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Abstract

Background: Current pharmaceutical treatments for depression are sometimes ineffective and
may have unwanted side effects that interfere with patient compliance. This study examined the
potential antidepressant-like effects of dietary- and microbial-derived aryl hydrocarbon receptor
(AhR) ligands, 3,3"-diindolylmethane (DIM) and 1,4-dihydroxy-2-naphthoic acid (1,4-DHNA).

Methods: Female C57BL/6 mice were subjected to unpredictable chronic mild stress (UCMS) or
were unstressed. For three weeks prior to UCMS mice were fed daily with vehicle or 20 mg/kg
DIM, 1,4-DHNA or AhR-inactive isomer 3,7-DHNA; another group was subjected to two weeks
UCMS before ligand administration began. Mice were examined for anhedonia-like behavior as
measured by the sucrose preference test. Additionally, anxiety levels of the mice were examined
before UCMS and ligand administration began and at the end in the open field, light/dark, elevated
plus maze, novelty-induced hypophagia, and marble burying tests. At the end of the experiment
they were also examined in the Morris water maze (MWM) task.
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Results: Both DIM and 1,4-DHNA, but not 3,7-DHNA, successfully prevented and reversed
UCMS-induced anhedonia-like behavior. Furthermore, both DIM and DHNA had little to no effect
on anxiety levels and did not induce spatial learning deficits.

Limitations: Additional studies are required to determine to what degree the antidepressant-like
effects of DIM and 1,4-DHNA can be attributed to their activities as AhR ligands.

Conclusions: Our findings indicate that dietary and microbial-derived AhR ligands may have
clinical applications as potential antidepressants. Future studies are necessary to elucidate the role
of AhR in depression-like states and the underlying mechanisms of action.
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1. Introduction

Major depressive disorder (MDD) is a serious mental health disorder that affects over 264
million people worldwide, (World Health Organization, 2018) and it is a leading cause of
disability and suicide (Ferrari et al., 2013; Hawton et al., 2013; O’Rourke and Siddiqui,
2019). Approximately one-third of patients achieve remission after trying one of the existing
pharmaceutical antidepressants (Mclntyre et al., 2014; Kautzky et al., 2019). Unfortunately,
the majority of patients have to try several medications or other treatment options, and some
patients do not respond to any treatment at all (van Bronswijk et al., 2019). Individuals are
typically considered to suffer from treatment resistant depression (TRD) when they fail to
respond to two treatment attempts (Mclntyre et al., 2014), putting them at much higher risk
for disability and mortality (Mrazek et al., 2014; Kautzky et al., 2019). Thus, additional and
more effective treatment options or potential supplements are still required.

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed class

of drugs for major depressive disorder (MDD) (Mandrioli et al., 2012). Serotonin
(5-hydroxytryptamine, 5-HT) is a product of tryptophan metabolism by the enzymes
tryptophan hydroxylase (TPH) and aromatic L-amino acid decarboxylase (AADC), and
tryptophan metabolism is thought to be associated with the pathology of mood disorders.
Notably, only a small percentage of free tryptophan (that is not designated for protein
synthesis) is metabolized into 5-HT (Palego et al., 2016). The majority of free tryptophan
is converted by the enzymes indolamine 2,3-dioxygenase and tryptophan 2,3-dioxygenase
into kynurenine (KYN). In contrast to 5-HT, KYN can cross the blood-brain barrier (Fukui
etal.,, 1991). KYN synthesized in the periphery, predominantly in the liver, is a major
source for the KYN in the brain (Schwarcz et al., 2012). Lower concentrations of KYN in
plasma were associated with more severe depressive symptoms (Setoyama et al., 2016; Liu
et al., 2018). Importantly, KYN is an endogenous ligand for the aryl hydrocarbon receptor
(AhR) (Opitz et al., 2011; Bessede et al., 2014). A variant genotype for AhR, known to

be associated with lower expression of AhR and lower KYN concentrations in plasma,

J Affect Disord. Author manuscript; available in PMC 2022 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Madison et al.

Page 3

was found to be associated with MDD (Liu et al., 2018). However, the role of AhR and
tryptophan metabolism in the pathology of MDD is still not fully understood.

