim-
eter (peripheral) zone and the central zone were
measured.

Barnes maze

A Barnes maze (Rosenfeld and Ferguson 2014) was
constructed in-house from a 1.3-cm-thick and 120-
cm-diameter circular PVC slab, which was placed
on a stool 89 cm above ground level. Twenty

equally spaced 4.5 cm holes were made around the
perimeter, each 2.5 cm from the edge. An escape
cage was constructed from a regular mouse cage that
contained black paper on the outside to keep the
inside of the escape cage dark. A ramp from the
maze surface into the escape cage was constructed
of laminated card board. Lines were drawn to divide
the PVC slab into four quadrants: target (containing
escape cage), positive, negative, and opposite. Be-
tween each use, the maze and escape cage were
thoroughly cleaned with Virox. Mice were tested at
24, 26, and 28 months of age. During an initial
habituation phase, each mouse was put inside a clear
beaker and guided around the maze for 30 s, ending
with the escape hole leading to the escape cage.
Mice were given 3 min to enter the escape hole
and nudged in if they did not. They were then given
1 min to explore the escape cage. Twenty-four hours
after the habituation phase, mice were allowed to
explore the maze freely for 2 min, and if the mouse
found the escape cage within that time, it was
allowed to explore it for 1 min before being returned
to their home cage. Forty-eight hours later, a test
phase was conducted with the Barnes maze in the
same location and orientation as during habituation
phases. During the test phase, each mouse was given
5 min to explore the maze and find the escape hole.
The amount of time spent per quadrant was record-
ed, along with total time taken to find the escape
hole.

Mouse single wheel chamber

Mouse single activity wheel chambers (Model 80820,
Lafayette Instrument Co.) were used to evaluate spon-
taneous voluntary running behavior in the mice at age
24months. Each chamber was 35 cm long × 23 cmwide
× 20 cm high. The running wheel was 5.7 cm wide
and12.7 cm diameter with a run distance of 40 cm/
revolution and < 3 g wheel drag. The wheel support
frame was equipped with an infrared sensor that logged
each revolution using a datalogger and software made
in-house by TomMcDonald (Technical Services, Brock
University). Each mouse was placed in the cage for
5 min during a training phase before testing began.
During the testing phase, mice were housed in the wheel
cage for 23.5 h and fed ad libitum during that time.
Wheel cages were cleaned with Virox and bedding
changed between each use.
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Results

Since it was impractical to administer daily injections of
DPN over an entire lifespan, and surgical implantation
of a DPN delivery systemwould have needed to be done
repeatedly with unknown effects on aging and lifespan,
we administered DPN in mouse chow, based on the
approach of Patisaul et al. (2009). Starting at 7 months

of age, mice were fed ad libitum either regular chow or
chow supplemented with DPN (50 mg/kg chow).
Throughout the study, food consumption per cage was
determined daily and an average value per individual
mouse was calculated (Fig. 1a). Mice consumed approx-
imately 3.8 mg chow per day and therefore ingested on
average ~ 0.15 mg DPN daily. Mouse body mass aver-
aged ~ 48 g over the course of the study. Therefore, each
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Fig. 1 Increased food consumption and body mass in DPN-treat-
edmice. aAverage daily food consumption over the first 2 years of
the study (corresponding to mouse ages 7–31months). Regression
lines for control (solid) and DPN-treated (dashed) are shown. b
Average daily food consumption of control (open bars) and DPN-

treated (filled bars) mice over the course of the study. c Average
body mass of control (open bars) and DPN-treated (filled bars)
mice calculated over 20-week periods. Where shown, error bars
represent SEM. * = p < 0.05 (Student’s t test)
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mouse consumed on average approximately 3 mg/kg/
day of DPN, which is equal to the dosage described by
Patisaul et al. (2009) that corresponded to plasma DPN
levels of 1–10 ng/mL.

Mice receiving the DPN diet consumed the same
amount of chow per unit body mass on average as
control mice (Fig. 1a, b). Nonetheless, DPN-fed mice
gained more weight, with greater average body mass as
measured over each 20-week interval from week 21 to
week 99 (Fig. 1c). Interestingly, this difference was
reversed toward the end of the study, with surviving
DPN-fed mice having lower average body masses than
surviving control mice.

