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ABSTRACT

Over the past three decades the United States has experienced a devastating opioid epidemic. One
of the many debilitating side effects of chronic opioid use is opioid-induced bowel dysfunction. We
investigated the impact of methadone maintenance treatment (MMT) on the gut microbiome, the
gut bacterial metabolite profile, and intestinal barrier integrity. An imbalance in key bacterial
communities required for production of short-chain fatty acids (SCFAs), mucus degradation, and
maintenance of barrier integrity was identified. Consistent with dysbiosis, levels of fecal SCFAs were
reduced in MMT. We demonstrated that metabolites synthesized by Akkermansia muciniphila
modulate intestinal barrier integrity in vitro by strengthening the pore pathway and regulating
tight junction protein expression. This study provides essential information about the therapeutic
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potential of A. muciniphila and warrants development of new clinical strategies that aim to normal-
ize the gut microbiome in individuals affected by chronic opioid use.

Introduction

The opioid epidemic in the United States has been
expanding for the past three decades."” The CDC
reports that of approximately 71,000 drug overdose
deaths in 2019, 70% were associated with opioids.’
Opioids are used to treat chronic pain clinically but
can be highly addictive due to their euphoric
effects.* Endogenous opioids, such as enkephalins,
endorphins, and dynorphins,” which preferentially
bind to their corresponding opioid receptors (ORs),
u-OR, 8-OR, and k-OR,> are expressed by neurons
and cells of the immune system and gastrointestinal
(GI) tract.”® Exogenous synthetic and semi-
synthetic opioids, introduced orally, nasally, or
intravenously, bind to these ORs with distinctive
affinities. Exogenous opioids are grouped by their
function: agonists, such as morphine, heroin, and
fentanyl;>” rescue antagonists, that include nalox-
one and naltrexone,'’ and the long-acting agonists,
methadone, and buprenorphine used in medica-
tion-assisted treatment to prevent withdrawal

symptoms and reduce cravings.'®"'? As a result of
the high opioid prescription rates in the 1990s,
greater than 70% of heroin addictions originate
from prescription opioids.”> Methadone, the phar-
macological component of medication-assisted
treatment, alleviates moderate to severe pain and
treats chronic opioid misuse.'”'" The side effects of
most opioids include dizziness, drowsiness,
impaired cognition, and coordination, constipa-
tion, nausea, and vomiting.'"'? Gastrointestinal
distress brought on by these latter symptoms is
referred to as opioid-induced bowel dysfunction
(OIBD). We hypothesize that OIBD is associated
with changes in the intestinal microenvironment,
including dysbiosis of the luminal microbiota,
imbalance in the bacterial metabolite profile and
damage to the intestinal epithelial barrier.

The intestinal microbiome plays a major role in
gastrointestinal health and disease. It is essential for
the degradation of food products,'® the production
of bacterial metabolites,'>"> defense against
pathogens,'® and maintenance of intestinal barrier
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integrity."”'® Microbial homeostasis is attained
with  balanced levels of the core taxa,
Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria, and Verrucomicrobia.'®'® Several
factors including diet, lifestyle, alcohol and drug
use, and immunodeficiency, can affect this
homeostasis.*>*" Disruption and imbalance of bac-
terial homeostasis, known as dysbiosis,” is linked to
a variety of diseases, like inflammatory bowel dis-
ease (IBD), cardiovascular diseases, and
obesity,'** and can lead to altered metabolic func-
tion, reduced diversity, and increased abundance of
pathobionts.> Fecal metabolites are small mole-
cules secreted by the microbiota that modulate
host metabolism at local and distant sites.'*'”
Among the most studied are short-chain fatty
acids (SCFAs), primarily acetate, propionate, and
butyrate, involved in energy intake and
expenditure,”>*> gut motility,”> maintenance of
epithelial barrier function, and regulation of intest-
inal immunity.*®

The intestinal barrier consists of an epithelial cell
monolayer, where the paracellular space between
adjacent epithelial cells is sealed by the tight junc-
tional complex that selectively inhibits solute and
water flow."®*” On the apical surface of the epithe-
lium the mucus layer protects the host from patho-
genic organisms. The epithelium overlays the
lamina propria, which contains a myriad of
immune cells. Continuous opioid exposure in
rodents leads to decreased gastrointestinal motility
and transit, microbial dysbiosis, increased perme-
ability, and microbial translocation.”®**° Our goal is
to define the mechanisms that lead to the gastro-
intestinal disruption underlying OIBD. We have
characterized the gut microbiome and bacterial
metabolite profile of individuals in a methadone
treatment program and subsequently examined
how methadone and its resultant bacterial metabo-
lites affect the intestinal epithelial barrier in vitro.

Results

Decreased fecal bacterial diversity and composition
in methadone-treated individuals

To explore alterations in the gut microbial commu-
nity structure during methadone treatment, we
sequenced the V3-V4 region of the bacterial 16S

Table 1. Study population demographics.

Non-opioid

Demographics users Methadone p-value
Donors (Female/Male/Not 28 (11/13/4) 34 (15/16/3) ns"

specified)
Average age (range) 40 (26-62) 46 (32-58) ns*
Race/Ethnicity
Caucasian 16 22 ns*
Black/African American 0 2
Asian 2 0
Hispanic/Latino 5 4
Other 0 3
Prefer not to respond 1 0
Not specified 4 3

Statistical Test performed: *t-test, #Chi-square

rRNA from human fecal samples and performed
taxonomic profiling between 62 demographically
matched non-opioid users and methadone-treated
individuals (Table 1, Supplemental Table S1).
Unbiased analysis of B-diversity showed striking
differences in microbial composition between the
groups, especially in PCo2 (p < .0001) (Figure 1a).
Dysbiosis was confirmed upon analysis of two addi-
tional measurements of biodiversity: evenness
(Shannon, p = .03) and richness (Chaol, p = .001)
(Figure 1b). Decreased diversity for both indices
was observed in samples from methadone-treated
individuals compared to non-opioid users. These
results indicate that methadone treatment associ-
ates with lower diversity of bacterial communities
in the GI tract.

Chronic opioid use disrupts the fecal microbiota

To characterize the dysbiosis of methadone-treated
individuals, we identified bacterial communities
associated with decreased bacterial diversity. The
gut microbes detected in this study consisted of 13
bacterial phyla (Figure 2a) predominantly
Actinobacteria, Bacteroidetes, Firmicutes,
Proteobacteria, and Verrucomicrobia. While abun-
dance of certain bacterial phyla is similar between
the two groups (Figure 2b), two phyla of the core
microbiota were significantly altered by chronic
methadone  exposure  in  vivo,  namely
Actinobacteria and Verrucomicrobia. A significant
increase in the relative abundance of Actinobacteria
(p = .005, Figure 2c) was seen in methadone-treated
individuals. Eight bacterial families within this phy-
lum were identified (Figure 2d), with fecal
Bifidobacteriaceae significantly increased (p = .01)
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Figure 1. - and a-diversity of the fecal microbiome is modu-
lated by methadone treatment. a, Principal component analysis
(PCA) revealed changes in the bacterial composition between
the non-opioid users (blue) and methadone treated individuals
(red) (PCo2 p < .0001). b, Bacterial biodiversity analysis showed
decreased a-diversity in evenness (p = .03) and richness
(p = .001) in the methadone cohort (red circles) using the
Shannon and Chaol index, respectively compared to non-
opioid users (blue circles). Statistical significance was determined
using a two-tailed unpaired t-test (a and b). A violin plot was
used to represent the distribution of fecal samples from 28 non-
opioid users and 34 methadone-treated individuals (dashed
lined indicates the median, dotted line indicates quartiles).

in methadone-treated individuals compared to
non-opioid users. Within this bacterial family, the
species Bifidobacterium bifidum and
Bifidobacterium longum were significantly elevated
in methadone-treated individuals (Figure 2e).
Strikingly, a subtle yet significant decrease in rela-
tive abundance of the Verrucomicrobia phylum
(p = .05, Figure 2f) was observed in samples from
methadone-treated individuals. Within this phy-
lum, Akkermasiaceae (p = .05, Figure 2g) was iden-
tified as the bacterial family decreased in
methadone-treated individuals. From this bacterial
family, the Akkermansia muciniphila species
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(Figure 2h) was found to be decreased in the
methadone-treated group (p = .05).

We also evaluated whether these differences in
bacterial communities were associated with the
duration of methadone treatment (short -
<5 years vs. long — 210 years; Supplemental Figure
S1). A significant increase in the relative abundance
of Bacteroidetes (p < .0001) was observed in indivi-
duals after long-term methadone treatment com-
pared to that of their short-term counterparts.
Conversely, the relative abundance of Firmicutes
(p = .0002) was significantly decreased in indivi-
duals with long duration of methadone treatment.
Actinobacteria (p = .07), Proteobacteria (p = .24),
and Verrucomicrobia (p > .99) showed no statistical
variation due to the duration of methadone treat-
ment. Overall, duration of methadone treatment is
an important contributing factor in the composi-
tion of the fecal microbiota after opioid use.