The AhR is recognized for its broader physiological role as an environmental sensor,

and it responds to AhR-active tryptophan metabolites, dietary components, and microbiota-
derived metabolites (Grifka-Walk et al., 2021). The AhR is also thought to play a key

role in the interactions between gut microbiota, activation of neural pathways, and mental
status, known as the microbiome-gut-brain axis (Lee et al., 2017; Barroso et al., 2021).
3,3’-Diindolylmethane (DIM) is derived from the ingestion and subsequent dimerization
of indole-3-carbinol (I13C, also an AhR agonist) from cruciferous vegetables, and it is

also a dietary supplement (Vermillion Maier et al., 2021). 1,4-Dihydroxy-2-naphthoic acid
(1,4-DHNA) is a bacteria-derived metabolite (Bentley and Meganathan, 1982; Mori et al.,
1997; Isawa et al., 2002). Both DIM and 1,4-DHNA exhibit significant AhR agonist activity
in multiple cell types (Cheng et al., 2017; Vermillion Maier et al., 2021). DIM stimulated
immune function when administered orally in mice, and its precursor 13C stimulated
apoptosis in tumorigenic cells while protecting normal cells and inhibiting translocation
of p65, a proinflammatory transcription factor, to the nucleus (Aggarwal and Ichikawa,
2005; Xue et al., 2008). Additionally, 13C prevented clonidine-induced despair behaviors
in the forced swim test, a measure of despair-like behavior in rodents (EI-Naga et al.,
2014). 1,4-DHNA is less well-studied than DIM; however, it is known to be protective
against colitis (Dolan and Chang, 2017). Given AhR’s established role in inflammation
and tryptophan metabolism, two potential etiologies of MDD, and considering the anti-
inflammatory potential of DIM and 1,4-DHNA, we hypothesized that the aforementioned
ligands would have an effect on depressive-like behaviors.

In this study, we examined the effects of DIM and 1,4-DHNA to prevent and reverse the
depressive-like effect of unpredictable chronic mild stress (UCMS). UCMS is an established
rodent model of depression with high translational potential and relevance to human
depression (Willner, 2017). We examined female mice, given that the prevalence of MDD

is almost double in females as compared to males (Albert, 2015). Moreover, we compared
the effects of 1,4-DHNA to the effects of 3,7- dihydroxy-2-naphthoic acid (3,7-DHNA, Fig.
1), a structurally similar derivative that is predominantly inactive at the AhR (Cheng et al.,
2017). Additionally, using a battery of behavioral tests, we examined the effects of DIM

and 1,4-DHNA on anxiety-like behaviors as well as on spatial learning acquisition using the
Morris water maze (MWM) task.

2. Methods

2.1. Animals

All procedures were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and were approved by the Institutional
Animal Care and Use Committee. Female C57BL/6N mice were purchased from Envigo
Laboratories (Houston, Texas, USA) and housed four per cage with food and water ad
libitum in a temperature-controlled (21 + 2 °C, humidity 45%) vivarium with a 12-hour
light/12-hour dark cycle (light on at 7:30 AM). Mice arrived in the vivarium at 6—7

weeks old and were acclimated for at least 6 days before beginning the experiment. Unless
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specifically mentioned, all tests were conducted in rooms containing low illumination (60 W
white light) and 40 dB white noise generator.

2.2. Ligands

3,3’-Diindolylmethane (DIM), 1,4-dihydroxy-2-naphthoic acid (1,4- DHNA), and 3,7-
dihydroxy-2-naphthoic acid (3,7-DHNA) (Fig. 1) were purchased from Sigma-Aldrich (St.
Louis, MO). Ligands were dissolved in Great Value brand corn oil and a 20 mg/kg dose was
mixed into melted HEB Select Ingredients Texas peanut butter in VIWIEU brand miniature
ice tray molds. The peanut butter pellets were frozen at — 80 °C overnight. Each day mice
were placed into individual cages and a peanut butter pellet was placed on the water sipper
nozzle for the individual cage. Mice were allowed to stay in the cage for approximately
10-30 min until they finished eating the peanut butter; then they were returned to their home
cage. This method was adapted from (Gonzales et al., 2014) and was chosen over the daily
gavage injection which is a procedure that when applied daily can be stressful by itself.

