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Abstract: Ivermectin is a an anti-helminthic that is critical globally for both human and veterinary
care. To the best of our knowledge, information available regarding the influence of ivermectin (IVM)
on the gut microbiota has only been collected from diseased donors, who were treated with IVM
alone or in combination with other medicines. Results thus obtained were influenced by multiple
elements beyond IVM, such as disease, and other medical treatments. The research presented
here investigated the impact of IVM on the gut microbial structure established in a Triple-SHIME®
(simulator of the human intestinal microbial ecosystem), using fecal material from three healthy
adults. The microbial communities were grown using three different culture media: standard
SHIME media and SHIME media with either soluble or insoluble fiber added (control, SF, ISF). IVM
introduced minor and temporary changes to the gut microbial community in terms of composition
and metabolite production, as revealed by 16S rRNA amplicon sequencing analysis, flow cytometry,
and GC-MS. Thus, it was concluded that IVM is not expected to induce dysbiosis or yield adverse
effects if administered to healthy adults. In addition, the donor’s starting community influences the
relationship between IVM and the gut microbiome, and the soluble fiber component in feed could
protect the gut microbiota from IVM; an increase in short-chain fatty acid production was predicted
by PICRUSt2 and detected with IVM treatment.
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1. Introduction

Ivermectin (IVM) is a macrocyclic lactone produced via fermentation by the soil
microorganism Streptomyces avermitilis [1,2]. IVM has demonstrated potent activity in
combating a broad spectrum of intestinal helminthic parasites and ectoparasites [3,4] and
is highly effective in treating filarial diseases and controlling malarial diseases [5-8]. As it
can be used to treat both humans and animals, its application has improved the quality of
life for billions of people living in underdeveloped areas and increased the profitability of
the global livestock industry [9-11].

Several mechanisms of action have been reported for IVM, which include activat-
ing the glutamate-gated chloride channel receptors and causing cell hyperpolarization,
disrupting central nervous system neurosynaptic transmission, and inhibiting the secre-
tion of extracellular vesicles from parasites [12-14]. Recent research revealed that IVM
may inhibit the lipopolysaccharide-induced production of inflammatory cytokines via
the inhibition of importin /3, a pathway of protein transport into the nucleus. It is also
reported that ivermectin targets host inflammatory pathways like nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), Akt kinase/mammalian target of rapamycin
(AKT/mTOR), and signal transducer and activator of transcription 3 (STAT3) [15-19].
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These mechanistic studies facilitated research on re-purposing applications of IVM as a
cancer therapeutic [20-22] and as a treatment for infectious diseases caused by bacteria,
fungi, and viruses [23-27]. Broadening the application potential of IVM to treat diseases
and infections beyond its current use increases the importance of understanding the effect
of IVM on human biology—in particular, its ability to modulate the commensal microor-
ganisms that reside within the gastrointestinal tract (GIT). Furthermore, oral delivery is the
most effective and convenient method of IVM administration for the treatment of colonic
or systematic diseases, and, with this delivery method, IVM has direct interactions with
the gut microbiome in addition to the treatment target.

Ideally, in addition to being an effective therapeutic, short-term IVM administration
should not largely alter the composition of the host microbial community, as these changes
could lead to dysbiosis, which puts the individual at risk of further disease develop-
ment. However, IVM has been reported to change the gut microbiota of diseased patients.
For example, the abundance of the phylum Bacteroidetes increased in stool samples of
hookworm-infected adolescents 24 h after the administration of IVM [28,29], but this was
reversed three weeks post-treatment. The results of this study also found that the composi-
tion of the starting bacterial community impacted the success of anti-helminthic treatment.
A small-scale experiment on the deer Cervus nippon found that IVM had more significant
effects on the fungal communities than on bacterial communities [25]. However, all these
investigations were carried out on subjects undergoing anti-helminthic treatment, which
confounds the effect of IVM and makes it impossible to decipher between changes elicited
due to IVM treatment and those resulting from the helminth infection. Furthermore, these
tests were all performed in vivo, which makes it impossible to elucidate the effect of IVM on
the gut microbiota specifically, as it is well known that the mammalian and microbial cells
interact metabolically [30]. To date, an investigation of IVM’s effect on the gut microbial
community of healthy individuals has not been conducted [31], even though such studies
could provide important safety information for those considering re-purposing IVM for
alternative applications in which the subjects are not also infected with helminths.