Metabolomic profile is shifted with methadone use

In addition to alterations in the bacterial commu-
nities, changes in metabolomic profile are asso-
ciated with methadone use. The content of
bacterial metabolites, specifically SCFAs, was mea-
sured using gas chromatography-mass spectrome-
try (GC-MS) from human feces (Figure 3a) and
plasma (Supplemental Figure S2a). The feces of
methadone-treated individuals showed
a significant decrease in acetate (p = .006), propio-
nate (p = .01), and butyrate (p = .01) when com-
pared to that of non-opioid users (Figure 3a), while
plasma propionate (p = .05) levels were increased
(Supplemental Figure 2a).

Spearman correlations reveal relationships
between fecal SCFA content and bacterial commu-
nities (Figure 3b). Actinobacteria (p = .02) and
Firmicutes (p = .03) positively correlate with fecal
acetate in methadone-treated individuals, while
Proteobacteria (p = .0004) negatively correlates
with acetate. As seen with acetate, butyrate posi-
tively correlates with Firmicutes (p = .03) and nega-
tively correlates with both Bacteroidetes (p = .05)
and Proteobacteria (p = .006) in methadone-treated
individuals. Similarly, when analyzing metabolites
in plasma (Supplemental Figure S2b), Firmicutes
positively correlate with acetate (p = .03) and buty-
rate (p = .04) and Bacteroidetes negatively correlate
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Figure 2. Increased fecal Actinobacteria and decreased Verrucomicrobia abundance with methadone treatment. a, Analysis of bacterial
16S rRNA from fecal samples revealed 13 phyla from the methadone-treated cohort (horizontal red bar) and non-opioid users
(horizontal blue bar), in which each column represents an individual donor and the top 8 most abundant bacteria phyla. b, ¢, f, The
relative abundance of the core microbiota, Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and Verrucomicrobia was compared
between groups. Bacteroidetes, Firmicutes, and Proteobacteria (b) from methadone-treated individuals (red circles) showed no statistical
difference in relative abundance compared to non-opioid users (blue circles). Actinobacteria was significantly increased (c) (p = .005)
and Verrucomicrobia significantly decreased (f) (p = .05) in the methadone group (red circles). d, Within the Actinobacteria phylum,
eight bacterial families were identified. Only Bifidobacteriaceae (p = .01) showed increased relative abundance in the methadone-
treated group (red circles). e, Bifidobacterium bifidum (p = .04) & Bifidobacterium longum (p = .05) were increased in the methadone-
treated group (red circles). g,h, Within the Verrucomicrobia phylum, Akkermansiaceae family (p = .05) (g) and the Akkermansia
muciniphila species (p = .05) (h) were decreased in methadone-treated individuals (red circles) compared to non-opioid users (blue
circles). Statistical significance was determined using a two-tailed unpaired t-test (b-h). Violin plots were used to represent the
distribution of fecal samples from 28 non-opioid users (blue) and 34 methadone-treated individuals (red) for the taxonomic
classifications (phylum, family, genus, and species) (dashed lined indicates the median, dotted line indicates quartiles).
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Figure 3. Fecal SCFA profile is altered with methadone use and correlates with core microbiota. a, SCFA content in feces was assessed
by gas chromatography-mass spectrometry. Acetate (p = .006), propionate (p =.01), and butyrate (p = .01) levels are decreased in the
methadone cohort (red circles). b, Spearman correlation between fecal SCFAs and the relative abundance of the core microbiome from
non-opioid users and methadone-treated individuals. Heatmap shows Spearman r coefficient values, and asterisks denotate statistical
significance. Acetate correlates positively with Actinobacteria (p = .02) and Firmicutes (p = .03) and negatively with Proteobacteria
(p = .0004) in methadone-treated individuals. Butyrate correlates positively with Firmicutes (p = .03) and negatively with Bacteroidetes
(p = .05) and Proteobacteria (p = .006) in methadone-treated individuals. p < 0.05 (¥), p < 0.005 (**), p < 0.0005 (***). Statistical
significance was determined using a two-tailed unpaired t-test (a). A violin plot was used to represent the distribution of fecal samples
from 24 non-opioid users and 32 methadone-treated individuals (dashed lined indicates the median, dotted line indicates quartiles).

with acetate (p = .008) in methadone-treated indi-
viduals. Overall, these results indicate that the com-
promised fecal microbiota and the altered
metabolite profile are interconnected with chronic
opioid exposure, but not dependent on duration of
treatment (data not shown). In particular, the
increased relative abundance of Actinobacteria
and its positive correlation with fecal and blood
concentrations of all three SCFAs in the methadone
group (pink) contrasts with its negative correlation
in non-opioid wusers (green). Additionally,
Firmicutes and Bacteroidetes cooperate to modulate
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acetate and butyrate content in feces and blood
during methadone exposure in vivo.

Plasma levels of specific immune mediators,
including interleukin-6 (IL-6), C-reactive protein
(CRP), Lipopolysaccharide binding protein (LBP),
and intestinal-type fatty acid-binding protein
(IFABP), are increased in HIV+ and IBD patients
experiencing dysbiosis and intestinal
permeability.”” We therefore examined plasma
concentrations of these markers as well as other
important inflammatory mediators that included
IL-8, IL-1p, MIP1la, TNFa, and fecal Lipocalin 2
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Figure 4. Methadone treatment associates with increased plasma IL-6 and TNF-a. Levels of plasma IL-6 (p = .03), TNF-a (p = .006), LBP
(p = ns), and as well as fecal LCN2 (p = ns) between non-opioid users (blue) and methadone-treated individuals (red) were measured.
Statistical significance was determined using a two-tailed unpaired t-test.
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(LCN2) in the methadone-treated population com-
pared to non-opioid users (Figure 4, Supplemental
Table S2) to identify potential biomarkers asso-
ciated with chronic opioid use. IL-6 (p = .03) and
TNFa (p = .01) were significantly increased in the
methadone cohort, while CRP (p = .26), LBP
(p = .83), IFABP (p = .64), MIPla (p = .36), IL-1p
(p = 96), IL-8 (p = 41), and LCN2 (p = .19)
revealed no differences between groups. Spearman
analysis between these immune mediators and fecal
bacterial abundance (Supplemental Figure S2c),
fecal SCFAs (Supplemental Figure S2d), and
plasma SCFAs (Supplemental Figure S2e) in the
methadone cohort revealed significant correlations.
MIPla negatively correlated with plasma acetate
(p = .01) and butyrate (p = .01), and lipocalin 2
negatively correlated with Bacteroidetes (p = .04)
and Verrucomicrobia (p = .04) in methadone-
treated individuals. Some correlations among
these parameters were observed in the non-opioid
users, but their importance to opioid use is unclear.
In non-opioid users plasma IL-6 and CRP posi-
tively correlated with Firmicutes (p = .04, p = .01,
respectively), fecal acetate, propionate, and buty-
rate, and CRP negatively correlated with
Bacteroidetes (p = .01). LBP negatively correlated
with Actinobacteria (p = .04), and TNFa (p = .01)
and I-FABP (p = .03) negatively correlated with
Verrucomicrobia, while I-FABP correlated posi-
tively with plasma butyrate (p = .03) in non-
opioid users. These results suggest that circulating
levels of immune mediators in healthy adults may
vary depending on the abundance of various bac-
teria and their SCFA metabolites, and that reduc-
tion in microbial diversity due to methadone use
may disrupt the balance between the gut micro-
biota and key modulators of the immune system
during chronic opioid use.

Akkermansia muciniphila spent media
components, but not short-chain fatty acids
(SCFAs) nor outer membrane vesicles (OMVs),
modulate intestinal barrier integrity

Given the decreased relative abundance of
Akkermansia muciniphila and SCFAs with metha-
done treatment, we studied the ability of this bac-
terium to modulate intestinal barrier integrity. It is
difficult to co-culture an intestinal epithelial

monolayer under the anaerobic conditions
required by A. muciniphila. We instead cultured
the bacterium in vitro anaerobically for four days
and harvested the spent media. To characterize the
modulating effects of A. muciniphila spent media
on barrier integrity, we established an in vitro cell
culture model using an intestinal epithelial mono-
layer of Caco-2 BBe cells grown in a transwell
configuration.’® A. muciniphila spent media added
to the apical surface of the epithelial monolayer
(Figure 5a), replicating the morphology of the gut
microenvironment, increased intestinal barrier
integrity at 3 and 6 h (p < .0001) (Figure 5b) com-
pared to control medium.

To identify the key modulators in A. muciniphila
spent media strengthening the intestinal barrier, we
investigated its metabolite content. The concentra-
tion of the SCFAs acetate and propionate are higher
in A. muciniphila spent media compared to control
medium (Figure 5c). Therefore, we tested the abil-
ity of SCFAs to modulate barrier integrity. The
intestinal epithelial monolayer was treated with
similar concentrations of acetate, propionate, or
butyrate found in spent media (Supplemental
Figure 3a). Only propionate showed a minimal
effect on epithelial barrier integrity at 24 h
(p = .04, Supplemental Figure S3a). These findings
indicate that SCFAs do not directly modulate bar-
rier integrity, and more importantly, the kinetics of
the minimal effect of propionate are different than
those observed with A. muciniphila spent media.

