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Abstract

Background/Aims: The prevalent comorbidity between neuropsychiatric and gastrointestinal
(GI) disorders is believed to be significantly influenced by gut microbiota (GM). GM may also

play a substantial role in comorbidity between substance abuse (e.g. Alcohol Use Disorder, AUD)

and depression. The anti-parasitic drug Moxidectin (MOX) has been reported to reduce alcohol

intake in male and female mice. This effect is purported to be centrally mediated with a significant

contribution linked to purinergic, P2X4 purinergic receptors. However, MOX’s effects on GM in
animal models of depression is not known.

Methods: Adult male Wistar Kyoto (WKY) rats (5/group) were injected intraperitoneally (i.p.)

once daily for 7 days with MOX (2.5mg/kg), or saline as control group. On day 8, approximately

20 h after the last MOX injection, animals were sacrificed, intestinal stools were collected and
stored at —80°C DNA was extracted from the samples for 16S rRNA gene-based GM analysis
using 16S Metagenomics application.

Results: At taxa and species level, MOX affected a number of bacteria including a 30-fold

increase in Bifidobacterium cholerium, a bacterium with a strong ability to degrade carbohydrates

that resist digestion in the small intestine. There was a minimum of 2-fold increase in: five
probiotic species of Lactobacillus, butyrate-forming Rosburia Facies and Butyrivibro

proteoviasticus. In contrast, MOX depleted 11 species, including 2 species of Ruminoccus, which

are positively associated with severity of irritable bowel syndrome, and 4 species of Provettela,
which are closely associated with depressive-like behavior.

Conclusion: Thus, MOX enhanced probiotic species, and suppressed the opportunistic
pathogens. Since overall effect of MOX appears to be promoting GM associated with mood
enhancement (e.g. Bifidobacterium and Lactobacillus) and suppressing GM associated with

inflammation (e.g. Ruminoccus), potential antidepressant and anti-inflammatory effects of MOX

in suitable animal models should be investigated.
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Introduction

An imbalance in gut microbiota (GM) composition and diversity, commonly referred to as
“dysbiosis”, can change the gut permeability and disrupt the gut-brain axis [1-3]. It is now
well recognized that the bidirectional communication between the GM and brain is crucial
for a healthy brain and phyisological functions [1-3]. High co-morbidity of gastrointestinal
(GI) disorders, such as colitis or inflammatory bowel disease (IBD) and mood disorders,
related to depression suggests that dysbiosis may be a common denominator (factor) in these
conditions [4-8]. This hypothesis is further supported by studies that show pharmacotherapy
of mood disorders may actually be beneficial to Gl disorders through GM manipulation
[9,10]. Conversely, it is likely that some of the drugs that are used in ulcerative colitis or
IBD, would have mood elevating effects as depredepression is frequently associated with
immune dysregulation and elevated inflammatory cytokines [11,12].

Moxidectin (MOX), derived from the actinomycete Streptomyces cyanogriseus subsp.
Noncyanogenus [13,14] belonging to the milbemycin family, is a third-generation
macrocyclic lactone with potent insecticide activity [15-18]. MOX has been used for the
treatment of internal and external parasites in cattle, sheep, deer, and horses. Additionally, it
was very recently approved in the United States for onchocerciasis (river-blindness) for
people over the age of 11. MOX may also have antibacterial effects [19] and preclinical
studies suggest its potential use for treatment of alcohol use disorders (AUD) [20,21].
However, practically no data is available on potential GM modifying effect of MOX,
particularly in behavioral models.

Wistar Kyoto (WKY) rats, derived from Wistar rats, have been classically used as the control
strain for spontaneously hypertensive rats [22]. Additional WKY's experiments showed
exaggerated depressive-like behavior in the forced swim test (FST), a learned helplessness
test [23-25]. These findings in addition to the ones that showed WKY rats are more
susceptible to stress-induced ulcers [26,27], resulted in ascribing the WKY strain as a
putative rat model of depression [23-25, 28-31]. Interestingly, the depression-ulcer
association in these rats has been attributed to pro-inflammatory release of cytokines,
secondary to an exaggerated systemic response to stressors [26,32,33]. Moreover, it was also
shown that WKY rats are more likely to drink alcohol voluntarily than their control Wistar
rats [34,35]. Thus, this strain may represent a suitable model for studying inter- relationships
between stress, depression and alcohol intake. Since GM plays a role in all these conditions
and MOX may affect at least some of these behaviors (e.g. alcohol intake), we decided to
examine the effects of MOX on GM in WKY rats. Our hypothesis was that bacteria related
to mood regulation and/or drinking behavior will be significantly affected by MOX.
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Age matched, 3 month old adult male Wistar Kyoto (WKY) rats were purchased from
Envigo (previously Harlan, Indianapolis, IN, USA) and were housed in a designated room,
2-3 per cage in standard polypropylene shoebox cages (42 x 20.5 x 20 cm) containing
hardwood chip bedding (alpha-dry). Throughout the experiment, animals had access to food
(Harlan Tek Lab) and water ad libitum. The room was maintained at 24-26 °C at 51-66%
relative humidity, on a 12-h light/dark cycle (lights on at 7 am).