2.3. Unpredictable chronic mild stress (UCMS)

UCMS protocol was adapted from Burstein and Doron (2018) and in accordance with other
studies (Muscat et al., 1992; Grippo et al., 2006; Delis et al., 2013). This protocol did not
include food or water deprivation. Seven stressors were administered weekly over the course
of 4-5 weeks: 1) Restrainer — mice were placed in a modified 50 mL falcon tube for 4

h; 2) Wet cage — a mouse cage was filled with % in deep lukewarm water and mice were
placed in the cage for 4 h; 3) Cage replacement — mice were moved into the home cage of
stranger mice for 4 h before being returned to their home cage; 4) Tilted cage — home cages
were placed on a 45 degree angle tilt for 4 h; 5) Dampened bedding — lukewarm water

was poured into the home cage of the mice until the bedding was thoroughly dampened, and
mice stayed in the cage for 4 h before being transferred to a clean cage; 6) Empty cage —
mice were placed into a cage with no bedding for 4 h; and 7) Light/dark disruption — one
dark cycle of the 12/12 dark/light cycle was spent in light, resulting in 36 consecutive hours
of light exposure. The order of appearance and daily schedule of each stressor was altered
weekly (see Table 1S in Supplementary Materials).

2.4. Sucrose preference

Mice were monitored once weekly for their preference to consume sucrose. Once weekly,
for 2 consecutive days, animals were individually housed for 4 h and had access to one
bottle of water and one bottle of 3% sucrose. The bottles were placed side by side, were
freely available, and their positions were switched daily in order to account for a side
preference. Sucrose preference was calculated as [milliliters sucrose solution consumed] /
[milliliters sucrose solution + milliliters water consumed]. For each mouse, data was
averaged across the 2 consecutive days.

2.5. Open field test (OFT)

This test was conducted in an automated optical beam activity monitor [40 x 40 x 30.5
(height) cm]. Subjects were placed in the center of the box to begin a 10-min test session.
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The computerized integration of the data was used to score time spent in the center and in
the periphery.

2.6. Light/dark (L/D) test

Based on Bourin and Hascoet (2003), this test is assessed in the same activity boxes as the
OFT, splitinto an 18 x 18 cm dark chamber and a light zone. A mouse was placed in the
middle of the light chamber and recorded for 10 min. The computerized integration of the
data was used to score time spent in the light and dark zones.

2.7. Elevated plus maze (EPM)

Similar to our previous studies (Hofford et al., 2009), the EPM apparatus consists of four
arms (87 mm wide, 155 mm long) elevated 63.8 cm above the ground, with two arms
enclosed on two sides by 16.3 cm high opaque walls. Mice were placed in the center of
the maze facing toward an enclosed arm and recorded for 10 min by an overhead camera.
Behaviors were scored from the video for the duration of time spent in the open arms
(defined as all four legs having crossed the entrance line to one of the open arms), and the
total number of crosses into the center compartment.

2.8. Novelty-induced hypophagia (NIH)

Based on Hunsberger et al. (2007), mice were introduced in their home cage to diluted
condensed milk for 30 min daily for 3 consecutive days. Carnation sweetened condensed
milk, diluted 1:3 in water, was provided in plastic serological pipettes (10 mL) with attached
sippers and rubber stoppers that are mounted to the wire cage lid. On day 4, mice were
tested individually in their home cages with low illumination level (50 Ix). Each mouse

was removed from the cage while the pipette is installed on the cage lid. Testing began
immediately upon returning to the home cage. On day 5, mice were tested in a novel cage
free of bedding and in bright illumination level (1200 1x). On both testing days, mice were
recorded for the latency to the first sip of milk.

2.9. Marble bury (MB) test

Based on Deacon (2006), each mouse was placed in a large cage (40 x 24 x 20 cm) filled
with bedding 5 cm deep from the cage floor and 20 blue marbles (positioned in 4 x 5 grid)
for 30 min. Marbles were counted as buried if 2/3 or more was covered by bedding. Number
of buried marbles was recorded.

2.10. Morris water maze (MWM)

Based on Vorhees and Williams (2006). A 36 diameter pool was used as the maze with a
5 in.2 clear Plexiglas platform placed at the eastern equator 7 in. from the edge of the pool.
The room featured distinct visual cues on the northern, eastern, and western walls, and the
experimenter stood in a marked position in the southern side of the room. The time to reach
the platform was recorded on six consecutive days. On days 1-5, mice were subjected to 4
daily trial sessions; the start position was rotated across days and sessions, and the time to
reach the platform over the 4 daily sessions was averaged. On day 6, the challenge day, a
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considerably different previously unused start position was chosen and the time to reach the
platform was recorded.

