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Prolonged exposure to opioids results in analgesic tolerance, drug
overdose, and death. The mechanism underlying morphine anal-
gesic tolerance still remains unresolved. We show that morphine
analgesic tolerance was significantly attenuated in germfree (GF)
and in pan-antibiotic−treated mice. Reconstitution of GF mice with
naïve fecal microbiota reinstated morphine analgesic tolerance.
We further demonstrated that tolerance was associated with microbial
dysbiosis with selective depletion in Bifidobacteria and Lactobacillaeae.
Probiotics, enriched with these bacterial communities, attenuated anal-
gesic tolerance in morphine-treated mice. These results suggest that
probiotic therapy during morphine administration may be a promising,
safe, and inexpensive treatment to prolong morphine’s efficacy and
attenuate analgesic tolerance.We hypothesize a vicious cycle of chronic
morphine tolerance: morphine-induced gut dysbiosis leads to gut bar-
rier disruption and bacterial translocation, initiating local gut inflamma-
tion through TLR2/4 activation, resulting in the activation of
proinflammatory cytokines, which drives morphine tolerance.
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Opioids are the gold standard for the management of mod-
erate to severe pain (1). Despite their high efficacy, the

clinical use of opioids is limited because of comorbidities asso-
ciated with their prolonged use (2). The last decade has seen a
significant rise in opioid use in the United States, resulting in a
subset of the population developing opioid tolerance (3, 4). Chronic
and repeated opioid use leads to the rapid onset of analgesic tol-
erance; however, the pharmacokinetics of tolerance to peripheral
receptors develops slowly, leading to respiratory depression, immune
modulation, nausea, and decreased gastrointestinal motility with
escalating doses of opioids (5). Thus, chronic opioid use is associated
with poorer outcomes, longer lengths of hospital stay, higher read-
mission rates, and higher health care costs (6, 7). Therefore, it is im-
perative that we understand the mechanisms underlying the
comorbidities associated with chronic opioid use and delineate specific
protocols for the care of chronic pain patients who are on opioids.
Studies on opioid analgesic tolerance have revealed several potential
mechanisms: receptor desensitization and down-regulation (8), up-
regulation of cAMP-protein kinase A systems, release of glutamate,
calcitonin gene-related peptide, substance P, noradrenaline, and ace-
tylcholine to enhance synaptic transmission (9) and neuroimmune
activation and neuroinflammation (10–16). However, the precise
mechanisms underlying morphine tolerance remain unresolved. Re-
cent studies have shown that the gut microbiota plays a crucial and
dynamic role in immune response and neuronal function (17). Gut
homeostasis confers health benefits, and any disruption resulting in
alteration in beneficial bacteria can negatively influence the health and
well-being of an individual (18, 19). Toll-like receptors (TLRs) rec-
ognize a variety of microbial components and allow the innate immune
system to sense and react to the altered microbiota, hence playing a
central role in the interaction between host and microbiota (20).

Our recent studies have shown that chronic opioid use in an-
imal models is associated with altered gut microbiota (21, 22).
These findings are supported by studies in patients with sub-
stance use disorder who demonstrate altered composition and
diversity of gut microbiome distinct from healthy controls, thus
implicating the gut−brain axis in morphine analgesic tolerance
(23–25). In the present studies, we used multiple murine models
to demonstrate the essential role of the gut microbiota in mor-
phine analgesic tolerance. These studies suggest that strategies
can be developed to alter the gut microbiota to prolong the ef-
fectiveness of morphine and prevent analgesic tolerance.

Results
Morphine Tolerance Was Attenuated in Germfree and Pan-Antibiotics
Mice. We have previously shown that chronic morphine treatment
results in microbial dysbiosis, disruption in gut barrier function,
and bacterial translocation, primarily through the μ-opioid receptor
(OPRM1) (21). To initially establish the role of the gut microbiota
in morphine tolerance, germfree (GF) mice and conventionally
raised, specific pathogen-free (SPF) mice were subjected to a
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well-established tolerance regimen wherein mice were treated
with either saline or repeated escalating doses of morphine for
8 d. Interestingly, morphine-treated GF mice displayed less an-
algesic tolerance in both tail flick and hot plate tests than SPF
mice, 75% and 25% maximum possible effect (%MPE), re-
spectively (Fig. 1 A and B). We next repeated this experiment in
GF mice that had undergone fecal microbiota transplantation
(FMT) with samples obtained from SPF mice. These mice showed
significant analgesic tolerance similar to SPF animals treated with
morphine (Fig. 1 C and D). These results clearly establish the role
of gut microbiota in morphine analgesic tolerance.