In order to acclimate the animals to the housing conditions, animals arrived at least one
week prior to initiation of any experiment. During this period, subjects were gently handled
in order to minimize any stress effects that might result from routine handling.

MOX (10 mg/kg) solution (Boehringer Ingelheim, St. Joseph, MO) was diluted in a 0.9%
sodium chloride solution (saline) to a concentration that would allow for an injection volume
of 10 mL/kg of body weight at dose of 2.5 mg/kg as described previously [20]. Controls
received saline.

Experimental Design

Following one week of acclimation, the animals were randomly divided into two groups,
control and experimental (n=5 each), and were housed in separate cages. Animals belonging
to the same group were also randomly selected and housed together (2—3 animals/cage).
This housing method assured that the animals in both groups were exposed to identical
environment and would not be exposed to cross- contamination between the treated vs the
control group. The dose of the drug and the number of animals used in each group were
based on previous studies [20,36].

Animals were injected intraperitoneally (i.p.) daily (around noon) for 7 consecutive days. On
day 8, approximately 20 h after the last MOX or saline injection, the animals were sacrificed
by decapitation, alternating between the groups. Colons containing stools were collected,
quick-frozen on dry ice and stored at —80°C. This method of rapid freezing is considered
best practice for preserving stool DNA samples for further microbial analyses [37].

Stool DNA Extraction

Total DNA was isolated from stool samples using Norgen’s Stool DNA Isolation Kit and the
Precellys Dual-24 Homogenizer (Bertin Technologies) as described previously [36].
Purification was based on spin column chromatography using resin as the separation matrix.
Briefly, 200 mg stool samples were bead-homogenized after adding 1 mL of Lysis Buffer L.
One hundred pL of lysis additive was added and vortexed, followed by centrifugation at
20,000 x g for 5 min. The clear supernatant was transferred (600 uL) to a DNAase- free
microcentrifuge tube. Next, the samples were centrifuged and 100 pL of Binding Buffer |
was added to the clean supernatant and incubated on ice for 10 minutes. Equal amounts of
70% ethanol were then added to the clean supernatant from Binding Buffer | lysate after
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centrifugation. The protocol was then followed for complete DNA isolation. The purified
DNA was quantified and analyzed for purity using the NanoDrop™ 2000
Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Twenty pL of purified DNA
was then quick-frozen on dry ice and shipped to Norgen Biotek (Thorold, ON, Canada) for
16S rRNA gene analysis.

16S rRNA Gene Sequencing and Analysis

Briefly, the VV3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified from
12.5 ng of stool DNA. The amplicons were then cleaned, sequenced according to the
Illumina MiSeq 16S Metagenomic Sequencing Library Preparation protocol (http://
support.illumina.com/downloads/16s_metagenomic_sequencing_library preparation) [38].
The final library was paired-end sequenced at 2 x 300 bp using a MiSeq Reagent Kit v3 on
the Illumina MiSeq platform. For bioinformatic analysis, the sequencing data was analyzed
using the Illumina 16S metagenomics app (Illumina 16S Metagenimics Pippeline (v1.0.1)
(https://basespace.illumina.com/apps/593593/16S-Metagenomics/perferredversion) [39]
which performs taxonomic classification of 16S rRNA targeted amplicons by using an
Illumina-curated version of the GeenGenes taxonomic database. The app provides
interactive visualization and raw classification output for per-sample and aggregate analyses.
Classification was performed using the Illumina 16 S Metagenomics workflow, which is also
available in the MiSeq Reporter software. The algorithm uses a high- performance
implementation of the Ribosomal Database Project (RDP) Classifier as described by Wang
et al. [40].

Statistical Analysis

Results

Comparisons were performed between two groups with equal variance (MOX and saline-
treated animals), student t-tests were applied for detecting significant differences in specific
measured parameters. The cut-off for statistical significance was p<0.05, two-tailed t-tests.