Experimental design

2.11.1. Experiment 1 (Fig. 2A)—Mice (n = 16 per experimental group) were examined
for their behaviors in the OFT, L/D test, MB, NIH and EPM paradigms. Then mice were
administered daily with vehicle, DIM, or 1,4-DHNA for 9 weeks. On week 3 of ligand
administration, mice were re-tested for their behaviors in the OFT, L/D test, MB, NIH

and EPM paradigms. During weeks 47 of ligand administration, mice either remained
unstressed or were subjected to UCMS protocol. Sucrose preference tests were conducted
once weekly at the end of weeks 5-8 of ligand administration. During week 9 of ligand
administration, mice were re-tested for their behaviors in the OFT, L/D test, MB, NIH and
EPM paradigms.

2.11.2. Experiment 2 (Fig. 2B)—Muice (n = 8 per experimental group) were examined
for their behaviors in the OFT, L/D test, MB, NIH and EPM paradigms. Then mice were
administered daily with vehicle, 1,4-DHNA, or 3,7-DHNA for 10 weeks. On week 3 of
ligand administration, mice were re-tested for their behaviors in the OFT, L/D test, MB, NIH
and EPM paradigms. During weeks 47 of ligand administration, mice remained unstressed
or were subjected to the UCMS protocol. Sucrose preference tests were conducted once
weekly, at the end of weeks 5-8 of ligand administration. During week 9 of ligand
administration, mice were re-tested for their behaviors in the OFT, L/D test, MB, NIH

and EPM paradigms. During week 10, mice were tested in the MWM task.

2.11.3. Experiment 3 (Fig. 2C)—Mice (n = 16 per experimental group) were examined
for their behaviors in the OFT, L/D test, MB, NIH and EPM paradigms. Then mice remained
unstressed or were subjected to UCMS protocol for 5 weeks. Sucrose preference tests were
conducted once weekly, starting at the end of the second week of UCMS exposure until one
week after the completion of UCMS protocol. Mice were administered with vehicle, DIM,
or 1,4-DHNA for 5 weeks, starting on the second week of UCMS exposure. During week 5
of ligand administration, mice were re-tested for their behaviors in the OFT, L/D test, MB,
NIH and EPM paradigms.

2.11.4. Experiment 4 (Fig. 2D)—Muice (n = 8-12 per experimental group) were
examined for their behaviors in the OFT, L/D test, MB, NIH and EPM paradigms. Mice
remained unstressed for the entire duration of the experiment. Sucrose preference tests were
conducted once weekly, at the end of each week. After three weeks of baseline sucrose
preference tests, ligand administration began and continued daily for 10 weeks. During week
9 of ligand administration, mice were re-tested for their behaviors in the OFT, L/D test, MB,
NIH and EPM paradigms. During week 10, mice were tested in the MWM task.

2.12. Data analysis

For each behavioral test, data was analyzed using MANOVA (IBM SPSE Statistics 25) for
the between-group factors of experimental group (vehicle, DIM, 1,4-DHNA, 3,7-DHNA)
and within-group factors of week or day as applicable. Please note that the graphs for the
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anxiety testing present the differences between week 3 and baseline (AWk 3) and week 9
and baseline (AWk 9). Nonetheless, for the ANOVA analyses (in Supplementary Material)
the raw data was used. Post hoc contrasts between each treatment group were conducted
using the Bonferroni procedure. Differences with p-values of less than 0.05 were deemed
statistically significant. Results are presented as mean £ SEM.

3. Results

3.1. Antidepressant-like effects

3.1.1. Prevention—In order to examine the effectiveness of DIM, 1,4-DHNA, and
3,7-DHNA on the prevention of UCMS-induced depressive-like behaviors, mice received
vehicle or one of the ligands and were subsequently subjected to UCMS. As expected, mice
subjected to UCMS exhibited a significant reduction in sucrose preference as compared to
unstressed mice (Fig. 3A, B, and C). Mice that received 20 mg/kg DIM or 1,4-DHNA for

3 weeks before being subjected to UCMS did not exhibit a reduction in sucrose preference
(Fig. 3A). In fact, their sucrose preference was indistinguishable from unstressed mice.
However, mice that received AhR-inactive isomer 3,7-DHNA for 3 weeks before being
subjected to UCMS were not protected from the effects of UCMS and exhibited a similar
reduction in sucrose preference to mice subjected to UCMS that received only vehicle (Fig.
3B).

3.1.2. Reversal—In order to examine the effectiveness of DIM and 1,4-DHNA to reverse
UCMS-induced depressive-like behaviors, mice were first subjected to UCMS and then
received vehicle or one of the ligands. As expected, before receiving the ligands, all mice
demonstrated a reduction in sucrose preference (Fig. 3C). However, subsequently after 4
weeks of receiving DIM or 1,4-DHNA and continuing UCMS their sucrose preference was
significantly different from mice subjected to UCMS and vehicle (Fig. 3C). In fact, after 4
weeks of receiving DIM or 1,4-DHNA their sucrose preference was indistinguishable from
unstressed mice.