In the present research, the effect of IVM on the gut microbiota structure and function
was analyzed using DNA marker gene sequencing coupled with metabolomics. For this
study, an in vitro platform was specifically applied to provide direct answers as to how IVM
may affect the gut microbiota while eliminating interference from host cells or the interplay
between microbial and host cells that would occur in vivo [32,33]. Since reports have
indicated IVM as an antimicrobial agent capable of eliciting changes to the gut microbiomes
of diseased patients, the ability for nutritional supplementation to mitigate microbiome
alterations due to IVM was also tested using fibers known to promote the health of the gut
microbiota. Functional changes to the microbiome in response to IVM were assessed, and
whether the metabolites produced would impair mammalian cell function along the GIT
was tested using the in vitro cultivation of CACO2 cells. Together, these results provide
valuable information on the effects of IVM on the gut microbiome in terms of structure,
metabolic output, and its impact on cellular function in the GIT.

2. Results and Discussion
2.1. IVM Administration Increased Cell Mortality in the Proximal Colon Region

Although IVM is used to treat helminth infections, there have been reports that it
can also function as an antimicrobial agent [34,35]. To first determine if IVM exhibited
antimicrobial activity in the context of the gut microbiota, flow cytometry was performed
to measure the proportion of dead to live bacterial cells, before, during, and after IVM
addition (Figure 1). Immediately after addition, there was a large jump in cell mortality
in the proximal colon communities, but less in the distal colon communities, for all three
nutritional formulations tested (control, ISF, and SF). This observation was logical as IVM
was added directly only to the proximal colon, and the distal communities only received
IVM indirectly, as the fluid within the proximal colon was transferred to the distal colon
region during feeding. Cell numbers stabilized after this initial addition and, in some cases,
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even started to recover. Notably, the proportion of dead bacterial cells measured in the
cultures provided SF nutrition was much less than in ISF, and losses in both SF and ISF
were less than in the control communities.
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Figure 1. Flow cytometry indicating proportion of dead cells for communities with the proximal and
distal colon regions during pretreatment, IVM treatment, and washout periods.

The co-occurrence of IVM administration and increased cell mortality observed here
followed previous findings that IVM exerts antimicrobial actions against some bacte-
ria, such as Mycobacterium, Chlamydia, and Staphylococcus [34]. While these are not taxa
canonically associated with the gut microbiota, the observation here indicated that the
antimicrobial effects of IVM may extend beyond these taxa. Additionally, these results
indicated that providing fiber in the nutritional formulation (SF and ISF) decreased mor-
tality during IVM administration, which is consistent with recent research showing that
fiber supplementation is protective against the effects of antibiotics [36]. Although the
mechanism behind SF and ISF protection against IVM-mediated death was unclear, this
suggested that the effects of IVM on the gut microbial community may be mitigated using
fiber prebiotics in conjunction with IVM administration.

2.2. Effect of IVM on the Gut Microbiota Structure in Terms of Alpha and Beta Diversity

To further evaluate this observed effect, 16S rRNA sequencing was used to examine
the microbial community structure comparing both luminal and mucosal communities with
and without IVM administration. To begin, the alpha diversity metrics of taxon richness
and Shannon’s Diversity Index were calculated for the luminal and mucosal communities
(Figure 2). For the luminal phase, an obvious, but not significant, decrease in taxa richness
and Shannon Index was identified upon the addition of IVM for the three donors; however,
the numbers were recovered through the washout period (Figure 2A). As IVM was not
injected in the mucosal phase, only pre-treatment and the washout period were analyzed,
which revealed no significant differences in either taxa richness or Shannon’s Diversity
Index (Figure 2B). The only statistically significant differences were seen by comparing
the two different colonic regions (proximal vs. distal), where both the Shannon’s Index
and taxa richness of the distal colon (DC) were higher than in the proximal (PC) region
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(Figure S1). Such differences have been observed before and can likely be attributed to the
longer transit time in the DC than in the PC and other environmental differences between
the two regions [37,38].
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Figure 2. Alpha diversity in terms of richness, determined by number of observed taxa and evenness,
determined by the Shannon Diversity Index, for the (A) luminal and (B) mucosal communities. Data
from the proximal and distal colon communities were combined for the control, SF, and ISF nutritional
formulations tested during the pre-treatment, IVM treatment, and washout phases. Open circles on
boxplots indicate individual samples.



