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Abstract

Age-related declines in cognitive function can impair working memory, reduce speed of
processing, and alter attentional resources. In particular, menopausal women may show an
acceleration in the rate of cognitive decline as well as an increased vulnerability to brain diseases
as estrogens may play a neuroprotective and neurotrophic role in the brain. To treat menopausal
symptoms, many women turn to botanical estrogens that are promoted as a safe and natural
alternative to traditional hormone replacement therapy. However, the majority of these compounds
have not been systematically evaluated for efficacy and safety. The current study investigated the
efficacy of the commercially available botanical estrogenic compound isoliquiritigenin (ISL) to
alter performance on an operant working memory task, delayed spatial alternation (DSA). ISL is a
compound found in licorice root that has been shown to have a wide range of effects on different
biological systems, including estrogenic properties. This botanical is currently being used in over
the counter dietary supplements. Middle-aged (12-month old) Long-Evans female rats were
ovariectomized and orally dosed with either 0 mg, 6 mg, 12 mg or 24 mg of ISL 60 minutes before
testing on the DSA task. The DSA task required the rat to alternate its responses between two
retractable levers in order to earn food rewards. Random delays of 0, 3, 6, 9 or 18 seconds were
imposed between opportunities to press. ISL treatment failed to alter DSA performance. Previous
work from our research group has found that estrogenic compounds, including 17p-estradiol and
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the botanical estrogen genistein impair performance on the DSA task. The goal of our botanical
estrogens research is to find compounds that offer some of the beneficial effects of estrogen
supplementation, without the harmful effects. This work suggests that ISL may not carry the
cognitive risks associated with most other estrogenic compounds tested to date.
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1. Introduction

Botanical estrogens are non-steroidal plant compounds that can mimic estrogen in the body
(Glazier and Bowman, 2001). These compounds are widely sold as dietary supplements
despite a dearth of research on their effects (Mahady et al., 2003). Many over the counter
botanical supplements contain licorice root powder (Geller and Studee, 2005).
Isoliquiritigenin (ISL), and its active metabolite liquiritigenin (L1Q) are two of the primary
bioactive compounds in licorice root and both compounds have been demonstrated to have
estrogenic activity both /n vivoand /n vitro (Maggiolini et al 2002; Mersereau et al, 2008;
Miksicek et al 1993).

There is a large body of research indicating that estrogens can affect cognition (Engler-
Chiurazzi et al., 2016; McEwen, 2001). However, the effects of estrogens on cognition can
vary widely depending on a variety of factors including the cognitive task and the brain areas
engaged during completion of the task. Specifically, the prefrontal cortex and the
hippocampus are known to play important roles in working memory tasks (D’Esposito,
2007; Floresco et al, 1997). Most rodent tests of working memory have utilized maze
paradigms, and these tests often involve the use of cue configurations together with
relatively long delays between testing trials. Both of these factors likely engage the
hippocampus during performance of the task (Maruki et al, 2001; Sloan et al, 2006; Wang
and Cai, 2006). In contrast, operant based working memory tasks such as delayed matching
to sample or delayed alternation that use short inter-trial delays of less than 20 seconds do
not appear to require the hippocampus (Maruki et al, 2001; Sloan et al, 2006). Most work on
the effects of estrogens on learning and memory has focused on hippocampus-sensitive
tasks, while relatively little work has focused on tasks that rely on the prefrontal cortex.
Thus, we have utilized a delayed spatial alternation (DSA) operant task to investigate the
effects of estrogens on a prefrontal cortex mediated aspect of learning and memory.

We have previously reported that ovariectomized (OVX) young (3 month old), middle-aged
(12 month old) or old (18 month old) rats given physiological levels of 173-estradiol were
impaired on an operant DSA task relative to OV X vehicle control treated rats (Wang et al.,
2008; Wang et al, 2009). Wang et al. (2008) tested young (3 month old) OV X rats on the
operant DSA task. Rats were implanted with a silastic capsule containing 17p-estradiol
(serum level of 20.82 £ 3.41 pg/ml: Wang et al., 2009) or one containing cholesterol. This
17p-estradiol dose was chosen to mimic a high physiological level. We found that chronic
17pB-estradiol supplementation resulted in a deficit in DSA performance compared to rats

Neurotoxicol Teratol. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kundu et al.