Several studies have indicated that Akkermansia
muciniphila outer membrane vesicles (OMVs) have
the capacity to modulate tight junction
proteins.'”*> Therefore, A. muciniphila OMVs
were isolated, purified, and concentrated from the
spent media using tangential flow filtration (TFF)
(Supplemental Figure S3b) and quantified with
microfluidic  resistive pulse sensing (MRPS)
(Supplemental Figure S3c). As expected after TFF,
the concentration of mammalian-derived extracel-
lular vesicles (EVs) and A. muciniphila-derived
OMVs was decreased in the depleted media and
adjusted to be similar to that of the input media
(Supplemental Figure S3c). OMV-depleted media
or purified OMVs were added to the apical surface
of an intestinal epithelial cell monolayer to evaluate
their role in modulating barrier integrity.
A. muciniphila OMV-depleted media increased
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Figure 5. Components of Akkermansia muciniphila spent media, not short-chain fatty acids (SCFAs) or outer membrane vesicles (OMVs),
modulate intestinal barrier integrity. a, TEER of an intestinal epithelial Caco-2 monolayer in a transwell culture was measured after
exposure to Akkermansia muciniphila spent media as noted in the model diagram. b, Akkermansia muciniphila spent media (blue)
added to the upper chamber of the transwell increased epithelial barrier integrity at 3 and 6 h (p < .0001) compared to control BHI
(orange). ¢, Short-chain fatty acid content in Akkermansia muciniphila spent media (n = 2). d, Akkermansia muciniphila OMV-depleted
media (light pink) added to the upper chamber of the transwell increased epithelial barrier integrity at 3 (p =.02) and 6 h (p < .0001)
compared to untreated cells (black) and cells exposed to EV-depleted BHI media (light blue). e, Akkermansia muciniphila OMVs (dark
pink) and BHI EVs (light yellow) added to the upper chamber of the transwell had no effect on barrier integrity compared to untreated
cells (black). f, Percent positive (left) and MFI (right) levels of IgG against Akkermansia muciniphila in non-opioid users and methadone-
treated individuals was measured using flow cytometry. Statistical significance was evaluated with a two-way ANOVA with Sidak
correction (b), Tukey correction (d & e), and Welch's t-test (f). Unless otherwise noted, mean and standard deviation from n = 3
biological replicates are shown.

intestinal barrier integrity at 3 (p = .02), 6 These results are in line with our observation of
(p = .0001), and 24 (p = .008) h with the same  increased barrier integrity with Akkermansia muci-
kinetics and potency as spent media (Figure 5d,  miphila spent media, indicating that this organism
compare to Figure 5b), while A. muciniphila  may limit its own microbial translocation across the
OMVs had no effect on barrier integrity epithelium and further interaction with the
(Figure 5e). This indicates that the effects are likely ~ immune system.

due to metabolites not associated with OMVs.

To evaluate a role for intestinal barrier integrity
in the communication between the gut microbiota
and the systemic immune response, IgG levels
directed against Akkermansia muciniphila were

Akkermansia muciniphila spent media and
methadone independently modulate intestinal
barrier integrity

assessed by flow cytometry. Similar levels of anti-  Due to the decreased levels of Akkermansia muci-
A. muciniphila IgG (percent positive cells and mean  niphila in methadone-treated individuals, we also
fluorescence intensity (MFI); p = .9, .7, respec-  explored the direct effects of methadone on barrier

tively,) were observed between non-opioid users integrity. The monolayer was exposed to 1, 10, or
and methadone-treated individuals (Figure 5f). 100 uM methadone at the basolateral surface - the
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equivalent of supplying methadone through the
blood stream. In a dose dependent manner
(Supplemental Figure S4) 100 pM methadone
increased the strength of the intestinal barrier at
24,48, and 72 h (p < .0001) (Figure 6a). In addition
to methadone, we explored the effect of other exo-
genous opioids that selectively target the u-OR on
barrier integrity. Neither morphine nor [D-Ala,”
N-Me-Phe,* Gly’-ol]-Enkephalin acetate ~salt
(DAMGO) modulated barrier integrity (data not
shown). Similarly, the x-OR selective agonist
BRL52537 hydrochloride and the §-OR selective
agonist [D-Pen 2,5] Enkephalin (DPDPE) did not
regulate transepithelial resistance. The distinct
kinetics of A. muciniphila spent media (Figure 5b)
and methadone (Figure 6a) suggest different mole-

combined effects of A. muciniphila spent media and
methadone on the barrier might be additive or
cooperative (Figure 6b). The combination treat-
ment increased epithelial barrier integrity at 3
(p = .0004), 6 (p < .0001), 24 (p < .0001), 48
(p = .004), and 72 (p = .004) h, suggesting that the
components of A. muciniphila spent media and
methadone modulate intestinal barrier integrity
independently with different kinetics.

To determine if the effect of methadone on
epithelial barrier integrity is receptor-mediated,
we blocked methadone binding to opioid receptors
with the rescue antagonist naloxone (Figure 6c).
Unexpectedly, fixed concentrations of methadone
exposure to the monolayer in the presence of
graded concentrations of naloxone showed a dose

cular mechanisms. Nonetheless, we explored if the  dependent increase in intestinal barrier integrity at

a. 8 C.
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- iniphil ? <0.000 <0.0001
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Figure 6. Akkermansia muciniphila spent media and methadone increase intestinal epithelial barrier integrity in vitro independently
with distinct kinetics. a, 100 pM methadone (red) added to the lower chamber of the transwell increased epithelial barrier integrity at
24,48, and 72 h (p < .0001) compared to an untreated Caco-2 monolayer (black). b, The combination of Akkermansia muciniphila spent
media and 100 pM methadone (maroon) added to the upper and lower chambers, respectively, increased barrier integrity with distinct
kinetics: 3 h (p =.0004) and 6 h (p < .0001) due to Akkermansia muciniphila spent media and 24 h (p < .0001), 48 h (0.004), and 72 h
(p = .004) in response to methadone. ¢, TEER of the Caco-2 monolayer was measured in the presence of graded concentrations of the
OR rescue antagonist naloxone alone or in combination with 100 uM methadone. High dose naloxone enhanced the methadone-
stimulated increase in barrier integrity (p < .0001), when compared to an untreated Caco-2 monolayer, naloxone alone, or methadone
alone. d, Protein expression and quantification for claudin 1 and claudin 4 after a Caco-2 monolayer was treated with Akkermansia
muciniphila spent media (blue), methadone (red), or the combination (maroon) for 0, 6, and 24 h. Densitometric quantification
normalized to GAPDH, relative to the untreated sample (black). e, A Caco-2 monolayer was stimulated with A. muciniphila spent media
(blue), 100 uM methadone (red), or the combination (maroon) for 6, 9, and 12 h. mRNA expression (fold change measured by RT-gPCR)
is relative to untreated sample (black), set to 1. Statistical significance was determined using a two-way ANOVA with Sidak correction
(a, b), Tukey correction (c), and one-way ANOVA with Dunnett correction (d-e). Mean and standard deviation from n = 3 biological
replicates (a-c, e) and n = 5 biological replicates (d) are shown.



6 (p =.02, <0.0001), 24, and 48 (p < .0001) h, greater
than methadone alone, when compared to
untreated cells and individual concentrations of
naloxone (Figure 6c¢; Supplemental Table S3).
Naloxone alone had no effect on epithelial perme-
ability. These surprising observations indicate
a complex interaction between methadone and its
receptors on intestinal epithelial cells that requires
further characterization beyond the scope of this
study.

To highlight a potential mechanism by which
A. muciniphila spent media or methadone increases
intestinal barrier integrity, we examined the tight
junction (T]) complex, which regulates paracellular
permeability. Transepithelial electrical resistance
(TEER) is a measure of the T] pore pathway, regu-
lated by expression of the integral membrane pro-
teins claudin 1 and claudin 4, which form
extracellular loops to create the T] pore. We fol-
lowed the expression of claudin 1 and claudin 4
proteins by immunoblot in epithelial monolayers
treated with A. muciniphila spent media or metha-
done or the combination over a 24 h period, the
time frame within which each agonist stimulates an
increase in TEER. No treatment affected claudin 1
protein expression. Claudin 4 protein expression
was significantly increased by A. muciniphila
spent media alone at 24 h and by A. muciniphila
spent media with methadone at 6 and 24 h
(Figure 6d). A. muciniphila spent media increases
TEER in the monolayer at 3 and 6 h, so the increase
in claudin 4 protein expression is unlikely to be
related to the rapid change in barrier integrity,
suggesting two levels of regulation. The elevated
expression of claudin 4 protein was confirmed by
demonstrating that CLDN4, but not CLDN1I, gene
expression is stimulated at 6, 9, and 12 h
(Figure 6e). The combination of A. muciniphila
spent media and methadone stimulates CLDN4
mRNA expression to the same degree and with
the same kinetics as A. muciniphila spent media
alone, confirming the findings presented in
(Figure 6b), that each agonist is acting
independently.