Diversity and Richness

Figure 1 depicts the effects of chronic low dose MOX on GM diversity (A) and richness (B).
A total of 1,121 different GM species were identified in both saline and MOX groups.
Overall, there was no significant difference in either diversity [Figure 1A] as estimated by
the Shannon Diversity Index (SDI) (saline control vs. MOX; 2.62 vs. 2.60, P=0.99) or
species richness [Figure 1B] as measured by mean species number. Although a total of
1,121species were identified, only less than 700 were considered qualified (i.e. made the cut
off at 0.01% abundance).

Taxa-Level Distribution

There were a total number of 29 Phyla, 56 classes, 106 orders, 234 families, 600 genera and
1,121 species identified in the two groups. There were no differences between the saline and
MOX group in percent reads, i.e., percentage of identified sequences belonging to each
taxon [Figure 2].

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2019 July 18.


http://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation
http://support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation
https://basespace/.illumina.com/apps/593593/16S-Metagenomics/perferredversion

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Getachew et al. Page 5

Phylum-Level Effects

MOX significantly reduced abundances of one phylum, Deferibacteres, and enriched two
phyla: Actinobacteria and Verrucomicrobia (Fig 3). Overall there were 29 different phyla
identified in the two groups. Deferibacteres, Actinobacteria and Verrucomicrobia are all low-
abundance phyla accounting for less than 2% of the total phyla reads. MOX selectively
reduced Deferibacteres by 6.5-fold and enriched both Actinobacteria and Verrucomicrobia
by 2-fold compared to control group.

Class-Level Effects

MOX significantly reduced the levels of two classes, Deferrribacteres by 6.5-fold compared
to the saline group (Fig 4) and increased Actinobacteria, Opitutae and Spirochaetes by 2.5, 3
and 2-fold respectively. There was a total of 56 different classes identified between the two
groups.

Order-Level Effects

MOX significantly increased the abundance of Lactobacillales and Pelagicoccales by 3-fold
each and reduced abundance of Rhodospirillales and Deferribacterales by 2 and 8-fold,
respectively, compared to saline control group (Fig 5). There was a total of 106 different
classes identified in both groups.

Family-Level Effects

MOX significantly enriched Lactobacillaceae, Microbacteriaceae, Rhodospirillaceae and
Pelagicoccaceae by 3, 4, 4, and 4-fold, respectively. Deferrribacteraceae, Erysipelotrichaceae
and Thermovenabulum were reduced by 8, 2.5, and 3.5- fold respectively, compared to the
control group at the family level [Figure 6]. There was a total of 234 different families. It
should be noted that for analysis at the family level, the samples were pooled and hence
overall there were two groups to be compared (control vs treated). Since a statistical analysis
could not be performed in such cases, we used a conservative cutoff point of a minimum of
2-fold difference between the groups, which could imply important changes.

Genus-Level Effects

MOX significantly enriched abundance of 13 genera, particularly, Actinomyces,
Anaerofilum, Anaerostripes, Lachnobacterium, Butyrivibria, Pelagicoccus and Rosburia by
4.3, 3, 2.6, 2.9, 2.9 and 3.7-fold, respectively. Conversely, MOX decreased levels of
Mucispirillum and Prevottella by 9 and 2-fold, respectively [Figure 7]. All comparisons were
with respect to saline control group. There was a total of 611 different genera. It should be
noted that for analysis at the genus level, the samples were pooled and hence overall there
were two groups to be compared (control vs treated). Since a statistical analysis could not be
performed in such cases, we used a conservative cutoff point of a minimum of 2-fold
difference between the groups, which could imply important changes.

Species-Level Effects

MOX significantly enriched abundances of 22 species particularly, Bifidobacterium
cholerinum Actinomyces naturae, butyrate forming and biohydrogenating bacteria
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Butyrivibrio proteoclasticus, and Sarcina maxima, and an important cellulose-decomposing
bacterium Ruminococcus flavvefaciens by 30, 5, 2, 2 and 4-fold, respectively. Other species,
including five species of Bacteroides, five species of Lactobacillus, two species of
Desulfovibrio were enriched by over 2-fold. However, levels of four species of Prevotella,
and two species each of Ruminococcus, Akkermansia muciniphila, Lachnospira
pectinoschiza, Blautia glucerasea and Erysipelothrix muris were decreased by over 2-fold,
compared to control group [Figure 8]. Of particular interest was Mucispirillum schaedleri,
which was reduced by 9-fold compared to control group [Figure 8].