Page 3

given cholesterol vehicle only. In a follow up study, Wang et al. (2009) tested young (3
month old), middle-aged (12 month old) and old (18 month old) OV X rats on the DSA task.
Rats were implanted with a silastic capsule containing 10% 17p-estradiol or cholesterol. We
found that chronic 17p-estradiol supplementation resulted in a deficit in DSA performance
in all the tested age groups compared to age matched rats given cholesterol vehicle only. In
order to further investigate the role of estrogens in modulating performance on the DSA
task, middle aged (12 month old) rats were OV X and given either the ERa agonist propyl
pyrazole triol (PPT), the ERB agonist diarylpropionitrile (DPN) (0.02, 0.08, or 0.20
mg/kg/day for both agonists) or oil control (Neese et al., 2010a). Another group received
10% 17p-estradiol in a silastic capsule to serve as a positive control. This study replicated
the estradiol results from Wang et al. (2009), finding that the 17p-estradiol group was
impaired on the DSA task compared to age-matched oil control groups. This study also
revealed that a low dose of the ERp agonist DPN impaired performance, but that the ERa
agonist PPT did not, suggesting that the 17p-estradiol induced deficit in DSA performance
may be ERB mediated (Neese et al., 2010a).

We have also investigated the effects of the botanical estrogens genistein and S-equol on
DSA performance. Genistein is an ERp selective isoflavone found in soy. S-equol is a
metabolite of the soy isoflavone daidzein and is also ERp selective (Muthyala et al., 2004).
Neese et al. (2010b) tested the effects of oral genistein exposure in young (7 month old),
middle-aged (16 month old) and old (22 month old) Long-Evans OV X rats on the DSA task.
Rats were given genistein orally once daily at either a low dose (162 ug/kg/day) or a higher
dose (323 pg/kg/day). We found that the old rats receiving the higher dose of genistein
performed worse than both the young and middle-aged groups given that dose. Neese et al.
(2012) investigated the effects of three daily exposures to genistein (3.4 mg/kg each time) on
DSA and DRL performance in middle-aged (14 month old) OV X rats. This exposure
paradigm was designed to keep serum genistein levels in the range of those found in humans
consuming commercially available soy isoflavone supplements. We found that there was a
trend for genistein treated rats to perform worse than sucrose control rats overall in DSA
performance. Genistein treatment did not affect performance on the DRL task. Neese et al.
(2014) also tested middle-aged (12-13 month old) OV X rats on the DSA task after treatment
with S-equol. S-equol binds selectively to ERB with an affinity similar to that of genistein
but has lower transcriptional potency than genistein (Muthyala et al., 2004). S-equol was
given at 10,000 or 19,000 pg/kg/day orally. We found that S-equol did not affect
performance on the DSA task.

In the present study, we investigated the effects of ISL on the same operant DSA task used to
assess other estrogens in these previous studies. Both ISL and LIQ can bind to estrogen
receptors and LIQ has a twenty-fold higher affinity for ERp over ERa (Mersereau et al,
2008). However, ISL and LI1Q readily convert back and forth, and serum levels of the two
compounds rapidly come to equilibrium after treatment with either compound (Simmler et
al., 2013). Both compounds are lipophilic and have relatively low molecular weight and
likely cross into the brain through the blood brain barrier (Srihari et al, 2012).

We chose to treat the rats with ISL, which is more readily available commercially. Similar to
other estrogens, we hypothesized that treating OV X middle-aged (12 month old) rats with
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ISL would result in impairment on the operant DSA task. Dietary supplements containing
ISL are already available for consumers to buy with no pre-market regulation. These
supplements are marketed primarily to peri- and post-menopausal women, thus we used
middle-aged OV X rats in order to model this population of consumers

2. Materials and methods

2.1 Animals and botanical exposure

A total of 64 middle-aged female Long-Evans rats were obtained from Harlan (Indianapolis,
IN). The rats were received in one cohort. All animals were maintained in facilities fully
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Rats were housed in a temperature and humidity controlled room (22 °C,
40-55% humidity) on a 12-h reverse light—dark cycle (lights off at 7:00 am). All procedures
were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois at Urbana-Champaign and were in accordance with the guidelines of
the Public Health Service Policy on Humane Care and Use of Laboratory Animals and the
Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research
(NIH, 1986; Van Sluyters and Obernier, 2004).