Discussion

Over the past several decades the United States has
experienced a devastating opioid epidemic.” Efforts
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to address this crisis include improved manage-
ment of prescription opioids, development of non-
addictive analgesics, and expansion of medication-
assisted treatment programs. Participants in these
programs, and most opioid users, experience a vast
array of symptoms including gastrointestinal moti-
lity disorders”>**> due to OIBD, a debilitating side
of effect of chronic opioid use.*****> This study
focused on the impact of chronic methadone use on
the gut microbiome, the consequent bacterial meta-
bolite profile, and intestinal barrier integrity.

Human studies investigating the effects of
chronic opioid use on the gut microbiome are
limited®®™*° with conflicting results, as some report
an increase in microbial diversity,’**’ while others
showed no significant changes in a diversity,”” yet
changes in microbial composition are consistent
across these studies.”® > Principal coordinate ana-
lysis of our results reveals distinct differences in the
microbiome of methadone-treated individuals, par-
ticularly in the second dimension. These differences
are further highlighted by a decrease in evenness
and richness in the a diversity of this cohort. As
with any population study, it is likely that other
unmeasured socioeconomic factors may also dis-
tinguish these two cohorts, although we tried to
minimize such differences by matching the partici-
pants according to age, sex, race, antibiotic use,
diarrhea, constipation, viral infection, and lack of
systemic inflammation.

In line with diversity analyses, we observed
a significant increase in the Bifidobacterium genus
(Actinobacteria phylum) in methadone-treated
individuals, which is consistent with the existing
opioid literature.’*™° Bifidobacterium, a highly
represented genera in the adult microbiota,*' ™ is
known to produce the SCFA acetate.*’
Interestingly, we observed a decrease in the content
of fecal acetate and a positive correlation between
Actinobacteria and fecal acetate. Mouse studies
show that a reduction in SCFAs enhances colonic
fluid and sodium absorption, thereby aggravating
constipation. Additional studies show the beneficial
effect of Bifidobacterium as a probiotic to alleviate

constipation.*'™*

We report that Akkermansia muciniphila
(Verrucomicrobia  phylum) was significantly
decreased in methadone-treated individuals.

A. muciniphila is a key modulator of host health
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by triggering host metabolic and immune

responses*®*’ as well as beneficial microbial
networks.*>*” This species is found in the healthy
gut (1-3%),*** and its depletion is associated with
IBD, appendicitis, obesity, diabetes, among other
disorders.””*”* A. muciniphila, proposed as
a next-generation probiotic,*® is characterized as
a mucin degrader because it uses colonic mucin as
an energy source.”> A. muciniphila also produces
SCFAs and strengthens intestinal epithelial
integrity'”*>° by adhering to enterocytes in differ-
ent stages of differentiation. Collectively, depletion
of A. muciniphila in the methadone-treated gut
might lead to a loss of mucin degradation, possibly
supporting the expansion of pathobionts disrupting
the intestinal barrier, thus contributing to OIBD.
Reports that A. muciniphila strengthens barrier
integrity in vitro* stimulated our interest in defin-
ing its mechanism of action. Characterizing the
effects of A. muciniphila in mammalian cells is
limited by its restricted oxygen tolerance, prevent-
ing aerobic co-cultures.'*”*° For this reason, our
study focused on metabolites released by the bac-
teria after anaerobic growth. As with many other
commensal organisms A. muciniphila produces
SCFAs, which regulate cell proliferation, gut moti-
lity, and maintenance of gut barrier function.***
We observed a positive correlation between fecal
SCFAs and plasma levels of IL-6 and CRP, two
markers of inflammation, in non-opioid using
adults, which is not seen in the methadone cohort.
While fecal levels of propionate are decreased in
methadone-treated individuals, plasma levels of
propionate are increased, suggesting a selective
transport of this SCFA through the methadone-
compromised epithelium. When we evaluated the
ability of SCFAs to directly modulate intestinal
barrier integrity, only propionate stimulated
a minimal strengthening of the pore pathway, sug-
gesting that SCFAs may more effectively control
gut barrier function indirectly through their immu-
nomodulatory and HDAC inhibitory activities.”">
We broadened our approach by investigating the
total metabolic profile of A. muciniphila, evaluating
the effects of unfractionated spent media on barrier
integrity. Our results show that A. muciniphila spent
media increases barrier resistance to ion flux within 3
to 6 h, thereby strengthening the pore pathway estab-
lished by the TJ complex. To investigate

A. muciniphila regulation of the T] complex directly,
we demonstrated that spent media stimulates claudin
4 mRNA and protein expression at 6-12 and 24 h,
respectively, far later than its induction of the barrier’s
electrical resistance at 3-6 h. These findings indicate
that A. muciniphila regulates the intestinal barrier by
two distinct mechanisms. These results are consistent
with literature that reports A. muciniphila metabolites
regulate genes and transcription factors involved in
cellular metabolism.'>*® In addition, A. muciniphila
OMVs were reported to influence gut permeability by
regulating tight junction proteins.'”*> OMVs exhibit
diverse roles in transferring of genetic material and
proteins to the host.'” However, our findings do not
provide evidence for a role of OMVs, as purified
OMVs from A. muciniphila spent media did not affect
barrier integrity, and OMV-depleted spent media was
equally effective as the unfractionated spent media at
inducing  increased  paracellular  resistance.
A. muciniphila secretes a variety of fermentation pro-
ducts, including essential amino acids, polyphenols,
and various unidentified metabolites, in addition to
SCFAs.** Of particular interest is the bacterial outer
membrane protein Amuc_1100, which in mouse stu-
dies protects the integrity of the epithelium via
TLR2*® enhancing transepithelial resistance.” We
hypothesize that A. muciniphila metabolites (i) mod-
ulate the pore pathway at 3-6 h, (ii) stimulate tight
junction mRNA (6-12 h) and protein expression
(24 h), and (iii) include the production of SCFAs. In
the future, these observations will be examined using
human Air-Liquid Interface (ALI) organoid models
that offer a variety of intestinal cell subtypes that
recapitulate in vivo counterparts.5 3

The direct effect of methadone on modulating
intestinal barrier integrity in vitro has not been
studied. From our results, methadone strength-
ened the intestinal barrier >24 h after exposure.
In contrast, other exogenous opioids, such as mor-
phine and [D-Ala,> N-Me-Phe,* Gly5 -ol]-
Enkephalin acetate salt (DAMGO) that selectively
target the u-OR did not modulate barrier integrity
(data not shown). A similar lack of effect was
observed for the «k-OR selective agonist
BRL52537 hydrochloride and the 6-OR selective
agonist [D-Pen 2,5] Enkephalin (DPDPE). The
kinetics of methadone’s effect on the barrier are
quite distinct from those of A. muciniphila spent
media. Its activity is neither additive nor



cooperative with A. muciniphila spent media, and
methadone does not stimulate claudin 1 or 4
mRNA or protein expression. Taken together we
propose that methadone’s contribution to barrier
integrity is via a mechanism distinct from
A. muciniphila. Surprisingly, the OR antagonist
naloxone did not inhibit methadone activity.
Instead, the combination of naloxone and metha-
done was more potent in strengthening the intest-
inal barrier than methadone alone, suggesting that
naloxone might be acting as an inverse agonist.>

Two limitations of this study are that it lacks (i)
longitudinal kinetics and (ii) fecal microbiota sam-
ples before opioid use, both of which present major
sociological challenges in light of the population
being studied. Thus, a causative role of methadone
on the gut microbiome and bacterial metabolite
profile cannot be drawn. Nonetheless, we present
a strong association between chronic opioid use
and dysbiosis of the gut microenvironment. In the
future, we will expand these studies to include
participants pre- and post-initiation of opioids to
eliminate any bias in the observed effect due to
continuous exposure to opioids.

In conclusion, we report that the impact of
methadone treatment on the gut microbiome associ-
ates with an imbalance in key bacterial communities
required for production of SCFAs, degradation of
mucus, and for maintenance of barrier integrity.
A decrease in fecal SCFAs in methadone-treated
individuals is associated with altered plasma levels
of immune mediators, whose expression is regulated
by the HDAC inhibitory activity of SCFAs. We
propose that components in A. muciniphila spent
media modulate intestinal barrier integrity in vitro
by both directly strengthening the pore pathway and
regulating tight junction gene expression. This study
provides essential information regarding the thera-
peutic potential of A. muciniphila and warrants
development of new clinical strategies that target
normalizing the gut microbiome of individuals
affected by chronic opioid use.

Methods
Study subjects

A total of 62 adults, 28 non-opioid users and 34

methadone-treated individuals, were recruited
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from the Cleveland Treatment Center and Case
Western Reserve University. The study was
approved by the Internal Review Board at
University Hospitals Cleveland Medical Center
(Protocol # 08-11-05) and written informed con-
sent was obtained from each participant. Samples
and self-reporting documents were de-identified
before use. Volunteers were matched for age, sex,
race, and ethnicity (Table 1) and self-reported
length of methadone treatment, viral infections
(HIV, HCV, and HBYV), other medications, and
type of bowel movements: diarrhea or constipation
(Supplemental Table S1).