3.1.3. Unstressed mice—Additionally, we tested the effects of the ligands on sucrose
preference in unstressed mice. Eight weeks of receiving DIM and 1,4-DHNA did not have a
significant effect on the sucrose preference of unstressed mice (Fig. 3D).

3.2. Anxiety tests

3.2.1. Null effects of ligands—DIM and 1,4-DHNA did not significantly affect OFT,
MB, NIH behaviors, as compared to vehicle, in unstressed (Fig. 4A-E) or stressed mice
(Fig. 5A-E). Some trends were observed, but they did not reach statistical significance.
Additionally, in stressed mice, DIM had no significant effect on the L/D test (Fig. 5B) or
on anxiety behaviors in the EPM (i.e., no significant differences in time spent in the open
arms or number of entries into the open arms, Fig. 5F). Exposure to UCMS itself caused a
decrease in total activity in the EPM at 9 weeks as compared to their baseline (i.e., in the
number of entries into the close arms and total number of crosses across the middle, Fig.
5F). However, no significant differences in EPM behaviors were observed between vehicle-
or ligand- treated mice subjected to UCMS.

J Affect Disord. Author manuscript; available in PMC 2022 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Madison et al.

Page 8

3.2.2. Ligand effects in unstressed mice—In the L/D test, eight weeks of treatment
with DIM had a significant (but small magnitude) effect, on reducing time spent in the light
zone as compared to vehicle in unstressed mice (Fig. 4B). Similarly to stressed mice, no
significant effect on anxiety was observed in the EPM test (Fig. 4F). However, significant
differences in total activity levels were found between unstressed mice treated with vehicle
vs. ligand (Fig. 4F). Specifically, at 9 weeks as compared to baseline, unstressed mice
treated with vehicle exhibited an increase in total activity, while unstressed mice treated with
a ligand exhibited a decrease in total activity.

3.3. Spatial learning acquisition

Toxic AhR ligands, such as TCDD, have effects on cognitive function. Thus, following 9
weeks of receiving vehicle or one of the ligands, with or without being subjected to UCMS,
the effects of the AhR ligands on spatial learning in the MWM task was determined. Neither
DIM nor 1,4-DHNA had a significant effect on spatial learning in unstressed animals (Fig.
6A) or animals subjected to UCMS (Fig. 6B). As expected, significant reduction in escape
latencies were observed in all experimental groups over the six days of trials; however, there
were not significant differences between the experimental groups in their escape latencies or
the rate to reduce these escape latencies over days (Fig. 6A and B).

4. Discussion

The AhR was initially discovered as a receptor that bound toxic environmental
contaminants, such as TCDD, and structurally related aromatics (Poland et al., 1974).
Subsequent studies show that AhR also binds structurally diverse phytochemicals,
endogenous biochemicals, microbial metabolites, and pharmaceuticals. Many of these AhR
ligands exhibit AhR-dependent health benefits and do not exhibit TCDD-like toxicities, and
are selective AhR modulators (SAhRMs) (Safe et al., 2018; Safe et al., 2020; Stockinger et
al., 2021). In this study we have used two SAhRMs, namely the phytochemical metabolite
DIM and the microbial metabolite 1,4-DHNA. DIM has been previously used in clinical
trials for cancer therapy and is commercially available as a nutraceutical, and probiotic
preparations that produce 1,4-DHNA are also being marketed (Amare, 2020).

Both DIM and 1,4-DHNA prevented and reversed the UCMS-induced decrease in sucrose
preference, which serves as a rodent model to measure anhedonia (Strekalova et al., 2006).
Anhedonia is the decreased ability to experience pleasure (Ribot, 1903), and is a core
feature of MDD (American Psychiatric Association, 2013). These findings are in line with
a previous study showing that 13C, another AhR ligand that is converted to DIM in the gut,
prevents clonidine-induced despair behaviors in the forced swim test (EI-Naga et al., 2014).