Rats were 12 month old retired breeders, and were assigned to one of four exposure groups
(0,6,12 or 24 mg of ISL). The body weights of the rats ranged from 272 to 373 grams
(M=316, SD=22). Thus, the doses of ISL correspond to approximately 0, 19, 38, or 76
mg/kg body weight. There were 16 rats per group. Rats were pair-housed in standard plastic
cages (45 x 24 x 20 cm) with corncob bedding, and were allowed to acclimate to the
vivarium for two weeks before ovariectomy. For the ovariectomy surgery, rats were
anesthetized with isoflurane gas. Following removal of the ovaries, muscle and fat layers
were individually sutured with silk suture thread (Fisher Scientific). The incision in the skin
was then closed with stainless steel wound clips. A postsurgical injection of carprofen (5
mg/Kkg, s.c.) was administered for pain management. All animals were maintained on an
AIN-93G soy-free diet (Harlan-Teklad, Madison, WI1) after surgery to avoid exposure to
dietary estrogens. Water was available ad /ibitum. Beginning nine days after the OVX
surgery, rats were food restricted to reduce them to 85% of their free-fed body weights. Each
animal was weighed daily and given a ration of food 30 minutes after testing. The amount of
food given was adjusted daily based on current weight in comparison to free feeding weight.
Twelve days after food restriction began, ISL treatment and operant testing began. Rats were
tested once per day, 6 days per week during the dark phase of the light cycle in a darkened
testing room. One hour prior to testing, rats were given fruit punch flavored pellets (Test
Diet, Richmond, IN) containing doses of roughly Omg/kg/day, 19mg/kg/day, 38mg/kg/day,
or 76mg/kg/day of ISL. Rats were dosed 7 days per week, including on days they were not
tested.

2.2 Serum ISL and LIQ concentration analysis

Serum ISL and LIQ levels were measured in a pilot study prior to the current study (Figure
1). Six Long-Evans rats aged 9—12 months were OV X and fed an AIN soy-free diet for 4-5
weeks. Rats were fed a dosing pellet containing 10mg of ISL and blood was drawn from a
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tail vein prior to dosing and again at 15 min, 30 min, 45 min, 1 hour, 2 hours, 4 hours, 8
hours and 24 hours after dosing. The mean dose of ISL used in the pilot study was between
the lowest (6mg) and middle dose (12mg) used in the current study. This resulted in peak
blood levels of total ISL and LIQ (conjugated + unconjugated forms) of approximately 5uM
and 1uM respectively (Figure 1A). The peak aglycone levels of ISL and LIQ were
approximately 0.5 pM and 0.01 uM respectively (Figure 1B). Dosing in the current study
was timed so that rats had peak blood levels of ISL at the time of testing. Thus, at the time of
DSA testing, total blood levels of ISL were likely between 3uM and 10uM, depending on
the dose group. Levels of total ILQ and LIQ were determined using LC/MS/MS following
quantitative hydrolysis of conjugates by B-glucuronidese/arylsulfatase (H. pomatia; Sigma
H-1, 2 units/assay) sing procedures previously described (Madak-Erdogan et al., 2016).
Levels of aglycone ILQ and L1Q were determined without the enzymatic hydrolysis step.

2.3 Organ collection

At the time of sacrifice, liver and uterine horn weights were taken. The liver weight was
divided by the body weight of the animal to derive a liver/body weight ratio. A higher liver/
body weight ratio implies increased induction of liver enzymes, which is suggestive of
hepatotoxicity. It is important to look at measures of toxicity when testing new compounds.
The uterine horn was also weighed. This was done because uterine proliferation is
suggestive of estrogenic activity, especially activity at estrogen receptor alpha (ERa). The
horn was removed and proximal fat and vasculature were trimmed off to yield accurate
weight of the horn. The uterine horn was also measured in length using a ruler. The weight
of the uterine horn was divided by the length to yield a weight/length ratio (as described in
Pisani et al, 2015).