Sample collection and processing

Peripheral blood was collected in BD Vacutainer®
(Fisher Scientific, 02-689-6) tubes containing
heparin, and plasma isolated by removing cells by
centrifugation at RT for 10 min and stored at
—20°C. Stool samples were collected in a dry con-
tainer (ThermoFisher Scientific, 22-010-1159) and
stored at —20°C.

DNA was extracted from stool using the QIAamp
Fast DNA Stool Mini Kit (Qiagen, 51604) as
described by the manufacturer. DNA was eluted
from the silica-based membrane with 150 pL of
ATE Buffer (Qiagen, 51604) and stored at —20°C.

16S rRNA library preparation and quantification

Bacterial DNA was quantified using the Qubit
Broad Range assay (ThermoFisher Scientific,
Q32853) and 12.5 ngs (5 ng/ul) were used for
library preparation following the Illumina MiSeq
16S Metagenomic Sequencing Library Preparation
protocol (targeting the V3 and V4 region of the
16S rRNA gene)."” The DNA library was quantified
and normalized to 4 nM before pooling, and 5%
PhiX (Illumina, FC-110-3001) was added as an
internal control. The library was sequenced using
the MiSeq Reagent Kit v3 2 x 300 cycles (Illumina,
MS-102-3003). Fastq files were generated for
further analysis.

Quality control and pipeline analysis

Fastq files obtained through BaseSpace (Illumina)
were analyzed using Nephele”” and Dada2.’®”’



e1946368-12 (&) A.CRUZ-LEBRON ET AL.

Low-quality sequences were removed and primers
truncated. Sequences were clustered to collapse
similar sequences (with at least 99% identity) to
obtain Operational Taxonomic Units (OTUs).
Silva v132 was used as the reference database. The
resulting microbial abundance was used to perform
additional analyses, such as a and P diversity and
microbial composition. Associated data can be
found at DOI: 10.17632/ch6rndwt5h.1.

Targeted metabolomics - short-chain fatty acids

SCFAs from bacterial spent media, plasma, and
fecal samples were measured by stable isotype
dilution GC-MS/MS.*® Bacterial spent media
(30 pL) or plasma (30 pL) were placed in
a 200 pL GC vial with insert with 50 pL of
0.005 M NaOH. Twenty to forty mgs of feces
were transferred to 2 mL cryovials and hydrated
with 0.5 mL of 0.005 M NaOH. After vortexing
and centrifugation, the supernatant was mixed
with 50 pL of 2-Butanol/Pyridine (3:2) containing
labeled internal standards. The carboxylic acids
were derivatized with isobutyl chloroformate.
After derivatization, the sample was mixed with
hexane, and the hexane layer recovered for GC-
MS analysis. Quantification of acetic, butyric, iso-
valeric, lactic, propionic, and succinic acids was
performed on a TSQ-Evo triple quadrupole in
tandem with the Trace 1310 gas chromatograph
(Thermo Fisher Scientific) using MRM mode with
the parent to daughter ion transitions listed in
Supplemental Table S4.

Immune mediators

Plasma IL-6, TNFa, IL-1B, and MIPla (neat)
(R&D Systems, HS600C, DTAO00D, DLB50,
DMAO00), IL-8 (neat) (Abcam, ab46032), and
CRP (1:100) (R&D Systems, DCRP00) were
quantified following manufacturer’s instructions.
LBP (1:100) (R&D Systems, DY870-05) and
iFABP (1:10) (R&D Systems, DY3078) ELISA
kits were supplemented with the DuoSet
Ancillary Reagent Kit (R&D Systems, DY008).
Fecal LCN2 was quantified following manufac-
turer’s instructions (Eagle Bioscience, NGL35-
K01).

SFCAs and methadone for in vitro cell culture

Acetate (Sigma Aldrich, S5636), propionate (Sigma
Aldrich, P1880), butyrate (Sigma Aldrich, B5887),
and methadone (Sigma Aldrich, M0267) were
reconstituted in ultrapure distilled water, sterilized
through a 0.2 um filtered syringe, and serially
diluted in EMEM containing 10% FBS (Fisher
Scientific, MT35016CV).

Bacterial strain and growth conditions

Akkermansia muciniphila (BAA-835), obtained
from Dr. Hazen’s lab at the Cleveland Clinic, OH,
was grown anaerobically at 37°C for 4 d in Brain
Heart Infusion (BHI; Anaerobe systems, AS-872)
under an atmosphere of 5% H,, 10% CO,, and 85%
N,. Optical density (OD) (600 nm) was measured
daily to follow the growth rate. Bacterial spent
media, stored at —80°C, was separated from the
cells using a 0.2 pum filter.

Epithelial monolayer and transepithelial electrical
resistance

The human colonic epithelial cell subclone, Caco-2
BBe, obtained from Dr. Jerrold Turner at Harvard
University, Boston, MA, was grown in EMEM plus
10% FBS at 37°C in humidified 5% CO,. 60,000
cells were plated on transwell membranes and
maintained at 37°C for 2 weeks to form an intact
monolayer, with media changes every 2 days.
Baseline TEER reading was recorded before any
treatment and measured at 3, 6, 24, 48, or 72 h, as
noted.

Graded concentrations of SCFAs, acetate, pro-
pionate, butyrate, in 100 pL EMEM plus 10% FBS,
100 uL of Akkermansia muciniphila spent media, or
100 pL sterile BHI were added to the upper cham-
ber of the transwells. 700 ul of EMEM plus 10% FBS
media was added to the lower chamber.

Graded concentrations of methadone, mor-
phine, DAMGO, BRL52537, DPDPE, and naloxone
(Sigma Aldrich, N7758) in 700 pl of EMEM plus
10% FBS media were added to the lower chamber,
and 100 pL of EMEM plus 10% FBS media was
added to the upper chamber of the transwells. For
the combination treatment, 100 uL of Akkermansia
muciniphila spent media was added on the upper



chamber, while 100 uM methadone was added to
the lower chamber.

Tangential flow filtration and particle quantification

Akkermansia muciniphila OMVs were isolated,
concentrated, and purified from 10 mL of spent
media by tangential flow filtration with a KrosFlo
KR2i TFF peristaltic pump system (Repligen,
Waltham, MA), using a microKros polysulfone
500 kDa hollow-fiber filter module. OMYV particles
remain in the hollow fiber flow circuit, while 10 mL
of undiluted OMV-depleted media, which passed
through the filter pores, was collected. After collec-
tion of the OMV-depleted media, OMVs were
eluted from the column with 10 mL of EMEM
plus 10% FBS to maintain their initial concentra-
tion. Particles were quantified on a C400 microflui-
dic cartridge using a Spectradyne nCS1 instrument
(Torrance, CA), which uses MRPS technology.
Samples were diluted 1:20 in 1% PBS, and 5000
events were recorded. 100 pL OMVs or OMV-
depleted media was added to the upper chamber
of the transwell to evaluate their effect on TEER.

Flow cytometry

Optical density was used as an approximation of
bacteria concentration (OD 1 = 10° bacteria/mL).%!
Bacterial cultures were stained at room temperature
for 30 mins with 15 pg/mL 4',6-Diamidino-
2-Phenylindole, Dihydrochloride (DAPI)
(Invitrogen, D1306) at 2.5 x 10’ bacteria/mL in
25 pL of PBS (Thermo Fisher Scientific, 70-013-
032) supplemented with 1% bovine serum albumin
(BSA) (Fisher Scientific, BP1600-100) and 0.05%
azide (Sigma Aldrich, RTC000068-1 L).°“*
Plasma was added at a final dilution of 1:10 in
25 pL of PBS/BSA/azide in combination with fluor-
ochrome-conjugated  antibody  (FITC-labeled
mouse anti-human IgG clone G18-145 (BD,
555786)) for 30 mins in a U-bottom 96-well plate.
Samples were resuspended in 200 uL of PBS/BSA/
azide and analyzed on a LSR Fortessa (BD). The
fluorescence threshold on the DAPI channel was set
to 200 arbitrary units based on unstained bacteria
for exclusive detection of fluorescently labeled bac-
teria. 110,000 events were collected, and data were
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analyzed wusing FlowJo software (version

10.7.2) (BD).