The higher average body mass of DPN-fed mice
could be explained by reduced caloric expenditure due
to reduced voluntary physical activity. Mice were
housed in cages without running wheels. However,
voluntary running behavior was evaluated in all mice
at 24 months of age to determine possible effects of
DPN treatment on propensity to exercise and on perfor-
mance while exercising. Each healthymouse (15 control
and 17 DPN-fed) spent 23.5 h in a single wheel activity
cage during which the duration of continuous move-
ment and number of revolutions were recorded for each
running event. Purposeful running was considered to be
those individual running events involving > 30 wheel
revolutions, since fewer revolutions appeared to be as-
sociated with more exploratory behavior. The total ag-
gregate wheel rotations and mean velocity for all pur-
poseful running events were calculated. The aggregate
number of revolutions in 23.5 h, for all purposeful

running events of > 30 rotations, was highly variable
but did not differ between control and DPN mice
(Fig. 2a). However, DPN mice ran with greater velocity
on average (Fig. 2b). Thus, there was no evidence for
reduced activity levels or running performance in DPN-
fed mice. Rather, in this test, DPN-fed mice appeared
more interested in engaging in active running.

ERβ is expressed throughout the brain where its
activity has been associated with beneficial effects on
anxiety, learning, and memory. DPN’s effects on rodent
aversive behaviors have been characterized using the
elevated plus maze, open field box, and other methods.
However, these effects have been measured in studies
using relatively short durations of DPN administration,
with the longest duration of chronic DPN treatment that
we are aware of being 29 days (Sarvari et al. 2016). We
evaluated the potential anxiolytic effects of dietary DPN
administration 2 months following the initiation of DPN
supplementation using the EPM assay, which measures
the relative amount of time spent in the center and open
arms as well as the number of entries into center and
open arms to evaluate anxiety. Though DPN treatment
had no effect on time spent in the open arms or center
(Fig. 3a), it did increase the number of open arm and
center entries (Fig. 3b), behaviors consistent with re-
duced anxiety (reviewed in Campos et al. 2013; Bourin
2015). While many investigators believe the EPM
should be used on maze-naïve mice and therefore only
once, other indirect assays of anxiety-like behavior such
as the open field test can be used repeatedly (Campos
et al. 2013). The open field test assesses anxiety as the
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Fig. 2 Long-term DPN treatment affects running wheel behavior
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aversion to the central zone of a square box. Mice were
subjected to open field testing following 2, 6, and
13 months of experimental diet. No significant differ-
ences were found in either total distance traveled
(Fig. 3c) or average velocity (Fig. 3d), suggesting
that the greater mean body mass of DPN-fed mice
did not significantly affect mobility. There was
also no effect of DPN treatment on central zone
permanence time (Fig. 3e) at any specific time point,
though there was a trend toward DPN-fed mice spend-
ing more time in the central zone at all time points (two-
way ANOVA, p = 0.08 for main effect of treatment).
Taken together, these results are consistent with an
anxiolytic effect of DPN at 2 months but this may not
be sustained over longer durations of treatment.

Spatial learning and memory was evaluated in old
mice (28 months of age) by measuring performance in
the Barnes maze, which is compromised during natural
aging (e.g., Barreto et al. 2010). In the 5-min test, DPN-

treated mice spent significantly more time in the target
quadrant (where the escape hole is located) than control
mice (Fig. 4a). The latency time to find the escape hole
was also shorter in DPN-treated mice (Fig. 4b). Both
results are consistent with superior spatial learning and
memory ability in older DPN-treated mice.

From 17 months of age (corresponding to one full
year in the study) to 33 months of age, mice were
monitored for signs of aging and frailty approximately
every 2 weeks (Fig. 5), using a frailty index modified
from Whitehead et al. (2013) that takes physical and
behavioral observations into account to calculate a nu-
merical score (Table S1). The mean frailty indices aver-
aged over 17 to 33 months of age were 0.43 ± 0.03 for
control mice, versus 0.62 ± 0.02 for DPN-fed mice,
which were not significantly different (p = 0.13; t
test). However, the regression lines describing the rela-
tionships between mouse age and frailty index differed
between control and DPN-fed mice (p < 0.05; Fisher r-
to-z transformation), indicating different relationships
between age and frailty in control versus DPN-fed mice.