2.4 Operant testing

2.4.1 Apparatus—Rats were behaviorally tested in standard automated operant chambers
housed in sound-attenuated wooden boxes (Med Associates Inc., St. Albans, VT). The test
chambers were 21.6 cm tall with a 29.2 cm x 24.8 cm stainless-steel grid floor that rested
just above a tray filled with corn cob bedding. A pellet dispenser centered 2.5 cm above the
floor on the operant panel dispensed 45 mg soy-free purified food pellets (Test Diet,
Richmond, IN). Retractable response levers were located symmetrically on both sides of the
pellet dispenser with a stimulus cue light above each lever. The levers were 5.7 cm from
midline and 7.0 cm above the floor and the cue lights were located 5.7 cm above the levers.
Each chamber also contained a Sonalert tone generator, a white noise generator, and a house
light located on the back wall that remained off during testing.

Rats were fed a measured amount of food, sufficient to maintain 85% free-fed weight, 30
min after behavioral testing was completed each day. This feeding schedule was necessary to
ensure that the animals were motivated to work for the food rewards used in the DSA test.

2.4.2 Response shaping—An autoshaping program was used to train rats to press the
response levers (Widholm et al., 2004). At the beginning of the session, both response levers
were extended into the operant chamber with white noise played continuously to mask
extraneous noise. The cue light above the right response lever was illuminated for 15
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seconds every 3 minutes according to a fixed-time 3-minute schedule (FT-3). After the cue
light was turned off, a tone was played for 40ms and a single food pellet was provided at the
same time. Presses to either lever at any time during the autoshaping session resulted in
immediate reinforcement. The FT-3 schedule terminated when the animal had pressed a total
of 10 times on either response lever during a session, at which point reinforcer delivery
became contingent only on lever presses. Autoshaping test sessions terminated after 60
minutes elapsed or 100 reinforcers were delivered, whichever occurred first. Criterion for
this condition was set at 100 lever presses within a single session.

2.4.3 Lever press training—After autoshaping, all animals went through a continuous
reinforcement schedule in which the reinforced lever alternated after the delivery of every
fifth reinforcer. This was done to strengthen the lever-press response the animal learned
during autoshaping and to prevent the animals from developing a preference for a particular
side or lever. At the start of each session, either the right or left lever was extended into the
chamber while the cue light above that lever lit up. Pressing the extended lever resulted in
reinforcement in the form of a food pellet. After the animal had pressed the extended lever
five times, the cue light was extinguished and the lever was retracted. This repeated with the
opposite lever. This cycle of alternating levers terminated after 100 reinforcers were received
or 60 minutes had elapsed. Criterion for this condition was 100 reinforced lever presses for
two or more consecutive sessions.

2.4.4 Cued alternation (CA)—Following lever press training, the rats were trained on a
delayed spatial alternation (DSA) task with a variable delay, as detailed in Widholm et al
(2004). DSA was preceded by two training tasks. In the first, cued alternation (CA), the cue
light indicated the correct lever on each trial, and the cue light alternated between the right
and left levers. Rats were reinforced for pressing the lever opposite the one pressed on the
previous trial, regardless of whether that trial was correct or incorrect. The rat’s response on
the first trial of a session was always correct. Each correct lever press resulted in
reinforcement in the form of a food pellet, which was paired with a 40ms tone. Pressing the
incorrect lever resulted in the retraction of the levers and the extinguishing of the cue-light.
In between each trial, both levers were retracted and then immediately re-extended at the
same time. There was no inter trial delay and no time limit to press a lever. Criterion for this
condition was at least 60% correct cued lever presses within a session.