Immunoblots

Protein expression was assessed via immunoblot
for claudin 1 and claudin 4, using GAPDH as
a loading control. Caco-2 BBe monolayers on
transwell membranes were lysed with RIPA buffer
(Thermo Fisher Scientific, 89900) and a protease
inhibitor cocktail (Thermo Fisher Scientific,
78425). After centrifugation for 5 mins at 13,000
x g, the cleared lysate was denatured with 5X redu-
cing bufter (Thermo Fisher Scientific, 39000) before
heating the sample for 5 min at 95°C. 25 pL of lysate
was loaded onto 0.75 mm 12% polyacrylamide gel
and electrophoresed at 80 V until the pink dye
reached the bottom. Wet transfer was performed
for 1 h at 80 V onto PDVF membranes (Bio-Rad,
Hercules, CA). The membrane was blocked with
5% milk and incubated with primary antibodies to
claudin 1 (Sigma Aldrich, SAB4200534), claudin 4
(Abcam, Ab53156) or GAPDH (Sigma Aldrich,
MAB374) overnight. Goat-anti rabbit (Sigma
Aldrich, A4914-1ML) and goat-anti mouse (Bio-
Rad, 170-6515) secondary antibodies were incu-
bated for 1 h before imaging the membrane on an
ImageQuant LAS 4000 (GE Healthcare, Chicago,
IL). Images were exposed for 5 sec and digitalized
for further quantification using Image Studio Lite
(LI-COR Bioscience, Lincoln, NE).

mRNA quantification

Caco-2 BBe monolayers on a transwell membrane
were washed with PBS before extracting RNA using
the Purelink RNA micro-scale kit (Thermo Fisher
Scientific, 12183016) according to the manufac-
turer’s protocol, except as noted. The cell lysate
was applied to the binding column twice to opti-
mize RNA yield. Washes were performed as indi-
cated in the manufacturer’s protocol and bound
nucleic acid incubated with DNase (Thermo
Fisher Scientific, 12185010) for 40 min before
resuming with the remaining washes. RNA was
eluted with 22 pL of ultrapure RNA/DNase free
water and used to synthesize cDNA immediately
after extraction with a High-Capacity RNA-to-
c¢cDNA Kit (Thermo Fisher Scientific, 4388950).
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RNA and ¢cDNA were quantified on a Nanodrop
spectrophotometer (Thermo Fisher Scientific). 100
ng of cDNA was added to the TagMan (Thermo
Fisher Scientific, 4331182) assay performed on
a QuantStudio3 (Thermo Fisher Scientific) for the
genes of interest: CLDN1, CLDN4, and RPLPO as
an internal control (Thermo Fisher Scientific).
Analysis used a 27**“' calculation to represent
fold change relative to untreated cells.

Statistical analysis

The unpaired t-test was used to analyze a- and (-
diversity, microbial communities, and the content
of fecal and plasma SCFAs. Spearman correlations
were used for fecal and plasma SCFAs and immune
mediator comparisons with the gut microbiota.
Two-way ANOVA with multiple comparisons
with Tukey correction was used for SCFAs, nalox-
one, OMV, and OMV-depleted media treatment
and Sidak correction for A. muciniphila spent
media, methadone, and combination treatment on
barrier integrity. One-way ANOVA with multiple
comparisons (Dunnett correction) was used for
mRNA and protein expression levels. Graphical
representations and statistical analysis were per-
formed using PRISM v8.1.1 (GraphPad, San
Diego, CA). All tests were 2-sided. A p-value less
than 0.05 was considered statistically significant.
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ALl Air-Liquid Interface
BHI brain heart infusion
BSA bovine serum albumin
CRP C-reactive protein
DAMGO [D-Ala?, N-Me-Phe*, Gly*-ol]-Enkephalin acetate salt
DAPI 4 ,6-Diamidino-2-Phenylindole, Dihydrochloride
DPDPE [D-Pen 2,5] Enkephalin
EV extracellular vesicles
GC-MS gas chromatography-mass spectrometry
Gl gastrointestinal
HBV Hepatitis B Virus
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BHI brain heart infusion
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DAPI 4 ,6-Diamidino-2-Phenylindole, Dihydrochloride
DPDPE [D-Pen 2,5] Enkephalin

EV extracellular vesicles

GC-MS gas chromatography-mass spectrometry
Gl gastrointestinal

HBV Hepatitis B Virus

HCV Hepatitis C Virus

HIV Human immunodeficiency virus

IBD Inflammatory Bowel Disease

IL-1B8 Interleukin-13

IL-6 Interleukin-6

IL-8 Interleukin-8

IFABP Intestinal-type fatty acid-binding protein
LCN2 Lipocalin-2

LBP Lipopolysaccharide binding protein
MIP1a macrophage inflammatory protein 1 a
MMT methadone maintenance treatment
MRPS microfluidic resistive pulse sensing

ns not significant

OIBD opioid-induced bowel dysfunction

OR opioid receptors

oD optical density

omMv outer membrane vesicles

PCA Principal component analysis

SCFAs short chain fatty acids

TFF tangential flow filtration

T) tight junctions

TEER transepithelial electrical resistance
TNFa tumor necrosis factor a.
References

1. Rudd RA, Seth P, David F, Scholl L. Increases in drug
and opioid-involved overdose deaths - United States,
2010-2015. MMWR Morb Mortal Wkly Rep. 2016;65
(5051):1445-1452. doi:10.15585/mmwr.mm655051el.

2. Wilson N, Kariisa M, Seth P, Smith H, Davis NL. Drug
and Opioid-involved overdose deaths-United States,
2017-2018. Morbidity Mortality Weekly Rep. 2020;69
(11):290-297. doi:10.15585/mmwr.mm691 1a4.

3. KoJ, D’ Angeli DV, Haight SC, Morrow B, Cox S, Salvesen
von Essen B, Strahan AE, Harrison L, Tevendale HD,
Warner L, et al. Vital signs: prescription opioid pain relie-
ver use during pregnancy — 34 U.S. jurisdictions, 2019.
Morbidity Mortality Weekly Rep. 2020;69(28):897-903.
doi:10.15585/mmwr.mmé6928al.

4. Parker KE, Sugiarto E, Taylor AMW, Pradhan AA, Al-
Hasani R. Pain, Motivation, migraine, and the micro-
biome: new frontiers for opioid systems and disease.
Mol Pharmacol. 2020;98(4):433-444. doi:10.1124/
mol.120.119438.

5. Plein LM, Rittner HL. Opioids and the immune system -
friend or foe. Br ] Pharmacol. 2018;175(14):2717-2725.
doi:10.1111/bph.13750.

6. Holzer P. Opioid receptors in the gastrointestinal tract.

Regul Pept.  2009;155(1-3):11-17.
regpep.2009.03.012.

doi:10.1016/j.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

GUT MICROBES (&) 194636815

. Akbarali HI, Dewey WL. Gastrointestinal motility, dys-

biosis and opioid-induced tolerance: is there a link? Nat
Rev  Gastroenterol Hepatol. 2019;16(6):323-324.
do0i:10.1038/s41575-019-0150-x.

. Mazahery C, Benson BL, Cruz-Lebron A, Levine AD.

Chronic methadone use alters the CD8+T cell pheno-
type in vivo and modulates its responsiveness ex vivo to
opioid receptor and TCR stimuli. ] Immunol. 2020;204
(5):1188-1200. doi:10.4049/jimmunol.1900862.

. Kiyatkin EA. Respiratory depression and brain hypoxia

induced by opioid drugs: morphine, oxycodone, heroin,
and fentanyl. Neuropharmacology. 2019;151:219-226.
doi:10.1016/j.neuropharm.2019.02.008.

Piske M, Thomson T, Krebs E, Hongdilokkul N,
Bruneau J, Greenland S, Gustafson P, Karim ME,
McCandless LC, Maclure M, et al. Comparative effec-
tiveness of buprenorphine-naloxone versus methadone
for treatment of opioid use disorder: a population-based
observational study protocol in British Columbia,
Canada. BMJ Open. 2020;10(9):e036102. doi:10.1136/
bmjopen-2019-036102.

Brown R, Kraus C, Fleming M, Reddy S. Methadone:
applied pharmacology and use as adjunctive treatment
in chronic pain. Postgrad Med J. 2004;80(949):654-659.
doi:10.1136/pgmj.2004.022988.

Whelan PJ, Remski K. Buprenorphine vs methadone
treatment: a review of evidence in both developed and
developing worlds. J Neurosci Rural Pract. 2012;3
(1):45-50. d0i:10.4103/0976-3147.91934.

Ottman N, Davids M, Suarez-Diez M, Boeren S, Schaap
PJ, Martins dos Santos VAP, Smidt H, Belzer C, de Vos
WM. 2017. Genome-scale model and omics analysis of
metabolic capacities of Akkermansia muciniphila reveal
a preferential mucin-degrading lifestyle. Appl Environ
Microbiol 83:e01014-17. doi:10.1128/AEM.01014-17
Martinez KB, Leone V, Chang EB. Microbial metabo-
lites in health and disease: navigating the unknown in
search of function. ] Biol Chem. 2017;292
(21):8553-8559. d0i:10.1074/jbc.R116.752899.

Cani PD. Microbiota and metabolites in metabolic
diseases. Nat Rev Endocrinol. 2019;15(2):69-70.
doi:10.1038/s41574-018-0143-9.

Belkaid Y, Harrison OJ. Homeostatic immunity and the

microbiota. Immunity. 2017;46(4):562-576.
doi:10.1016/j.immuni.2017.04.008.
Chelakkot C, Ghim J, Ryu SH. Akkermansia

muciniphila-derived extracellular vesicles influence gut
permeability through the regulation of tight junctions.
Exp Mol Med. 2018;50(8):1-11. doi:10.1038/
emm.2017.282.

Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating
intestinal barrier integrity and its pathological
implications. Exp Mol Med. 2018;50(8):1-9.
doi:10.1038/s12276-018-0126-x.