Moreover, this study suggests that the antidepressant-like effects of DIM and 1,4-DHNA
might be mediated through the AhR. Both DIM and 1,4-DHNA exhibit significant agonist
activity at the AhR (Cheng et al., 2017; Vermillion Maier et al., 2021). 3,7-DHNA is
structurally similar to 1,4-DHNA but with hardly any activity at the AhR (Fig. 1, (Cheng
etal., 2017). In contrast to 1,4-DHNA, 3,7-DHNA did not prevent the reduction in sucrose
preference caused by exposure to UCMS. Thus, for the DHNA isomers, antidepressant
activity was observed only for the AhR agonist 1,4-DHNA. However, more studies are
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required to determine to what degree the antidepressant-like effects can be attributed to their
effect at the AhR.

The AhR is highly expressed at barrier sites, i.e. in locations where materials from the
environment can be introduced to the organism, such as the skin, lung, and gut (Esser et
al., 2013; Guerrina et al., 2018; Barroso et al., 2021). As an environmental sensor, AhR

is sensitive to dietary components and tryptophan metabolites and is thought to play a

key role in host-gut microbiota interactions (Lee et al., 2017; Dong and Perdew, 2020).
Recent preclinical and clinical studies suggested an association between gut microflora
and MDD (Eitan et al., 2021), and significant alterations in the relative abundance of

gut microbiota were observed in MDD patients (Zheng et al., 2016; Liu et al., 2020a;
Sanada et al., 2020). Transplanting fecal microbiota from healthy individuals decreased
depression and anxiety symptoms in both preclinical and clinical studies, while depression-
like behaviors were observed in germ- free mice transplanted with fecal microbiota from
MDD patients (Zheng et al., 2016; Chinna Meyyappan et al., 2020; Liu et al., 2020b). 1,4-
DHNA is a microbiota metabolite produced by both Propionibacterium freudenreichii and
Lactobacillus casei, and it stimulates bifodobacterial growth (Mori et al., 1997; Isawa et al.,
2002). Notably, previous studies have identified lower counts of both Bifidobacteriumand
Lactobacillusin MDD patients (Aizawa et al., 2016). Moreover, L. caseiimproved UCMS-
induced depressive-like symptoms in rats (Kang et al., 2015; Gu et al., 2020). Similarly,
administration of a probiotic supplementation containing Lactobacillus acidophilus, L. casel,
and Bifidobacterium bifidum significantly decreased symptoms of depression in MDD
patients, suggesting a possible role for 1,4-DHNA and the AhR in treating MDD patients
(Akkasheh et al., 2016); however, it is important to note that in placebo-controlled clinical
trials probiotic supplementation did not significantly improve symptoms of severe MDD
(Romijn et al., 2017).

Mood disorders are also associated with peripheral inflammation and neuroinflammation,
and AhR is involved in numerous immune functions (Bauer and Teixeira, 2021; Leite
Dantas et al., 2021). Notably, deletion of microglial AhR results in the upregulation

of genes associated with microglial activation and central nervous system (CNS)
inflammatory response, and systemic administration of commensal-microbe-derived AhR
ligands suppresses microglial activation of proinflammatory pathways (Rothhammer et

al., 2018). Furthermore, dietary ligands of AhR were demonstrated to have a vital role

in modulating immune responses (De Juan and Segura, 2021; Gargaro et al., 2021).
Specifically, both DIM and 1,4-DHNA were shown to be anti-inflammatory, to ameliorate
colitis, and suppress macrophage-derived proinflammatory cytokines (Cho et al., 2008; Kim
et al., 2009; Okada et al., 2013), and DIM suppresses the differentiation of regulatory T
(Treg) cells (Yang et al., 2020). These effects were suggested to be mediated by their activity
at the AhR (Fukumoto et al., 2014; Yang et al., 2020). Decreased T helper 17 (Th17) cells
and increased Treg cells were suggested to contribute to the depressive-like effects of UCMS
(Hong et al., 2013). Subsequently, Th17/Treg imbalances were suggested to be involved

in the pathophysiology of major depressive disorder (Cui et al., 2021). Thus, more studies
are required to determine if the antidepressant-like effect of DIM and 1,4-DHNA is due to
their effects on inflammation through inhibition of differentiation of Treg cells and cytokine
production.
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Additionally, AhR is expressed in multiple brain areas, including in high abundance in

the adult hippocampus (Kimura and Tohyama, 2017). Reduced hippocampal neurogenesis