2.4.5 Non-cued alternation (NCA)—After CA, a non-cued spatial alternation task
followed. In this condition, the cue light no longer indicated the correct lever, but correct
responses still consisted of alternating between the left and right levers. Rats were reinforced
for pressing the lever opposite the one pressed on the previous trial, regardless of whether
that trial was correct or incorrect. The first trial of a session was always correct.
Reinforcement was delivered in the form of a food pellet, which was paired with a 40ms
tone. Pressing the incorrect lever resulted in the retraction of the levers and immediate
simultaneous re-extension of the levers to begin a new trial. There was no time limit to press
a lever. Each animal was tested for 10 sessions in this condition.
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2.4.6 Delayed spatial alternation (DSA)—The DSA task was the final phase of testing.
In this condition, delays of 0, 3, 6, 9 or 18 seconds were imposed semi-randomly between
alternation trials, with the stipulation that no particular delay was presented on more than
three consecutive trials. There were 40 trials at each delay and a total of 200 trials per
session. Rats were reinforced for pressing the lever opposite the one pressed on the previous
trial, regardless of whether that trial was correct or incorrect. Reinforcement was delivered
in the form of a food pellet, which was paired with a 40ms tone. Pressing the incorrect lever
resulted in the retraction of the levers and the immediate beginning of the delay period. In
between each trial, both levers were retracted and then either immediately (0 second delay)
or after 3, 6, 9 or 18 seconds they were re-extended. Both levers were retracted and then
extended at the same time after the delay. Levers were not available during the delay. There
was no time limit to press a lever. Each animal was tested for 25 sessions.

2.5 Statistical analysis

3. Results

The data were analyzed via ANOVA using Systat for Windows Version 13.1
(systatsoftware.com/products/systat/). Exposure was included as a between-subjects factor
and significance was set at p<0.05. For autoshaping, the days to reach criterion served as the
measure for learning. The data for autoshaping were analyzed using a one-way ANOVA
with exposure as a between-subjects factor. For CA, the number of errors that occurred
across all sessions and days to reach criterion both served as measures of learning. The data
were analyzed using a one-way ANOVA with exposure as a between-subjects factor for both
measures. For NCA, the proportion correct across the ten testing sessions was used as the
measure of learning. The data were analyzed using a 4 (exposure) x 10 (day) mixed ANOVA
with day as a repeated measures factor. For DSA, the proportion correct was first combined
into blocks of five sessions by averaging the proportion correct across sessions within each
block. The proportion correct was then analyzed using a mixed 4 (exposure) x 5 (block) x 5
(delay) repeated measures ANOVA with block (1-5) and delay (0, 3, 6, 9, and 18 s) serving
as repeated measures factors. The latency to respond before a correct response, an incorrect
response, and latency to respond overall was also analyzed. This was done using a repeated
measures ANOVA with block as a repeated measures factor and exposure as a between-
subjects factor. The organ weights were analyzed via one-way ANOVA with exposure as the
between subjects factor.

3.1 Autoshaping

The days to reach criterion was used as the measure of learning during this phase. There
were no main effects of exposure on the days to reach criterion (F[3,60]=0.532, p=0.662, Fig
2).

3.2 Cued alternation (CA)

Both the number of total errors as well as the days to reach criterion were used as measures
of learning during this phase. There were no main effects of exposure on either the total
errors (F[3,60]=0.115, p=0.951, Fig 3A) or the number of days to reach criterion
(F[3,60]=0.182, p=0.908, Fig 3B). There was no main effect of exposure on the latency to
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respond during the CA phase (F[3,59]=1.917, p=0.137). There was also no effect of
exposure on the latency to respond before a correct response (F[3,59]=1.662, p=0.185) or an
incorrect response (F[3,59]=1.794, p=0.158).

3.3 Non-cued alternation (NCA)

The proportion correct was used as a measure of learning in the NCA phase. There was no
main effect of exposure on proportion correct during NCA (F[3,60]=1.284, p=0.288, Fig 4),
and no interaction of exposure and day (F[19.262, 385.243]= 1.303, p=0.176). The analysis
did reveal a significant effect of day as expected (F[6.421, 385.243]=103.423, p<0.001),
showing that all exposure groups increased their proportion correct across days, an
indication that learning occurred. There was no main effect of exposure on the latency to
respond overall during the NCA phase (F[3,60]=2.045, p=0.117). There was also no effect
of exposure on the latency to respond before a correct response (F[3,60]=2.154, p=0.103) or
an incorrect response (F[3,60]=1.033, p=0.384).