Cruz-Lebrén A, D’argenio Garcia L, Talla A, Joussef-
Pifia S, Quifones-Mateu ME, Sékaly RP, de Carvalho

KIL, Levine AD. Decreased Enteric Bacterial


https://doi.org/10.15585/mmwr.mm655051e1
https://doi.org/10.15585/mmwr.mm6911a4
https://doi.org/10.15585/mmwr.mm6928a1
https://doi.org/10.1124/mol.120.119438
https://doi.org/10.1124/mol.120.119438
https://doi.org/10.1111/bph.13750
https://doi.org/10.1016/j.regpep.2009.03.012
https://doi.org/10.1016/j.regpep.2009.03.012
https://doi.org/10.1038/s41575-019-0150-x
https://doi.org/10.4049/jimmunol.1900862
https://doi.org/10.1016/j.neuropharm.2019.02.008
https://doi.org/10.1136/bmjopen-2019-036102
https://doi.org/10.1136/bmjopen-2019-036102
https://doi.org/10.1136/pgmj.2004.022988
https://doi.org/10.4103/0976-3147.91934
https://doi.org/10.1128/AEM.01014-17
https://doi.org/10.1074/jbc.R116.752899
https://doi.org/10.1038/s41574-018-0143-9
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1038/s12276-018-0126-x

e1946368-16 (&) A.CRUZ-LEBRON ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Composition and Diversity in South American Crohn’s
Disease Vary With the Choice of Treatment Strategy
and Time Since Diagnosis, Journal of Crohn's and
Colitis, 2020: 14 (6):791-800. doi:10.1093/ecco-jcc/
2189

Neuman MG, French SW, Zakhari S, Malnick S, Seitz
HK, Cohen LB, Salaspuro M, Voinea-Griffin A, Barasch
A, Kirpich IA, Thomes PG, Schrum LW, Donohue TM,
Kharbanda KK, Cruz M, Opris M. Alcohol, micro-
biome, life style influence alcohol and non-alcoholic
organ damage, Experimental and Molecular Pathology,
2017; 102 (1). 162-180. doi:10.1016/j.
yexmp.2017.01.003

Rothschild D, Weissbrod O, Barkan E, Kurilshikov A,
Korem T, Zeevi D, Costea PI, Godneva A, Kalka IN,
Bar N, et al. Environment dominates over host genetics
in shaping human gut microbiota. Nature. 2018;555
(7695):210-215. doi:10.1038/nature25973.

Dao MC, Belda E, Prifti E, Everard A, Kayser BD,
Bouillot J-L, Chevallier J-M, Pons N, Le Chatelier E,
Ehrlich SD, et al. Akkermansia muciniphila abundance
is lower in severe obesity, but its increased level after
bariatric surgery is not associated with metabolic health
improvement. Am ] Physiol Endocrinol Metab.
2019;317(3):E446-E459. doi:10.1152/
ajpendo.00140.2019.

Koh A, Backhed F. From association to causality: the
role of the gut microbiota and its functional products on
host metabolism. Mol Cell. 2020;78(4):584-596.
doi:10.1016/j.molcel.2020.03.005.

Koh A, De Vadder F, Kovatcheva-Datchary P,
Backhed F. From dietary fiber to host physiology:
short-chain fatty acids as key bacterial metabolites.
Cell. 2016;165(6):1332-1345. doi:10.1016/j.
cell.2016.05.041.

Priyadarshini M, Kotlo KU, Dudeja PK, Layden BT.
Role of short chain fatty acid receptors in intestinal
physiology and pathophysiology. Compr Physiol.
2018;8:1091-1115. doi:10.1002/cphy.c170050.

Goverse G, Molenaar R, Macia L, Tan J, Erkelens MN,
Konijn T, Knippenberg M, Cook ECL, Hanekamp D,
Veldhoen M, et al. Diet-derived short chain fatty acids
stimulate intestinal epithelial cells to induce mucosal
tolerogenic dendritic cells. J Immunol. 2017;198
(5):2172-2181. doi:10.4049/jimmunol.1600165.
Capaldo CT, Powell DN, Kalman D. Layered defense:
how mucus and tight junctions seal the intestinal
barrier. ] Mol Med (Berl). 2017;95(9):927-934.
doi:10.1007/500109-017-1557-x.

Wang F, Roy S. Gut homeostasis, microbial dysbiosis,
and opioids. Toxicol Pathol. 2017;45(1):150-156.
doi:10.1177/0192623316679898.

Wang F, De Sousa JR, Araujo MTF, Martins Filho AJ, de
Alcantara BN, Araujo FMC, Queiroz MGL, Cruz ACR,
Vasconcelos BHB, Chiang JO, et al. Morphine induces
changes in the gut microbiome and metabolome in

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

a morphine dependence model. Sci Rep. 2018;8
(1):1-15. d0i:10.1038/s41598-018-21915-8.

Zhang L, Meng ], Ban Y, Jalodia R, Chupikova I,
Fernandez I, Brito N, Sharma U, Abreu MT,
Ramakrishnan S, et al. Morphine tolerance is attenuated
in germfree mice and reversed by probiotics, implicat-
ing the role of gut microbiome. Proc Natl Acad Sci
U S A. 2019116(27):13523-13532.  doi:10.1073/
pnas.1901182116.

Funderburg NT, Stubblefield Park SR, Sung HC,
Hardy G, Clagett B, Ignatz-Hoover ], Harding CV,
Fu P, Katz JA, Lederman MM, et al. Circulating CD4
+and CD8+T cells are activated in inflammatory bowel
disease and are associated with plasma markers of
inflammation. Immunology. 2013;140(1):87-97.
doi:10.1111/imm.12114.

Le N, Mazahery C, Nguyen K, Levine AD. Regulation of
intestinal epithelial barrier and immune function by
activated T cells. Cell Mol Gastroenterol Hepatol.
2020:1-22. doi:10.1016/j.jcmgh.2020.07.004.

Ashrafian F, Behrouzi A, Shahriary A, Badi SA,
Davari M, Khatami S, Jamnani FH, Fateh A, Vaziri F,
Siadat SD. Comparative study of effect of Akkermansia
muciniphila and its extracellular vesicles on toll-like
receptors and tight junction. Gastroenterol Hepatol
Bed Bench. 2019;12:163-168.

Poulsen JL, Nilsson M, Brock C, Sandberg TH, Krogh K,
Drewes AM. The impact of opioid treatment on regio-
nal gastrointestinal transit. ] Neurogastroenterol Motil.
2016;22(2):282-291. do0i:10.5056/jnm15175.

Szigethy E, Knisely M, Drossman D. Opioid misuse in
gastroenterology and non-opioid management of
abdominal pain. Nat Rev Gastroenterol Hepatol.
2018;15(3):168-180. doi:10.1038/nrgastro.2017.141.
Barengolts E, Green SJ, Eisenberg Y, Akbar A,
Reddivari B, Layden BT, Dugas L, Chlipala G. Gut
microbiota varies by opioid use, circulating leptin and
oxytocin in African American men with diabetes and
high burden of chronic disease. PLoS One. 2018;13
(3):1-22. doi:10.1371/journal.pone.0194171.

Li Q, Chen S, Liu K, Long D, Liu D, Jing Z, Huang X.
Differences in gut microbial diversity are driven by drug
use and drug cessation by either compulsory detention
or methadone maintenance treatment.
Microorganisms. 2020;8(3):2-18. d0i:10.3390/
microorganisms8030411.

Acharya C, Betrapally NS, Gillevet PM, Sterling RK,
Akbarali H, White MB, Ganapathy D, Fagan A,
Sikaroodi M, Bajaj JS, et al. Chronic opioid use is asso-
ciated with altered gut microbiota and predicts read-
missions in patients with cirrhosis. Aliment Pharmacol
Ther. 2017;45(2):319-331. doi:10.1111/apt.13858.

Le Bastard Q, Al-Ghalith GA, Grégoire M, Chapelet G,
Javaudin F, Dailly E, Batard E, Knights D, Montassier E.
Systematic review: human gut dysbiosis induced by
non-antibiotic prescription medications. Aliment


https://doi.org/10.1093/ecco-jcc/jjz189
https://doi.org/10.1093/ecco-jcc/jjz189
https://doi.org/10.1016/j.yexmp.2017.01.003
https://doi.org/10.1016/j.yexmp.2017.01.003
https://doi.org/10.1038/nature25973
https://doi.org/10.1152/ajpendo.00140.2019
https://doi.org/10.1152/ajpendo.00140.2019
https://doi.org/10.1016/j.molcel.2020.03.005
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1002/cphy.c170050
https://doi.org/10.4049/jimmunol.1600165
https://doi.org/10.1007/s00109-017-1557-x
https://doi.org/10.1177/0192623316679898
https://doi.org/10.1038/s41598-018-21915-8
https://doi.org/10.1073/pnas.1901182116
https://doi.org/10.1073/pnas.1901182116
https://doi.org/10.1111/imm.12114
https://doi.org/10.1016/j.jcmgh.2020.07.004
https://doi.org/10.5056/jnm15175
https://doi.org/10.1038/nrgastro.2017.141
https://doi.org/10.1371/journal.pone.0194171
https://doi.org/10.3390/microorganisms8030411
https://doi.org/10.3390/microorganisms8030411
https://doi.org/10.1111/apt.13858

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Pharmacol Ther.
apt.14451.