Int. . Mol. Sci. 2023, 24, 16125

50f 15

Axis.2

-0.2

0.04

-0.14

Weighted UniFrac — Lumen

Next, changes to community structure driven by IVM administration were analyzed us-
ing the weighted UniFrac distance metric and visualized by Principal Coordinate Analysis
(PCoA).When communities provided with the control, SF, and ISF nutritional formulations
for each donor were combined, it was clear that, for the luminal communities, donor 1
separated from donors 2 and 3, and that the proximal and distal colon communities were
divergent from each other (Figure S2). This was also observed for the mucosal communi-
ties, although the separation was less apparent. This demonstrated that the communities
between donors were distinct from each other (p < 0.0001, PERMANOVA, pairwiseAdonis
package), and that the proximal and distal regions of the in vitro apparatus fostered the
development of unique communities in terms of structure (p < 0.0001, PERMANOVA,
pairwiseAdonis package). Considering the strong effects of the phase and region, within
these respective groups, samples from all donors differed significantly from each other,
indicating the importance of donor effects as well. Even when the different diet types were
taken into consideration, the samples in the distal colon region clustered apart from the
proximal colon region.

Based on the results of the weighted UniFrac distances, there were no statistically
significant changes detected based on the nutritional formulation or administration of IVM
for either the luminal or mucosal communities (Figure 3). This indicated that any effects on
the composition of the gut microbial communities were small in relation to the differences
among donors and colon regions. This supposition was further supported through the
examination of the specific compositions of the gut microbial communities at the phylum
and class levels, which indicated no significant change in bacterial composition between
the pre-treatment and washout periods for all three donors (Figure 4).

Weighted UniFrac - Mucosa

Donor 1

Donor 2

Donor 3 Donor 1 Donor 2 Donor 3

|03U0D
|05U0D

Region

QO Inoculum

P ENNE

ol

A Proximal

[ oistal

48
=1

Treatment
QO Inoculum

OrPre

Axis.2

p" W

@ VM treatment
@ Washout

EN|
481

dk Ny | ¥

7w a s ool — T
-0.2-0.10.0 0.1 02 -0.2-0.10.0 0.1 0.2 -0.2-0.10.0 0.1 0.2
Axis.1

- . =
I 0.0- 'E@ O s!
o 001
-02-01 0.0 01 02 -0.2-0.1 0.0 01 0.2 -0.2-0.1 0.0 01 0.2
Axis.1

Figure 3. Weighted UniFrac distances portrayed as Principal Coordinate Analysis (PCoA) for the
luminal and mucosal communities provided with control, SE, or ISF nutritional formulations during
the pre-treatment, IVM treatment, and washout periods.
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Figure 4. Bar plot depicting relative abundance of taxa within the communities at the class level
based on 165 rRNA sequencing. Taxa are ordered by phylum membership.

2.3. Effect of IVM on the Functionality of the Gut Microbiota

The gut microbiota within the colon ferments undigested substrates that enter and
releases corresponding metabolic byproducts, the most common of which are short-chain
fatty acids (SCFAs). This functional role of the gut microbiota is of critical importance
to the mammalian cells within the GIT, as well as cells throughout the human body. To
determine whether IVM would alter this functional role, the three most prominent SCFAs
were quantified, acetic, butanoic, and propanoic acids (Figure 5). When communities from
all treatment phases were considered together, i.e., the pre-treatment, IVM treatment, and
washout phases, the results showed that the measured amounts of these three SCFAs in the
DC region were significantly higher than in the PC region for all three donors due to SCFA
accumulation in the system (Figure 5A) [33]. When the effect of the provided nutritional
formulations were also considered, there were some donor-dependent effects observed
(Figure 5B). For donor 1, the fermentation of SF produced more acetate and propionate than
from ISF and the control. In contrast, there were no significant differences in acetate and
propionate production between ISF and SF for the other two donors. Butyrate production
was significantly increased in the presence of SF/ISF only for donor 2.