There were a total of 1138 different species. It should be noted that for analysis at the
species level, the samples were pooled and hence overall there were two groups to be
compared (control vs treated). Since a statistical analysis could not be performed in such
cases, we used a conservative cutoff point of a minimum of 2-fold difference between the
groups, which could imply important changes.

Discussion

The results of this study indicate that daily treatment of WKY rats with MOX for 7 days
promoted certain gut bacteria associated with mood enhancement (e.g. Bifidobacterium and
Lactobacillus) and suppressed those associated with inflammation (e.g. Ruminoccus).
Hence, it might be suggested that MOX has the potential of exerting antidepressant and anti-
inflammatory effects through the GM. Moreover, the behavioral disparity seen in WKY rats
might at least be partially related to the dysbiosis in GM of this rat strain. Although potential
antidepressant and anti-inflammatory properties of MOX have yet to be investigated, it is of
interest that MOX has been shown to reduce alcohol intake in a mouse model and may be
effective in addressing alcohol craving and AUD [20,21]. In support of this hypothesis, AUD
is often times associated with depression, which has a strong underlying inflammatory
component [11,41]. Thus, a common underlying factor for all three disorders, depression,
inflammation and AUD, may be manipulated through interference with the GM, i.e.
dysbiosis. As alluded to earlier, and supported by substantial literature, brain-gut axis is now
thought to play an important role in mood and immune (inflammatory) disorders [42-45]. A
recent review has also extended the role of microbiomes to eating disorders as well as AUD
[46]. Although MOX is not typically considered antimicrobial, its effectiveness against some
bacteria has been documented [47,48]. Thus, taken together, it may be suggested that MOX
through its interactions with GM, could be of potential therapeutic value, especially in AUD-
induced depression.

Interestingly, it has been reported that ketamine, a glutamate NMDA antagonist with fast and
sustained antidepressant effects, can also reduce alcohol intake in two rat models of alcohol
drinking [49,50]. However, use of ketamine for AUD might be problematic as ketamine
might have abuse potential of its own [51, 52]. Of relevance is that recently it was shown
that ketamine strongly interacts with GM, and some of the same species (e.g.
Bifidobacterium, Lactobacillus and Ruminoccus) that are affected by MOX were also
similarly affected by ketamine [36]. Since ketamine has also been advocated as potential
therapy in inflammatory diseases (e.g. colitis and IBD) [53, 54], the usefulness of MOX in
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such diseases warrants further investigation. If effective, MOX may have an added advantage
over other novel drugs, especially for AUD, as its safety has been established [55].

Another brain-gut connection may be through short chain fatty acids (SCFASs) produced by
gut bacteria, such as low-abundant Lactobaccilus, Sarcina, Bifidobacterium and Butyrivibrio
in the gut [56-59]. SCFAs (e.g. propionate and butyrate) can influence intestinal
gluconeogenesis with beneficial effects on glucose and energy homeostasis [60]. Curiously,
the Westernized diet, implicated in metabolic syndrome, is linked to lower levels of
Lactobacillus and Sarcina, and higher levels of Ruminococcus [61, 62], all of which were
affected by MOX. Thus, MOX increased the levels of beneficial “probiotics” Lactobacillus
and Sarcina, and decreased levels of the “opportunistic” Ruminococcus, and hence may be
of benefit in metabolic syndrome as well. Some of the effects of MOX on GM are similar to
recently reported GM effects of Tianasi Liquid, a Chinese herbal medicine. Tianasi Liquid,
advocated for its metabolomic effects, also increases the relative abundance of Lactobacillus,
and Lachnospira. It is important, however, to note that Lactobacillus genus members are
unable to synthesize amino acids and/or purines and thus rely on nutrient rich environments
and other bacteria for supply of essential building blocks [62—65]. Therefore, the presence of
other probiotic bacteria such as Lachnospira may be required for Lactobaccillus to produce
therapeutic benefits [62,64].

In addition, changes in “butyrogenic” bacteria may also influence inflammatory as well as
neurological and neuropsychiatric diseases [65-67]. Key downstream effects of these
beneficial microbes include their ability to decrease concentration of nuclear factor (NF)-xB
and pro-inflammatory cytokines but increase the concentrations of anti- inflammatory
cytokines [68-72]. Moreover, these bacteria can bring about changes in tryptophan and
kynurenines levels, thus affecting other factors involved in mood regulation [68-72]. Since
MOX significantly increases the levels of butyrogenic bacteria (e.g. Butyrivibrio
Proteoclasticus, Provettela, Lactobaccillu, Bifidobacterium), it may be suggested that its
interaction with this system is another contributory mechanism to its beneficial effects.