Xu Y, Park S-Y, Nishio T, Kamizaki K, Wang Z,
Tamada K, Takumi T, Hashimoto R, Otani H,
Pazour GJ, et al. Bacterial diversity of intestinal micro-
biota in patients with substance use disorders revealed
by 16S rRNA gene deep sequencing. Sci Rep. 2017;7
(1):1-9. d0i:10.1038/s41598-017-03706-9.

Turroni F, Duranti S, Bottacini F, Guglielmetti S, Van
Sinderen D, Ventura M. Bifidobacterium bifidum as an
example of a specialized human gut commensal. Front
Microbiol. 2014;5:437. doi:10.3389/fmicb.2014.00437.
Underwood MA, German JB, Lebrilla CB, Mills DA.
Bifidobacterium longum subspecies infantis: champion
colonizer of the infant gut. Pediatr Res. 2015;77(1-
2):229-235. doi:10.1038/pr.2014.156.

Wong CB, Odamaki T, Xiao J-Z. Beneficial effects of
Bifidobacterium longum subsp. longum BB536 on
human health: modulation of gut microbiome as the
principal action. J Funct Foods. 2019;54:506-519.
doi:10.1016/}.jff.2019.02.002.

Turroni F, Duranti S, Milani C, Lugli GA, van
Sinderen D, Ventura M. Bifidobacterium bifidum:
a key member of the early human gut microbiota.
Microorganisms. 2019;7(11):1-13. doi:10.3390/
microorganisms7110544.

Binda C, Lopetuso LR, Rizzatti G, Gibiino G,
Cennamo V, Gasbarrini A. Actinobacteria: a relevant
minority for the maintenance of gut homeostasis. Dig
Liver  Dis. 2018;50(5):421-428. doi:10.1016/j.
dld.2018.02.012.

Ottman N, Geerlings SY, Aalvink S, de Vos WM,
Belzer C. Action and function of Akkermansia mucini-
phila in microbiome ecology, health and disease. Best
Pract Res Clin Gastroenterol. 2017;31(6):637-642.
doi:10.1016/j.bpg.2017.10.001.

Ottman N, Reunanen J, Meijerink M, Pietili TE,
Kainulainen V, Klievink J, Huuskonen L, Aalvink S,
Skurnik M, Boeren S, et al. Pili-like proteins of
Akkermansia muciniphila modulate host immune
responses and gut barrier function. PLoS One. 2017;12
(3):1-18. doi:10.1371/journal.pone.0173004.

de Vos WM. Microbe profile: akkermansia muciniphila:
a conserved intestinal symbiont that acts as the gate-
keeper of our mucosa. Microbiology. 2017;163
(5):646-648. d0i:10.1099/mic.0.000444.

Reunanen J, Kainulainen V, Huuskonen L, Ottman N,
Belzer C, Huhtinen H, de Vos WM, Satokari R.
Akkermansia muciniphila adheres to enterocytes and
strengthens the integrity of the epithelial cell layer.
Appl Environ Microbiol. 2015;81(11):3655-3662.
doi:10.1128/AEM.04050-14.

Geerlings SY, Kostopoulos I, de Vos WM, Belzer C.
Akkermansia muciniphila in the human gastrointestinal
tract: when, where, and how? Microorganisms. 2018;6
(3):75. doi:10.3390/microorganisms6030075.

2018;47(3):332-345. doi:10.1111/

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

GUT MICROBES (&) 194636817

Tan J, McKenzie C, Potamitis M, Thorburn AN,
Mackay CR, Macia L. The role of short-chain fatty
acids in health and disease. Adv Immunol. 2014;
121:91-119. doi:10.1016/B978-0-12-800100-4.00003-9
Silva LG, Ferguson BS, Avila AS, Faciola AP. Sodium
propionate and sodium butyrate effects on histone dea-
cetylase (HDAC) activity, histone acetylation, and
inflammatory gene expression in bovine mammary
epithelial cells. J Anim Sci. 2018;96(12):5244-5252.
doi:10.1093/jas/sky373.

de Souza N. Organoids. Nat Methods. 2018;15(1):23-23.
doi:10.1038/nmeth.4576.

Kim J, Koo BK, Knoblich JA. Human organoids: model
systems for human biology and medicine. Nat Rev Mol
Cell Biol. 2020;21(10):571-584. do0i:10.1038/s41580-
020-0259-3.

Kaluthantrige Don F, Huch M. Organoids, where we
stand and where we go. Trends Mol Med. 2021;27
(5):416-418. doi:10.1016/j.molmed.2021.03.001.
Shoblock JR, Maidment NT. Constitutively active micro
opioid receptors mediate the enhanced conditioned
aversive effect of naloxone in morphine-dependent
mice. Neuropsychopharmacology. 2006;31(1):171-177.
doi:10.1038/sj.npp.1300782.

Weber N, Liou D, Dommer J, MacMenamin P,
Quiniones M, Misner I, Oler AJ, Wan J, Kim L,
Coakley Mccarthy M, et al. Nephele: a cloud platform
for simplified, standardized and reproducible micro-
biome data analysis. Bioinformatics. 2018;34
(8):1411-1413. doi:10.1093/bioinformatics/btx617.
Callahan BJ, McMurdie PJ, Rosen M]J, Han AW,
Johnson AJA, Holmes SP. DADA2: high-resolution
sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581-583. doi:10.1038/nmeth.3869.
Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K,
Gonzalez A, Lozupone C, Zaneveld JR, Viazquez-
Baeza Y, Birmingham A, et al. Normalization and
microbial differential abundance strategies depend
upon data characteristics. Microbiome. 2017;5(1):27.
doi:10.1186/540168-017-0237-y.

Lieber AD, Beier UH, Xiao H, Wilkins BJ, Jiao J, Li XS,
Schugar RC, Strauch CM, Wang Z, Brown JM, et al.
Loss of HDAC6 alters gut microbiota and worsens
obesity. FASEB J. 2019;33(1):1098-1109. doi:10.1096/
£j.201701586R.

Eduard Ansaldo LCS, Ching KL, Koch MA, Wolf NK,
Plichta DR, Brown EM, Graham DB, Xavier RJ,
Moon JJ, Barton GM. Akkermansia muciniphila
induces intestinal adaptive immune responses during
homeostasis.  Science.  2019;364(6446):1179-1184.
doi:10.1126/science.aaw7479.

Koch MA, Reiner G, Lugo K, Kreuk LM, Stanbery A,
Ansaldo E, Seher T, Ludington W, Barton G. Maternal
IgG and IgA antibodies dampen mucosal T helper cell
responses in early life. Cell. 2016;165(4):827-841.
doi:10.1016/j.cell.2016.04.055.


https://doi.org/10.1111/apt.14451
https://doi.org/10.1111/apt.14451
https://doi.org/10.1038/s41598-017-03706-9
https://doi.org/10.3389/fmicb.2014.00437
https://doi.org/10.1038/pr.2014.156
https://doi.org/10.1016/j.jff.2019.02.002
https://doi.org/10.3390/microorganisms7110544
https://doi.org/10.3390/microorganisms7110544
https://doi.org/10.1016/j.dld.2018.02.012
https://doi.org/10.1016/j.dld.2018.02.012
https://doi.org/10.1016/j.bpg.2017.10.001
https://doi.org/10.1371/journal.pone.0173004
https://doi.org/10.1099/mic.0.000444
https://doi.org/10.1128/AEM.04050-14
https://doi.org/10.3390/microorganisms6030075
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1093/jas/sky373
https://doi.org/10.1038/nmeth.4576
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1016/j.molmed.2021.03.001
https://doi.org/10.1038/sj.npp.1300782
https://doi.org/10.1093/bioinformatics/btx617
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1096/fj.201701586R
https://doi.org/10.1096/fj.201701586R
https://doi.org/10.1126/science.aaw7479
https://doi.org/10.1016/j.cell.2016.04.055

	Abstract
	Introduction
	Results
	Decreased fecal bacterial diversity and composition in methadone-treated individuals
	Chronic opioid use disrupts the fecal microbiota
	Metabolomic profile is shifted with methadone use
	Akkermansia muciniphila <italic>spent media components, but not short-chain fatty acids (SCFAs) nor outer membrane vesicles (OMVs), modulate intestinal barrier integrity</italic>
	Akkermansia muciniphila <italic>spent media and methadone independently modulate intestinal barrier integrity</italic>

	Discussion
	Methods
	Study subjects
	Sample collection and processing
	16S rRNA library preparation and quantification
	Quality control and pipeline analysis
	Targeted metabolomics – short-chain fatty acids
	Immune mediators
	<italic>SFCAs and methadone for</italic> in vitro <italic>cell culture</italic>
	Bacterial strain and growth conditions
	Epithelial monolayer and transepithelial electrical resistance
	Tangential flow filtration and particle quantification
	Flow cytometry
	Immunoblots
	mRNA quantification
	Statistical analysis

	ACKNOWLEDGMENTS
	Disclosure statement
	Funding
	ORCID
	Abbreviations
	References