When the SCFAs quantified within the different treatment phases were considered
separately, the results showed that the timing relative to IVM treatment also impacted SCFA
production (Figure 5C). In general, the amount of the three SCFAs measured in the washout
period was statistically higher than in the pre-treatment control and IVM treatment groups.
The highest increase in SCFAs in both the pre-treatment and washout period in both the PC
and DC was detected for donor 3. This trend was not altered by the different nutritional
formulations (Figure 5C).
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Figure 5. SCFA quantification looking at acetic, butanoic, and propanoic acid. (A) Levels of SCFAs in

the proximal versus distal colon; (B) levels of SCFAs for all communities within the three different
nutritional formulations (control, SE, and ISF) for each donor; (C) SCFAs detected in the proximal
and distal colon regions for pre-treatment, IVM treatment, and washout phases cultured in each

nutritional formulation.
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Some metabolites produced by the gut microbiota, like SCFAs, are known to positively
influence the barrier function of the host intestinal epithelium. It was considered that,
although IVM may not have elicited large structural changes or altered the levels of acetic,
butanoic, or propanoic acid, it may have stimulated the release of metabolites that would
affect the barrier function of the host epithelium. To test this hypothesis, Caco2 cells were
incubated with metabolites released from communities on the day of IVM treatment and
in the middle of the washout, cultured in the control, SF, and ISF nutritional formulations.
The barrier function of the cell layer was monitored by measuring transepithelial resistance
(TEER) over 72 h (Figure 6). On the IVM treatment day, supernatants from the bacterial
cultures on the SF nutritional formulation significantly increased the barrier function of the
Caco?2 cell monolayer over time (Figure 6A). This was not true of the supernatants from
SF bacterial cultures during the washout period (Figure 6B). In other words, the TEER
value induced by the SF supplementation was significantly less during the washout phase
than on the day of IVM treatment for time points 24 h (adjusted p-value = 0.0305) and 72 h
(adjusted p-value = 0.006); the 48-h time point did not quite reach significance (adjusted
p-value = 0.0555). Supernatants from the control and ISF groups did not increase barrier
function on either day and were not statistically different between the IVM treatment day

and the washout timepoint.
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Figure 6. Transepithelial electrical resistance (TEER) of Caco2 cells incubated with supernatant har-

vested from the proximal region gut microbiota communities provided with control, S, and ISF nutri-
tional formulations (A) on IVM treatment day and (B) at washout. * p-value < 0.05; ** p-value < 0.01;

*** p-value < 0.001.

These results suggested that the gut microbial communities grown in the presence
of SF produced and excreted a compound that increased the barrier function of intestinal
epithelial cells, but that treatment with IVM abrogated its production. We explored whether
this compound comprised SCFAs, but while the total SCFAs produced in the soluble
treatment on day 1 appeared higher than for the other two media, the difference was not
significant (Figure S3). It is possible that the increased barrier function in cells treated with
SF bacterial supernatants results from a factor other than SCFAs, perhaps an unknown

microbial metabolite.

2.4. Predicting Functional Pathways

Although IVM elicited only minor changes to the structure and function of the gut mi-
crobiota, it was considered that IVM may alter the functional potential of the communities.
Therefore, the effect of IVM on microbial community functional potential was predicted us-
ing PICRUSt2 and the community composition was described as the estimated abundances
of MetaCyc pathways, and genes classified by EC numbers. MaAsLin2 was used to identify
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pathways that differed significantly in estimated abundances in either the IVM treatment or
washout samples relative to the pre-treatment communities. This analysis was conducted
separately for the luminal and mucosal phases but did not separate between DC and PC.
Donor and diet type were used as random effects. The results of this analysis identified 39
MetaCyc pathway abundances in the luminal phase and four in the mucosal phase that
were significantly increased relative to pre-treatment, and two in the mucosal phase were
significantly decreased (Figure 7). Pyruvate fermentation to propanoate (g = 0.0014) and
pyruvate fermentation to butanoate (g = 0.024) are responsible for SCFA production [39-41],
and these increases agree with the observed SCFA production (Figure 5).

Lumen (B)

TCA cycle VI (Helicobacter)-

L-methionine salvage cycle Il-
urea cycle-
formaldehyde oxidation |-

glyoxylate cycle-
TCA-GLYOX.BYPASS-

is and salvage-

L-histidine degradation I-

( ) toluene degradation | (aerobic) (via o-cresol)-

toluene degradation Il (aerobic) (via 4-methylcatechol)-

S-methyl-5-thio-alpha-D-ribose 1-phosphate degradation 1.