To further investigate whether gut microbial dysbiosis con-
tributed to morphine tolerance, SPF mice were administered a
mixture of antibiotics in their drinking water for a week to de-
plete the gut microbiota and then treated with escalating doses
of morphine for 8 d. Pan-antibiotics (ABX) treatment was
maintained during the whole duration of morphine treatment.
Results from these studies show that ABX markedly reduced gut
bacteria (SI Appendix, Fig. S1 A and B). ABX and SPF mice were
treated with repeated escalating doses of morphine. The
morphine-treated ABX mice showed significantly attenuated
analgesic tolerance, with 64 %MPE at day 8 in both tail flick and
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Fig. 1. Gut microbiota are essential for morphine analgesic tolerance. (A and B) Antinociceptive tolerance was attenuated in GF mice. Ftail flick (3, 10) = 869.4,
and Fhot plate (3, 10) = 110.9. (C and D) GF mice recapitulated morphine tolerance after FMT with naïve mouse microbiota. Ftail flick (3, 10) = 882.8, and Fhot plate
(3, 10) = 147.8; nSPF = 4; nGF = 3. (E and F) Mice exhibited attenuated analgesic tolerance after gut microbiota depletion; n = 12 to 20. Ftail flick (3, 56) = 118.8,
and Fhot plate (3, 56) = 58.19. (A–F) Data were analyzed by one-way ANOVA followed by Bonferroni correction. **P < 0.01; ****P < 0.0001. (G and H) Time
course of the effects of different microbiota on morphine tolerance; n = 6 to 8. FTreatment x time (56, 343) = 73.15 for tail flick. FTreatment x time (56, 343) =
59.66 for hot plate. Two-way ANOVA followed by Tukey’s multiple comparison was used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 for Morphine vs.
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hot plate assays (Fig. 1 E and F). In an additional study, a fixed
morphine dose was administered to ABX and SPF control mice
twice daily for 8 d. The ABX mice maintained a significantly
higher antinociceptive efficacy from day 4 by tail flick (SI Ap-
pendix, Fig. S1C) and from day 5 by hot plate (SI Appendix, Fig.
S1D) compared with non−antibiotic-treated mice.
To further establish the role of gut microbiota in analgesic tol-

erance, SPF mice treated with ABX were gavaged with microbiota
harvested from either saline- or morphine-treated mice. Mice
reconstituted with morphine-tolerant mouse microbiota and then
treated with morphine showed exacerbated analgesic tolerance
following the same daily injection doses. In contrast, mice that were
reconstituted with saline-treated mouse microbiota displayed less
analgesic tolerance (Fig. 1 G and H). To validate effective re-
constitution, stool samples were collected from recipient mice and
subjected to 16S ribosomal RNA (rRNA) sequencing. The micro-
biome of the recipient animals was similar to their donor profile in
principal coordinates analysis clustering (SI Appendix, Fig. S1E). In
summary, the data from these studies clearly support a role for gut
microbiota in morphine-induced analgesic tolerance.