is associated with the pathophysiology of major depression, while antidepressants were
demonstrated to increase neurogenesis (Bourin, 2021). Indole, a gut microbiota-derived
compound produced from tryptophan (Konopelski and Ufnal, 2018), was reported to
increase hippocampal neurogenesis in an AhR-dependent manner (Wei et al., 2021);
therefore, it is possible that the antidepressant-like effects of the SAhRMs were mediated
via effects on hippocampal neuroplasticity. However, the toxic AhR ligand TCDD caused
robust spatial learning deficits in the MWM task (Brouillette and Quirion, 2008), and effects
of TCDD on hippocampal- dependent spatial tasks were sex-dependent, observed only in
female but not male mice, and mediated through alteration of estrogen pathways. 13C, the
parent compound of DIM, had no effect on MWM behaviors of male rats (Willeman et al.,
2019); however, that study did not examine females. Therefore, in this study we examined
the effects of DIM and 1,4-DHNA on spatial learning in the MWM task in females. We
demonstrated that unlike TCDD, neither DIM or 1,4-DHNA caused spatial learning deficits
in females; these AhR ligand-dependent differences between toxic and non-toxic AhR
ligands are frequently observed and are due to their activities as SAhRMs (Safe et al., 2020).
More studies are required to fully evaluate the effects of DIM and 1,4-DHNA on cognition
and learning.

In this study, both DIM or 1,4-DHNA were provided orally, inside peanut butter pellets,
suggesting that AhR-active dietary supplements and microbiota metabolites could play a
role in preventing and treating depression. Importantly, after oral administration of DIM,
concentrations in plasma and tissue, including the brain, rise rapidly and peak at 0.5 to 1

h before a polyexponential decline (Anderton et al., 2004). Thus, given the prevalence of
AhR in many tissues, further studies are required to determine the site of action of DIM

and 1,4-DHNA. This importance of determining the site of action is also underscored by
the existence of an absorption-enhanced formulation (BioResponse-DIM; Indolplex) of DIM
with significantly higher bioavailability in both rodents and humans (Anderton et al., 2004;
Reed et al., 2008), which could potentially be more efficacious clinically if the site of action
is not within the gut.

Lastly, there is a significant comorbidity between mood and anxiety disorders (Kaufman and
Charney, 2000; Hirschfeld, 2001; Nemeroff, 2002). Thus, in this study we also examined
whether DIM and 1,4-DHNA alter anxiety sensitivities. We used a battery of established
rodent tests, including OFT, L/D test, MB, NIH and EPM paradigms. Some trends were
observed; however, only a few significant effects were observed. DIM had a small effect of
reducing time spent in the light zone in the L/D test in unstressed, but not stressed, mice.
Additionally, in the EPM test DIM and 1,4-DHNA significantly reduced general activity

of unstressed mice. Mice subjected to UCMS exhibited reduced activity in the EPM test;
however, this reduction did not significantly differ between vehicle and ligand treated mice.
Thus, the effects of DIM and 1,4-DHNA on depressive-like behaviors is not likely due to
their effect on anxiety levels.
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5. Conclusions

Our findings suggest that dietary supplements and microbial metabolites, such as DIM and
1,4-DHNA, respectively, can assist in preventing and treating mood disorders. Given the
high prevalence of mood disorders in females, this study was conducted using female mice.
Future studies need to determine whether these protective effects of DIM and 1,4-DHNA
can be also generalized to males. Additionally, further studies should employ other measures
of antidepressant-like properties, such as the forced swim test, which is frequently used

to assess despair-like behavior in rodents (Porsolt et al., 1978). Both DIM and 1,4-DHNA
had only minor effects on anxiety in unstressed mice, and did not cause deficits in spatial
learning in stressed or unstressed mice. More research is required to evaluate the full
spectrum of behavioral effects and the underlying molecular mechanisms including to what
degree the effects observed in this study can be attributed to the AhR, the site of activity
(e.g., gut, immune system, brain), and the cellular signaling mediating these effects.
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Structures of DIM, 1,4-DHNA and 3,7-DHNA.
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Fig. 2.

E)?perimental design. Wk = week; anxiety testing = testing in the open field test (OFT),
light/dark (L/D) test, marble burying (MB), novelty-induced hypophagia (NIH) and elevated
plus maze (EPM) paradigms; UCMS = unpredictable chronic mild stress; SP = sucrose
preference test; MWM = Morris water maze.
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Fig. 3.