ion 11 imilatory RUMP Cycle)-

methylphosphonate degradation |-

GLYCOLYSIS-TCA.GLYOX.BYPASS-

fatty acid beta-oxidation | (generic)-

of pyridoxal 5" i

pyridoxal 5'-phosphate biosynthesis |-

o TCA cycle IV (2-oxoglutarate decarboxylase)-

g catechol degradation | (meta-cleavage pathway)-
£
®

[-% catechol degradation to 2-hydroxypentadienoate II-

Q of 2,3-butanediol bi "

catechol degradation Il (meta-cleavage pathway)-

(“g techol degradation II (meta-cl thway)
17}
=

assimilatory sulfate reduction I-
reductive TCA cycle |-
SULFATE-CYS.PWY-

pyruvate fermentation to butanoate-

of Clostridium

TCA cycle | (prokaryotic)-
TCA cycle V (2-oxoglutarate synthase)-

pyruvate fermentation to propanoate |-

of

of i and salvage-

nitrate reduction | (denitrification)-
CATECHOL-ORTHO.CLEAVAGE.PWY-
catechol degradation Iil (ortho-cleavage pathway)-

aromatic ion via bet:

meta cleavage pathway of aromatic compounds.

superpathway of salicylate degradation-

K

Selg |
SHBEE RSN
3 8 2
b Q== s
32385535,

°

1.69

IVM treatment
Washout

MetaCyc Pathway

Mucosa

aromatic biogenic amine degradation (bacteria)

lactose degradation |

nitrate reduction | (denitrification)

catechol degradation Il (meta-cleavage pathway)

meta-cleavage pathway of aromatic compounds

catechol degradation to 2-hydroxypentadienoate Il

0.67

-1.0 -0.5 0.0 0.5
~log2FoldChange

Bifidobacterium shunt-

05 1.0 15 20
~log2FoldChange

o
5}

Figure 7. Log fold change in estimated MetaCyc function abundances that differed significantly in
either IVM treatment or washout relative to pre-treatment. (A) Changed function in luminal samples;

(B) changed function in mucosal samples.

Finally, given the protective effects of fiber on the gut microbial community, and
considering the important role that gut bacteria play in nutrient acquisition from fiber
indigestible by the host, the effect of IVM on taxa containing key fiber-degrading functions
was examined. Species predicted to contain cellulases active on 1,4-glycosidic bonds
were identified from the PICRUSt EC results [42—46]. Figure 8 shows how the combined
estimated abundances of one of these cellulases (EC:3.2.1.4) changed with the fiber types
and the stages of IVM treatment. Cellulases of species from the genus Alcaligenaceae
sutterelln appeared to decrease in association with IVM treatment for the control and SF,
but increased for ISF, and all three cases were recovered in the washout period. Similar
examples were Enterobacteriaceae and Clostridium colinum for the control and ISF, Blautia
producta for SF and ISF, and Bacteroides for all diet types. For other cases, some taxa’s
cellulase abundances were reduced at the IVM treatment day and did not return to earlier
levels, such as Blautia producta and Clostridium butyricum for the control and Clostridium
neonatale for ISE. Figure S4 depicts the abundance of these bacteria by donor, colon region,
and diet, showing specific effects of these factors. Species from Lachnospiraceae were higher
in the proximal colon region of donor 3 with ISF and donor 2 with the control than the
correlatives in the distal control region, but no difference was detected for donor 1 in ISF
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and donor 3 in the control. Species from Clostridium butyricum were higher in the proximal
colon region of donor 1 with the control than in the distal colon region, but the opposite
phenomenon was shown with SF and ISF. These results revealed the donor-dependent
features of the gut microbial structure under the influence of not only IVM, but also the
diet type [36,43,47], colon region, and stage of treatment.

Avg count
EC:3.2.1.4 (log10)

Control SF 1.0
05
SRS - -

0.0
Clostridiaceae—-Clostridium-neonatale

ISF

-0.5
-1.0

Enterobacteriaceae—

Lachnospiraceae-—

Lachnospiraceae-[Ruminococcus]-gnavus

Ruminococcaceae-

Bacteroidaceae-Bacteroides—

Clostridiaceae—Clostridium-butyricum

Lachnospiraceae-Blautia-producta

Ruminococcaceae-Anaerotruncus—

Lachnospiraceae-Dorea-

Lachnospiraceae-Clostridium-colinum

Lachnospiraceae-Clostridium-symbiosum

Pre IVM Wash Pre IVM Wash Pre IVM Wash

Figure 8. Estimated abundances of cellulase EC 3.2.1.4. Numbers in pink squares relate to Figure S4.