Morphine-Induced Dysbiosis Disrupted Gut Epithelial Barrier and
Promoted Systemic Bacterial Translocation. We evaluated gut bar-
rier permeability and bacterial translocation in the mice to de-
termine how morphine-induced microbial dysbiosis contributes
to analgesic tolerance. Ileum samples were examined for histo-
pathological changes. In SPF morphine-tolerant mice, we ob-
served impaired epithelia and increased inflammatory infiltrates
in small intestinal villi (Fig. 2 A, ii). In contrast, in morphine-
treated GF and ABX mice, no morphological damage was ob-
served (Fig. 2 A, iv and vi). Morphine-induced intestinal dis-
ruption was also seen in GF mice that received naïve microbiota
from SPF mice (Fig. 2 B, ii). In the GF or ABX mice undergoing
FMT from saline- or morphine-tolerant mice, we observed that
FMT from morphine-tolerant mice alone is sufficient to induce
histopathological change in the gut, without requiring direct
exposure to morphine (Fig. 2 C, ii and iv). To evaluate the dis-
ruption in gut permeability, SPF and ABX mice with or without
FMT were gavaged with fluorescein isothiocyanate (FITC)-
dextran. Significant increase in gut permeability was observed
in SPF morphine-tolerant mice (Fig. 2D). Morphine’s effects on
gut permeability of SPF mice were abolished in ABX-treated
mice (Fig. 2D). In ABX mice that underwent FMT, a signifi-
cant increase in FITC-dextran in the serum was observed in the
mice receiving gut microbiota from morphine-tolerant mice (Fig.
2E), but not in those receiving gut microbiota from saline-treated
mice. We next evaluated gut bacterial translocation to the liver
and mesenteric lymph nodes (MLN) in the mice. Significant
bacterial translocation was observed in SPF morphine-tolerant
mice (Fig. 2F and SI Appendix, Fig. S2A). As expected, morphine
treatment failed to induce bacterial translocation in either GF or
ABX mice (Fig. 2F and SI Appendix, Fig. S2A). However, when
GF mice were reconstituted with the microbiota of naïve SPF
mice, and then treated with morphine, bacterial translocation was
observed (Fig. 2G and SI Appendix, Fig. S2B). In addition, when
GF mice or ABX mice underwent FMT, the mice receiving
morphine-tolerant microbiota showed significantly greater bacte-
rial translocation than the mice receiving microbiota of saline-
treated animals (Fig. 2H and SI Appendix, Fig. S2C). These
studies suggest that morphine-induced gut integrity disruption and
subsequent bacterial translocation is mediated by alterations in the
gut microbiota. These results provide further evidence for the
crucial role of morphine-induced dysbiosis in analgesic tolerance.

Morphine-Tolerant Animals Displayed Higher Expression of TLR2 and
TLR4. To further explore the characteristics of the translocated bac-
teria in the liver andMLN, we analyzed DNA isolated from the liver
by gel-based PCR using the primers specific for Gram-positive and

Gram-negative bacteria. We found both Gram-positive and Gram-
negative bacteria translocating to the liver in the morphine-tolerant
animals (SI Appendix, Fig. S3 A and B). TLR2 and TLR4 are the
major receptors that mediate the host’s response to Gram-positive
and Gram-negative bacteria, respectively. To determine the roles of
TLR2 and TLR4 in morphine analgesic tolerance, we evaluated
expression of these receptors on gut epithelial and immune cells. In
morphine-tolerant animals, we found a significant increase in
TLR2 and TLR4 expression in both gut epithelial cells (Fig. 3A and
SI Appendix, Figs. S3C and S4A) and intraepithelial immune cells
(Fig. 3B and SI Appendix, Figs. S3D and S4B). Furthermore, the
expression of TLR2 and TLR4 was also significantly increased in
circulating immune cells isolated from the blood of morphine-
tolerant animals (Fig. 3C and SI Appendix, Figs. S3E and S4C).
The expression levels of TLR2 and TLR4 were not up-regulated by
morphine treatment in ABX mice (Fig. 3 A and B and SI Appendix,
Fig. S3 C andD). Surprisingly, in circulating immune cells, morphine
increased TLR4 expression in GF mice (SI Appendix, Fig. S4C).
However, in ABX mice, TLR4 expression on circulating immune
cells was not elevated by morphine (SI Appendix, Fig. S4C). After
reconstituting the GF mice with the naïve microbiome of SPF mice,
morphine treatment induced tolerance in these mice, and elevated
TLR2 and TLR4 expression on gut epithelial and immune cells (Fig.
3 D–F and SI Appendix, Figs. S3 F–H and S4 D–F). Moreover,
transplantation of microbiota from morphine-tolerant mice alone
was sufficient to enhance TLR2 and TLR4 protein expression in
GF and ABX mice (Fig. 3 G–I and SI Appendix, Figs. S3 I–K and
S4 G–I). These data suggest that TLR2 and TLR4 activation, as a
consequence of dysbiosis and bacterial translocation, and the
resulting induction of proinflammatory cytokines may be media-
tors of morphine analgesic tolerance. To further delineate the
roles of TLR2 and TLR4 in morphine analgesic tolerance,
TLR2 and TLR4 Knockout (TLR2KO and TLR4KO) mice were
treated with repeated injections of morphine [either with escalated
(Fig. 3 J and K) or fixed doses (SI Appendix, Fig. S3 L andM)]. We
found that morphine-induced analgesic tolerance was partially
attenuated in both TLR2KO and TLR4KO mice using either tail
flick (Fig. 3J) or hot plate (Fig. 3K) assays. Although morphine-
induced analgesic tolerance was modulated by both TLR2 and
TLR4, it was more significantly attenuated in TLR2KO mice (Fig.
3 J and K), with reduced gut barrier disruption (Fig. 3L) and lower
bacterial translocation (Fig. 3M). This suggests a more important
role for TLR2 in morphine analgesic tolerance.