Some species of Mucispirillum may cause intestinal inflammation by causing a “leaky” gut,
where there is an increase in gut permeability due to degradation of mucin (colonic mucus
layer), which is crucial in maintaining the physical barrier that separates trillions of gut
bacteria from the host [73-75]. Leaky gut is also a key contributor to the co-morbidity of
depression and intestinal disorders [76—78]. In addition, Mucispirillum is positively
associated with increases in plasma levels of LPS and is considered colitogenic, because of
which, it is used as a microbial marker of active colitis [73-75,78,79]. On the other hand,
low levels of Sarcina have been implicated in inflammatory processes of relevance to
depression [62]. Thus, the dramatic reduction (over 9-fold) of Mucispirillum, and over a 2-
fold increase in Sarcina by MOX, strengthens its potential usefulness in leaky gut
conditions, in addition to its usefulness in depression associated with gut dysbiosis.
Moreover, a recent study suggests the use of MOX for the treatment of glioma, a rather
severe and aggressive form of central inflammatory disease [80].

Finally, since MOX is often used in quarantine practices [19], our results indicate potential
confounding effects of such treatment on behavioral or neurochemical measurements
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associated with those experiments. Hence, careful consideration of inclusion of appropriate
control groups in such cases is warranted.

In summary, our findings indicate that chronic administration of MOX results in significant
increases in the levels of probiotic bacteria (e.g. Lactobacillus, Bifidobacterium and
Butyrivibrio), and significant decreases in opportunistic pathogens (e.g. Provettela and
Mucispirallum) in WKY rats, a putative animal model of depression. Since these
microorganisms have been implicated in mood regulation and inflammatory diseases, the
utility of MOX in these conditions, individually or as a co-morbid condition warrants further
investigation.
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Figure 1:
Effects of 7day MOX (2.5mg/kg i.p.) on GM species diversity (1A) and species richness

(1B). Box-and-Whisker represent values of Shannon Diversity Index (n=5) for (1A) and
species number (1B). The ‘x’ designation in the middle of the bar represents mean value for
each group, horizontal line across the bars indicates median values. The minimum and
maximum quartile values are represented by a horizontal line in the bottom and top of the
bars.
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Figure 2:
Effects of 7day MOX (2.5mg/kg i.p.) on GM distribution of taxa. Values are percent total

reads/taxa/group (n=5). Note: the samples from each group were pooled and hence overall

there were two groups to be compared (control vs treated).
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Figure 3:
Effects of 7day MOX (2.5mg/kg i.p.) on fold change in abundance of GM phylum. Values
are the fold change of mean compared to control group (n=5). Note: the samples from each
group were pooled and hence overall there were two groups to be compared (control vs
treated).
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Figure 4:
Effects of 7day MOX (2.5mg/kg i.p.) on fold change in abundance of GM class. Values are

the fold change over saline control group mean (n=5). Note: the samples from each group
were pooled and hence overall there were two groups to be compared (control vs treated).
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Figure5:

Effects of 7day MOX (2.5mg/kg i.p.) on fold change in abundance of GM order. Values are
the fold change over saline control group mean (n=5). There was a total of 106 different
orders. Numbers of the columns refer to the fold-change. Note: the samples from each group
were pooled and hence overall there were two groups to be compared (control vs treated).
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Figure®6:
Effects of 7day MOX (2.5mg/kg i.p.) on fold change in abundance of GM family. Values are

the fold change over control group mean (n=5). There was a total of 234 families.
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Figure7:
Effects of 7day MOX (2.5mg/kg i.p.) on fold change in abundance of gut bacteria genus.

Values are the fold change over control group mean (n=5). All comparisons are with respect
to saline group. There was a total of 611 different genera.
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are the fold change over control group mean (n

species

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2019 July 18.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



	Abstract
	Introduction
	Methods
	Animals
	Drugs
	Experimental Design
	Stool DNA Extraction
	16S rRNA Gene Sequencing and Analysis
	Statistical Analysis

	Results
	Diversity and Richness
	Taxa-Level Distribution
	Phylum-Level Effects
	Class-Level Effects
	Order-Level Effects
	Family-Level Effects
	Genus-Level Effects
	Species-Level Effects

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Fig 8.