3. Materials and Methods
3.1. Materials

Adult MSHIME medium with added starch was used as the Defined Medium (DM)
for this experiment, purchased from Prodigest (Ghent, Belgium) and dissolved in MiliQ
water at 19.6 g/L before autoclaving, as per the manufacturer’s guidelines. Soluble and
insoluble fractions were procured from stabilized rice bran (RiceBran Technologies; The
Woodlands, TX, USA) and 5 g/L of each was mixed with the DM (14.6 g/L) and termed
SF (soluble fraction) and ISF (insoluble fraction), respectively. Pancreatic juice was pro-
duced from 12.5 g/L NaHCOs (Sigma-Aldrich, Saint Louis, MO, USA), 6 g/L bile salts
(BD, Franklin Lakes, NJ, USA), and 0.9 g/L pancreatin (Sigma-Aldrich, Saint Louis, MO,
USA). Mucin agar was prepared using 5% type Il porcine mucin (Sigma-Aldrich) and 1%
bacterial agar in sterile MilliQ water, as described previously [33,48]. Fecal samples were
obtained from OpenBiome (Boston, MA, USA). Donors were between 21 and 45 years of
age, BMI < 30 [33,49], free of antibiotics for at least 1 year, consuming a standard Western
diet, and matched all requirements that are used for blood donors [33].

3.2. Triple SHIME® In Vitro Experiment

The Triple SHIME® (Prodigest, Ghent, Belgium) was set up and operated as previously
described [48-50], with minor modifications. Each experimental run of the SHIME used
1 individual donor fecal sample for inoculation. For each run, there were three “colon”
sets (ergo, triple-SHIME) for the control (DM), SF, and ISF, separately. As depicted in
Figure S5, all reactors were connected in sequence to the stomach and small intestine
(ST/SI), proximal colon (PC), and distal colon (DC), for three total digestive systems.
For each run, the experiment was performed for three weeks to establish and confirm a
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stabilized gut microbial community, and then 9 mg IVM was added to each proximal colon
reactor (800 mL volume) to simulate taking IVM on an empty stomach and then run for
an additional week. The IVM clinical dosage is determined by the patient’s body mass
and the treatment target. The amount added was based on a recommended dosage of
12 mg/75 kg [51], with a 30% reduction based on experiments showing that 30% of the
IVM is eliminated in the small intestine [52]. The one-week run time followed previously
published timelines using the SHIME [50,53]. Samples were taken at regular intervals
throughout the experiment, separated as bacterial pellets and bacteria-free supernatant,
and stored at —80 °C for analysis [33].

3.3. 165 rRNA Sequencing

DNA was extracted and analyzed at the Microbiome Center, Children’s Hospital of
Philadelphia (CHOP), as described previously [54]. The PowerSoil Pro DNA extraction kit
(Qiagen, Hilden, Germany) was used for DNA extraction; the Illumina Miseq (San Diego,
CA, USA) with a 2 x 250 bp reagent kit was applied for DNA sequencing. Libraries were
generated, targeting the V4 region of the 16s rRNA gene [54].

3.4. Flow Cytometry

Flow cytometry was performed by Lifeasible (New York, NY, USA) following the
protocol of the SYTOX™ Green Dead Cell Stain for flow cytometry from Invitrogen
(5348960) (San Diego, CA, USA). In brief, 900 uL of PBS was taken into the flow tube;
then, thawed bacterial samples were gently mixed, and 100 uL was drawn into the flow
tube. Next, 1 uL of the SYTOX™ green dye was added to each tube, vortexed to mix, and
incubated for 10 min at room temperature in the dark before subjection to the Cytoflex flow
cytometer (Beckman Coulter Life Sciences, Inc., Indianapolis, IN, USA.)

3.5. Bioinformatics and Statistical Analysis

Sequence data were processed using QIIME2 [55]. Read pairs were processed to
identify amplicon sequence variants with DADAZ2 [56]. The 285 samples had an average of
44,719 sequences per sample following denoising, representing 1090 unique ASVs. Taxo-
nomic assignments were generated by comparison to the Greengenes reference database
(v. 13_8) [57] and using the Silva database (v. 138) [58], using the naive Bayes classifier im-
plemented in scikit-bio [59]. A phylogenetic tree was inferred from the sequence data using
MAFFT [60]. Similarity between samples was assessed by the weighted and unweighted
UniFrac distance [61,62].