3.4 Delayed spatial alternation (DSA)

The proportion correct was used as a measure of learning in the DSA task. There was no
main effect of exposure on the proportion correct (F[3,60]=1.149, p=0.337, Fig 3A). There
were trends for interactions between exposure and testing block (F[72.000, 117.000]=1.341,
p=0.079) and exposure and delay (F[12, 177]=1.720, p=0.066), (Figure 5A and 5B). The
lowest dose group (6mg ISL) had the lowest proportion correct across blocks of testing,
although this was not a statistically significant difference. Across delays, all exposure groups
were below controls with this difference being clearest in the lowest dose group. However,
simple main effects at each block as well as at each delay did not approach significance.
There was no significant interaction between exposure, block and delay (F[54.673,
1093.458]=1.181, p=0.177). The analysis did reveal a significant effect of block (F[25.482,
37.00]=25.482, p<0.001) indicating that all exposure groups increased their proportion
correct across block, an indication that learning occurred. There was also a significant effect
of delay (F[4, 57]=908.8, p<0.001) indicating that all groups had lower proportions correct
as the length of the delay increased (Figure 5B).

3.5 Latency to respond during DSA

There was no main effect of exposure on the latency to respond overall during the DSA task
(F[3,60]=1.916, p=0.137). There was a significant effect of block on the latency to respond
overall showing that the latency to respond tended to decrease across blocks of testing
(F[4,240]=19.359, p<0.001). In addition, there was also no effect of exposure on the latency
to respond following a correct (F[3,60]=1.980, p=0.127) or an incorrect response
(F[3,60]=1.497, p=0.224).

3.6 Organ weights

There was no significant effect of exposure on the size of the uterine horn (F[3,60]=1.324,
p=0.275, Figure 6A). None of the doses of ISL altered the size of the uterine horn
significantly from those of the OV X vehicle control animals.
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There was no significant effect of exposure on the liver to body weight ratio (F[3,59]=0.963,
p=0.416, Figure 6B). None of the doses of ISL altered the size of the liver relative to the
body weight significantly from those of the OV X vehicle control group.

4. Discussion

The present study investigated the effects of oral exposure to isoliquiritigenin (ISL) on
performance of an operant delayed spatial alternation (DSA) task in middle-aged rats. Daily
exposure to 19, 38, or 76 mg/kg body weight of ISL had no measurable effect on DSA
performance. Exposure to ISL also did not affect learning in the cued alternation (CA) or
non-cued alternation (NCA) training phases prior to DSA testing, and did not affect latency
to respond in the DSA task.

Previous work from our research group has shown that treatment with 17p-estradiol tends to
impair performance on the DSA task in young (3 month old), middle-aged (12 month old),
as well as old (18 month old) OV X rats (Neese et al., 2010a; Wang et al., 2008; Wang et al.,
2009). Additionally, we have shown that genistein, an ERp selective soy isoflavone impairs
performance on the DSA task in middle-aged (14 or 16 month old) and old (22 month old)
OVX rats (Neese et al., 2010b; Neese et al., 2012). We have also shown that the ERB agonist
DPN impairs performance on the DSA task, but that the ERa agonist PPT does not,
suggesting that the 17p-estradiol induced deficit in DSA performance may be ERp mediated
(Neese et al., 2010a).