There were no differences in survivorship parameters
between control and DPN-treated mice (Fig. 6). Mean,
median, and maximum lifespans of control and DPN-
treated groups were compared using the online lifespan
analysis tool OASIS 2 (Han et al. 2016). The mean
lifespan of control mice was 769 days (681–857, 95%
confidence interval) versus 849 days (769–929, 95%
confidence interval) for DPN-fed mice. Similarly, the
median lifespan of control mice was 789 days (685–
806, 95% confidence interval) versus 866 (756–892,
95% confidence interval) for DPN-treated mice, which
corresponds to approximately 9 human years, using the

�Fig. 3 Long-term DPN treatment has subtle anxiolytic effects in
mice. The potential anxiolytic effect of continuous dietary
administration of DPN was evaluated using a single elevated
plus maze trial (a, b; 9-month-old mice in the study for
2 months) and serial open field tests (c–e; mice aged 9–
20 months in the study for 2–13 months). a No difference in
zone time between control and DPN-treated mice. b Increased
zone entries in DPN-treated mice. c–e No difference in c total
distance traveled in central and peripheral zones, d average
velocity in each zone, or e permanence time in the central zone
between control and DPN-treated mice at each time point. n = 23–
26. Error bars represent SEM. * = p < 0.05 (Student’s t test) for
individual comparisons. Note that p = 0.08 (ANOVA) for the main
effect of DPN treatment on permanence time in central zone
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conversion factor of 9 mouse days per human year in
reproductively senescent mice (Dutta and Sengupta
2016). There were no statistically significant differences
in any parameter (mean, median, maximum lifespan)
between experimental groups. The age in days at which
control and DPN-treated groups reached each survivor-
ship quartile is shown in Table 1. Control mice reached
each survivorship quartile earlier than DPN-fed mice,
though again these differences were not statistically
significant.

All mice were necropsied at time of death and gross
observations were made. Since DPN has been found to
inhibit growth of some tumors, we took note of tumors
observed during necropsy, recording the sites and num-
bers of visible tumors. In addition, since long-term
effects of DPN have not been studied previously, we
made notes of other obvious anomalies during necrop-
sies. The frequencies of all observations made are listed
in Table S2. There were no statistically significant dif-
ferences between experimental groups for any individ-
ual observation (p > 0.05; Fisher’s exact test).
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Discussion

We hypothesized that DPN would affect mouse aging and
lifespan. ERβ-selective agonists have beneficial effects on
aging-associated pathologies like neurodegeneration and
cancer, and recent studies have demonstrated the ability of
the 17-β-estradiol enantiomer, 17-α-estradiol, to extend
median and maximum lifespans of male mice (Strong
et al. 2016). Our hypothesis was tested in ovariectomized
female mice since this removes the confounding effects of
natural estrogen cycles while also being a model of post-
menopausal aging in human females. ERβ-specific ago-
nists have the potential to reverse some negative correlates
of post-menopausal aging (Bansal and Chopra 2015). We
found that while DPN-treatment, beginning at age
7months (1month following ovariectomy), did not extend
mouse lifespan as predicted, it did have significant effects
on some important aging-associated deficits in brain func-
tion and apparent health, without evidence of adverse side
effects.

Inclusion of DPN in the diet-affected weight gain
over the first 2 years of the study, from age 7 to
31 months of age. Mice eating chow supplemented with
DPN ate more on average (3.84 versus 3.75 g/day;
2.4%), though this difference was absent when standard-
ized to body mass (Fig. 1a, b). From 20 to 99 weeks in
the study (approximately 50 to 149 weeks of age), the
average body mass of DPN-fed mice remained greater
than controls. Ovariectomy is associated with weight
gain in female mice (e.g., Hong et al. 2009, reviewed
in Eckel 2011), which can be reversed by treatment with
17β-estradiol or PPT (Hamilton et al. 2016). Though
ERα agonists can prevent post-ovariectomy weight
gain, there is less information available regarding the
effects of ERβ agonists like DPN. Wegorzewska et al.
(2008) showed no effect of 21 days of DPN treatment on
post-ovariectomy weight gain in rats, while PPT signif-
icantly reduced weight gain. To the best of our knowl-
edge, our study of DPN treatment is by far of the longest
duration, and the effect of DPN on body weight ap-
peared to manifest only after about 20 weeks of dietary
supplementation.