Microbial community functional prediction using 16S rRNA community profiles was
performed using PICRUSt2 (version 2.5.1) [63]. Statistical analysis and visualizations were
done using R (v.4.1.3) [64] and the packages tidyverse [65] and ggplot2 [66]. The differ-
ential estimated enzyme abundance (EC, MetaCyc) was calculated using MaAsLin2 [67].
Statistical analyses were conducted across donors and within donors to account for inter-
individual variability.

3.6. Transepithelial Electrical Resistance (TEER) Measurement

Caco2 cells were plated in 24-well hanging inserts (cellQART, 0.4 um pore, polyethy-
lene terephthalate membrane) at a density of 1 x 10° cells/well and allowed to differentiate
for 21 days [68]. During this time, cells were maintained in an incubator at 37 °C with
5% CO, in 100 puL growth media (high-glucose DMEM; Gibco + 10% regular fetal bovine
serum, Corning + 1X penicillin-streptomycin, Gibco) in the apical chamber and 600 pL in
the basolateral chamber. Medium was changed every 2-3 days. Bacteria-free supernatants
from the bioreactor representing the proximal colon were collected on Day 1 and Day 4
of IVM treatment for all donors, for all feed types, and were thawed on ice, diluted 1:4 in
growth media, and filter-sterilized through a 0.2 pm filter (18 different supernatants total)
and used to treat cells. N = 6 wells of cells were treated per treatment condition. Before
treatment, plates of cells were removed from the incubator and allowed to equilibrate to RT
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and then the transepithelial electrical resistance (TEER) was measured with the EVOM2
epithelial voltohmmeter and an STX2 electrode (World Precision Instruments, Sarasota, FL,
USA) [68]. Medium was aspirated and cells were rinsed once with PBS before 100 pL of the
diluted supernatant was added to the apical chamber and 600 uL of fresh growth medium
was added to the basolateral chamber. TEER was measured every 24 h for the next 72 h.
TEER readings for each treatment condition and at each timepoint were averaged across
donors. Multiple comparisons of a 2-way ANOVA were performed in GraphPad Prism
(v.10.0.2) (GraphPad Software, San Diego, CA, USA) to determine significance.

3.7. Short-Chain Fatty Acid (SCFA) Determination

SCFA analysis was performed as previously reported [69]. Briefly, samples were
thawed immediately before analysis and extracted with ethyl ether (1:1, v/v). Then, 1 uL
extracts were injected into a GC/MS Shimadzu QP2010 Ultra (Shizmadzu, Columbia, MD,
USA) equipped with a Stabilwax-DA column (30 m, 0.25 mm ID, 0.25 pm; Restek Corpora-
tion, Bellefonte, PA, USA). Analysis was carried out at following settings: split mode, 1:200
at 260 °C, interface temperature, 280 °C; ion source temperature, 220 °C. A standard curve
was obtained from a stock solution consisting of the following analytical-grade chemicals at
5 mg/mL of each: acetic acid, butyric acid, propionic acid, 2-methylbutyric acid, isobutyric
acid, isopropionic acid, valeric acid, hexanoic acid, heptanoic acid, 2-methylvaleric acid,
3-methylvaleric acid, 4-methylvaleric acid, 2-methylvutyric acid, and isovaleric acid [69].
The data were acquired with a mass range of m/z 25-375 in full scan mode.

4. Conclusions

IVM is often administrated for the treatment of helminth infections, but the recent
elucidation of its mechanistic properties has increased its application potential and could
extend its use as an antimicrobial or anticancer therapeutic. In this study, the effect of
IVM administration on the microbial communities of healthy donors was evaluated and
the capacity for nutritional supplementation with dietary fiber to mitigate any effects
was examined. Under these experimental conditions, IVM introduced minor, temporary
effects on the gut microbial community, assessed in terms of composition and metabolite
production. These effects were secondary to established differences in the lumen vs. mucosa
and colon regions, as well as to inter-individual differences. In this experiment, IVM was
administered directly to the reactor, representing the proximal colon. In practice, IVM
would encounter additional microbiota and environmental conditions, potentially further
reducing any effects of IVM on the gut microbiome. Taken together, these results imply
that short-duration IVM would not be expected to induce dysbiosis or yield adverse effects
if administered to healthy adults.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms242216125/s1. Supplementary Figures S1-S5 and sample
information.
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