DIM and 1,4-DHNA, but not 3,7-DHNA, prevented and reversed UCMS-induced decrease
in sucrose preference. Mice were unstressed or subjected to UCMS for 4 weeks. (A, B)
Sucrose preference was monitored weekly starting at the end of the second week of UCMS,
and continuing until 1 week post UCMS. Mice received daily vehicle, DIM, 1,4-DHNA,

or 3,7-DHNA for 3 weeks prior to the beginning of UCMS, or (C) or starting and at the
third week of UCMS, and then continued for the entire duration of the experiment. (D)
Sucrose preference was monitored weekly. Baseline sucrose preference was recorded for 3
weeks, followed by 8 weeks of receiving vehicle, DIM or 1,4-DHNA. (A) Two-way repeated
ANOVA revealed a main effect of experimental group (F(3,60) = 14.035, p < 0.0001),

but no significant interaction between experimental group and week (F(9,180) = 0.636, p

> 0.05). (B) Two-way repeated ANOVA revealed a main effect of experimental group (F
(3,28) = 22.192, p< 0.0001), a main effect of week (F(3,84) = 2.996, p < 0.05), but no
significant interaction between experimental group and week (F(9,84) = 1.762, p> 0.05).
(C) Two-way repeated ANOVA revealed a main effect of experimental group (F(3,60) =
9.962, p<0.0001), and a significant interaction between experimental group and week
(F(12,240) = 1.868, p< 0.05). (D) Two-way repeated ANOVA revealed that there was no
main effect of experimental group (F(2,29) = 0.228, p> 0.05), and no significant interaction
between experimental group and week (F(2,29) = 1.224, p> 0.05). (*) Bonferroni post hoc
contrast indicates a significant difference from unstressed mice (p < 0.05); (#) Bonferroni

J Affect Disord. Author manuscript; available in PMC 2022 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Madison et al.

Page 20

post hoc contrast indicates a significant difference from stressed mice receiving DIM (p <
0.05); () Bonferroni post hoc contrast indicates a significant difference from stressed mice
receiving 1,4-DHNA (p < 0.05). Results are presented as mean + SEM.
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Fig. 4.

DIM and 1,4-DHNA had little to no effect on anxiety behaviors in unstressed mice. Baseline
behaviors were examined. Animals were re-tested after 9 weeks of receiving vehicle or
ligand. Data is presented as the difference between the re-test at week 9 and baseline (AWk
9). (A) Time spent in the center zone of OFT; (B) time spent in the light zone of L/D
apparatus; (C) number of buried marbles; (D) NIH latency to take the first lick; (E) NIH
total consumption of milk; and (F) time spent in open arms of the EPM in seconds, number
of entries to the open and closed arms, and total crosses in the middle. The ANOVA analyses
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for each test can be found in Supplementary Material. (*) Bonferroni post hoc contrast
indicates a significant difference from unstressed mice (p < 0.05). Results are presented as
mean £ SEM.
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Fig. 5.

Ng effect of DIM or 1,4-DHNA on anxiety behaviors in stressed mice. Baseline behaviors
were examined. Animals were re-tested after 3 weeks of receiving vehicle or ligand, just
before UCMS began. Animals were re-tested again post-UCMS, after 9 weeks of receiving
ligands. Data is presented as the difference between the re-test at week 3 and baseline (AWk
3) and the re-test at week 9 and baseline (AWK 9). (A) Time spent in the center zone of
OFT; (B) time spent in the light zone of L/D apparatus; (C) number of buried marbles; (D)
NIH latency to take the first lick; (E) NIH total consumption of milk; and (F) time spent in
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open arms of the EPM in seconds, number of entries to the open and closed arms, and total
crosses in the middle. The ANOVA analyses for each test can be found in Supplementary
Material.
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Fig. 6.

No effects of DIM or 1,4-DHNA on MWM performance. (A) Unstressed mice were
examined for their escape latencies in the MWM following 9 weeks of receiving vehicle,
DIM or 1,4-DHNA. Two-way repeated ANOVA revealed that there was a main effect of day
(F(1,29) = 300.622, p< 0.0001), but no main effect of experimental group (F(2,29) = 0.28, p
> 0.05), and no significant interaction between experimental group and day (F(2,29) = 0.056,
p>0.05). (B) Mice subjected to UCMS received daily vehicle, 1,4-DHNA, or 3,7-DHNA
beginning 3 weeks prior to UCMS and continued for the entire duration of the experiment.
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Two-way repeated ANOVA revealed that there was a main effect of day (F(5,140) = 68.151,
p < 0.0001), but no main effect of experimental group (F(3,28) = 0.84, p> 0.05), and no
significant interaction between experimental group and day (F(15,140) = 0.413, p> 0.05).
Results are presented as mean + SEM.
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