Our data do not allow insight into the mechanism(s)
of weight gain. Since body mass-adjusted food intake
was equal in control and DPN-fed mice, it appears that
the difference between control and DPN-fed mice could
have been in daily energy expenditure. When given the
opportunity of voluntarily running in wheel cages
(home cages did not contain running wheels), however,
DPN-fed mice were as likely to engage in bouts of
active running as controls and did so at higher average
velocities (Fig. 2). On the other hand, DPN feeding was
associated with anxiolytic-like effects (Fig. 3), based on
the elevated plus maze results following 2 months of
dietary DPN administration and a similar trend (not
statistically significant) in three rounds of open field
box testing, where marginally more time spent in the
central zone by DPN-treated mice. It is possible that this
apparent anxiolytic effect of DPN might include reduc-
tions in spontaneous behaviors that consume energy. In
humans, for example, apparent “fidgeting” behavior can
contribute measurably to daily energy expenditure
(Levine et al. 2000). Unanimously, individuals in daily
contact with the mice in this study observed that DPN-
fed mice appeared “calmer,” though the value of this
anecdotal observation is unclear. Further study, perhaps
using the method of Bains et al. (2016), will be required
to assess the possibility that DPN-fed mice have lower
daily energy expenditures due to some subtle behavioral
differences not captured by our measurements.

Effects of DPN treatment on voluntary running ac-
tivity as assessed at 24 months of age were consistent
with DPN’s reported cardioprotective effects (Nikolic
et al. 2007). Although there was no difference in the
number of purposeful running events between DPN-fed
and control mice, average running velocity was faster in
the DPN-fed group (0.415 versus 0.355 rev/s during
purposeful running events). This is further surprising
given the slightly greater body mass of DPN-treated
mice. This effect could be physiological; ERβ and
DPN have beneficial effects on the cardiovascular sys-
tem that could improve running performance in old mice
(Barros and Gustafsson 2011).

In addition to behavior and physiology, ERβ and
DPN have complicated roles in learning and memory
functions of the brain (Bean et al. 2014). We chose the
Barnes maze to evaluate spatial learning and memory to
avoid undue psychological and physiological stresses
associated with some other maze paradigms, such as the
Morris water maze. Old mice perform poorly on Barnes
maze testing compared to younger mice (Barreto et al.

Table 1 Age (in days) at mortality quartiles

25% 50% 75% 100%

Control 622 789 892 1194

DPN treated 692 866 981 1350
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2010). In our study, old mice (28months of age) that had
received dietary DPN for 21 months performed better in
the Barnes maze, spending more time in the target
quadrant and taking less time to reach the escape cage.
These results are consistent with some previous rodent
studies showing that DPN, at the right dose and timing
of administration, can improve spatial memory in rats
(Jacome et al. 2010).

We did observe different correlations between age
and frailty index in control and DPN-fed mice, suggest-
ing differences in the apparent “rate of aging” between
the two groups. While DPN improved overall mouse
condition early in life, this seemed to occur at the
expense of late-life frailty. We observed no obvious
difference between control and DPN-treated mice at
necropsy, so the underlying reason for this difference
is at this time unknown.

Despite the improvements in some aspects of behav-
ior and cognitive performance in ovariectomized female
mice, DPN treatment did not affect lifespan. DPN-
treated mice took longer to reach each survivorship
quartile (Table 1) and the longest-lived DPN-treated
mouse lived for almost 3 years 9 months. However,
effects on mean, median, and maximal lifespans were
not statistically significant. With larger experimental
group sizes, it is possible that differences would be
detectable. In addition, it is possible that higher (or
lower) doses of DPN might exert statistically signif-
icant effects. And finally, we did not study intact
female mice or male mice. It will be interesting in
future to determine how DPN may affect these pop-
ulations, particularly since some ER-interacting com-
pounds (e.g., 17α-estradiol) extend lifespan of males
(e.g., Strong et al. 2016).

In summary, dietary DPN administration to ovari-
ectomized female mice initiated at 7 months of age
had effects on feeding, anxiety-like behavior, spatial
learning/memory, and running behavior. DPN treat-
ment seemed to affect the “rate of aging,” as measured
by frailty, but did not alter lifespan and nor did it affect
the incidence of abnormalities observed at necropsy.
Future studies will be necessary to understand more
completely the effects of long-term DPN treatment
on mouse physiology, behavior, and aging.
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