In the present study, we hypothesized based on these previous studies that ISL, which has
been shown to have estrogenic activity both /n vitro and /n vivo (Maggiolini et al 2002;
Miksicek et al, 1993), would also impair performance on this task. LIQ, the active
metabolite of ISL, has a twenty-fold higher affinity for ERp over ERa (Mersereau et al,
2008). Contrary to our hypothesis, we found that ISL at the doses tested had no effect on
DSA performance. One possibility is that the levels of ISL in the serum were not high
enough to elicit an estrogen-like response. While serum levels of ISL were not measured in
this study, based on a pilot study conducted in our lab we estimate that the peak serum levels
of aglycone ISL+LIQ in the animals in the present study were between 0.5 and 1 pM. It is
useful to look at combined ISL+LIQ levels because both compounds bind to the estrogen
receptor and because the two compounds convert back and forth readily in vivo (Simmler et
al., 2013). Miksicek et al (1993) found that ISL binds directly to the estrogen receptor /n
vitro and competes with estradiol for binding. They found that a range of 0.1-1uM of ISL is
needed for a half-maximal response, compared to 0.2nM of 17p-estradiol. While Miksicek
et al. (1993) used an /n vitro model and we dosed animals with ISL /n vivo, given their
results it seems likely that the serum levels of ISL in our animals were high enough to have
significant binding affinity at the estrogen receptor. Additionally, while the binding affinities
of ISL and LIQ for the estrogen receptors are substantially lower than that of estradiol, LIQ
appears to have greater potency and efficacy through ERp in gene regulation than expected
from its ERB-binding affinity (Jiang et al., 2013). In an /n vitro culture of MCF-7 cells
containing ERa or ER receptors, a 1uM concentration of LIQ was able to stimulate both
PgR and OTUB2 gene expression respectively, indicating that LIQ was able to induce
transcriptional activity through both estrogen receptors at that concentration (Jiang et al.,
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2013). These results suggest that the levels of ISL+LIQ found in the present study were
likely high enough to be able to affect transcriptional activity through the estrogen receptors.
Additionally, the time course pilot study conducted in our lab indicates that levels of
aglycone (bioactive) ISL and L1Q remain elevated in the serum for several hours after oral
dosing, indicating that the lack of cognitive effects seen in this study were likely not due to
rapid metabolism of ISL or L1Q (Figure 1). This is in contrast to an investigation of S-equol
done previously in our lab in which the low transcriptional potency of S-equol as well as its
rapid metabolism could have led to its lack of cognitive effects (Neese et al., 2014).
Importantly, in the present study, ISL was administered orally, thus making the route of
exposure relevant to human exposure. In addition, in another recent study we found that
treatment with ISL, in the absence of other dietary manipulations, improved performance on
a hippocampus sensitive task in OV X rats and the serum ISL+LIQ levels measured in that
study were similar to those found in the current study (Kundu et al., 2016). This suggests
that the levels of ISL+LIQ in the present study were high enough to have effects in the brain,
but that ISL, unlike most other estrogens tested to date, does not impair performance on this
operant version of the DSA task. There is evidence that ISL and LIQ cross the blood brain
barrier (Srihari et al, 2012). However, it is a limitation of the current study that we do not
have measurements of these compounds in the relevant brain areas.

It should be noted that while no significant effects of ISL exposure were observed in the
current study, there was a trend for the lowest dose ISL group to have the lowest proportion
correct across blocks of testing. Additionally, across delays, all exposure groups were below
controls with this difference being clearest in the lowest dose group. While these effects
were not statistically significant, they are in line with previous research from our group on
the ERp agonist DPN. Neese et al. (2010a) found that while a low dose of DPN impaired
performance on the DSA task in OV X middle-aged (12 month old) rats, the two higher
doses of DPN did not. Non-monotonic dose curves like that seen in Neese et al. (2010a) are
common for compounds that act on hormone receptors (Vandenberg, 2014). Thus, future
studies should expand the dose range to include both lower and higher doses of ISL in order
to confirm whether a non-monotonic dose—response curve exists for ISL on the DSA task.

4.1 Organ weights

At the time of sacrifice, uterine horns and livers of all animals were weighed. Animals
treated with 19, 38, or 76 mg/kg body weight of ISL had no differences in the size of the
uterine horn compared with OV X animals given sucrose pellets only. ISL has the potential to
act through estrogen pathways. However, the estrogen-mediated uterotrophic effect is largely
an ERa-mediated effect, and since these botanicals are ERB-selective, the lack of an effect
on uterine weight is not surprising and is consistent with the lack of a uterotrophic effect
from ISL treatment of adult OV X C57BL6 mice (Malak-Erdogan et al., 2016). Additionally,
while ISL and LIQ have some potential to affect ERa.-mediated gene expression, in addition
to the lower binding affinity for the ERa receptor, these compounds fail to form the stable
ER-coregulator complexes that are required for stimulation of reproductive tissues (Malak-
Erdogan et al., 2016).
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The liver to body weight ratio of animals treated with ISL also did not differ from those of
sucrose controls. An increase in liver size is suggestive of increased hepatic enzyme
induction, which is a sign of possible toxicity (Maronpot et al, 2010). Licorice root does
contain glycyrrhizin, which has been implicated for its hepatotoxic effects at high doses
(Isbrucker and Burdock, 2006), however, the pure compound ISL does not. Thus, exposure
to ISL did not have any overt clinical effects on uterine proliferation or hepatic toxicity as
measured in the current study.

5. Summary and Conclusions

In the present study we found that daily exposure to 19, 38, or 76 mg/kg body weight of
isoliquiritigenin (ISL) had no effect on performance on the prefrontal cortex-sensitive
delayed spatial alternation (DSA) task in middle-aged (12 month old) OV X rats. Exposure to
ISL also did not alter learning in the cued alternation (CA) or non-cued alternation (NCA)
training phases prior to DSA testing. This is in contrast to previous studies from our group
showing that exposure to other estrogens, including 17p-estradiol, genistein, and the ERB
agonist DPN, impairs performance on this DSA task in OV X rats. Specifically, previous
work from our group suggests that the deficit in DSA performance seen with administration
of estrogens may be ERP mediated. Thus, given that LIQ, the active metabolite of ISL, has a
twenty-fold higher affinity for ERp over ERa and did not cause a deficit in DSA
performance in this study is significant. These results suggest that ISL may not carry the
same cognitive risks as most other estrogens tested to date. However, further studies are
needed to determine whether there are any negative effects of ISL on other prefrontally
mediated tasks or on tasks mediated by other brain regions. In addition, a broader range of
ISL doses spanning the dose range that humans could conceivably be exposed to from
dietary supplements should be investigated for their biological effects to ensure that there are
not negative effects at doses outside the range assessed in this study.
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Highlights
. Botanical estrogens are marketed to peri-menopausal women to aide healthy
aging
. Isoliquiritigenin (ISL) is a botanical estrogen found in licorice root

. Middle-aged ovariectomized (OVX) rats were treated with ISL
. The efficacy of ISL to alter working memory was assessed

. ISL treatment did not alter working memory in this task
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Figure 1.
Serum ISL and LIQ levels from a pilot study prior to the current study in female rats (n=6)

provided 1 pellet containing 10 mg ISL (dose of ~32 mg/kg body weight. A) Total serum
levels of ISL and LIQ across a 24 hour period. B.) Aglycone serum levels of ISL and LIQ
across a 24 hour period.
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Figure 2.
There was no main effect of exposure on the days to criterion in the autoshaping phase of

training (n=16).
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Figure 3.
A) There was no main effect of exposure on the total number of errors during the cued

alternation phase of training (n=16). B) There was no main effect of exposure on the days to
reach criterion on the cued alternation phase of training (n=16).
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Figure 4.
A) There was no main effect of exposure on the proportion correct during the non-cued

alternation phase of training (n=16). B) All groups increased in their proportion correct
across sessions of NCA, but did not differ significantly from each other (n=16).
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Figure 5.

A) (Left panel) There was no main effect of exposure on the proportion correct in the DSA
task. There was also no interaction between exposure and block, indicating that all groups
performed similarly within testing blocks (n=16). B) (Right panel) There was no interaction
between exposure and delay in the DSA task, indicating that all groups performed similarly

within each delay (n=16)
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Figure 6.

A) (Left panel) There was no main effect of exposure on the size of the uterine horn (n=16).
B) (Right panel) There was no main effect of exposure on the liver weight to body weight
ratio (n=16).
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