Morphine-Tolerant Animals Displayed Sustained Chronic Systemic
Inflammation. Accumulating evidence implicates inflammation
as a contributing factor in morphine-induced analgesic tolerance.
To further investigate the role of inflammatory cytokines in this
process, animals were subjected to repeated morphine injections.
In morphine-tolerant animals, the protein levels of proin-
flammatory cytokines IL-6, IL-1β, and TNF-α were measured in
the liver, MLN, and brain by enzyme-linked immunosorbent
assay (ELISA). Additionally, messenger RNA levels of these
cytokines were also determined in the spinal cords and intestines.
Morphine-tolerant animals displayed significantly elevated levels
of these cytokines in all tissues examined. However, morphine
administration to GF and ABX mice showed less inflammatory
response (Fig. 4 A and B and SI Appendix, Table S1 and Fig. S5
A, B, I, and J). GF mice receiving naïve SPF microbiota de-
veloped analgesic tolerance and displayed higher expressions of
these cytokines following morphine treatment (Fig. 4 C and D
and SI Appendix, Table S2 and Fig. S5 C, D, K, and L). FMT of
the gut microbiota from morphine-tolerant mice into GF and
ABX recipients resulted in increased expression of these cyto-
kines (Fig. 4 E and F and SI Appendix, Table S3 and Fig. S5 E, F,
M, and N). Repeated morphine injections into TLR2KO and
TLR4KO mice, as previously mentioned, induced less in-
flammation than equivalent injections into WT mice (Fig. 4 G
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andH and SI Appendix, Table S4 and Figs. S4 G and H and S5G,
H, O, and P). Together, these studies demonstrate that alteration
in microbial compositions disrupted gut integrity, facilitated
bacterial translocation, regulated TLR expressions and activa-
tion, and exacerbated inflammation, all contributing to morphine
tolerance. Since morphine-tolerant animals showed a significant

increase in IL-6 protein levels, we hypothesized that IL-6 may be
one of the mediators of morphine tolerance. To test this hy-
pothesis, IL-6 Knockout (IL-6KO) mice were subjected to re-
peated morphine injections to induce analgesic tolerance.
Analgesic tolerance for both tail flick (30.23 %MPE vs. 42.82 %
MPE) and hot plate assays (23.44 %MPE vs. 35.89 %MPE)
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(Fig. 4 I and J and SI Appendix, Fig. S5Q and R) were only partially
attenuated in these mice, indicating that other proinflammatory
cytokines may also contribute to modulating analgesic tolerance.

Gut histological damage (SI Appendix, Fig. S5U) and bacterial
translocation (SI Appendix, Fig. S5 S and T) were also attenuated
in IL-6KO mice.
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Morphine Analgesic Tolerance Resulted in Significant Alterations in
Gut Microbiome. To determine whether microbial dysbiosis contrib-
uted to morphine analgesic tolerance, mice were treated with re-
peated morphine injections to induce analgesic tolerance. On day 8,
small intestinal fecal contents were collected from morphine-tolerant
mice (WT, TLR2KO, and TLR4KO) and their corresponding saline-
treated controls. Fecal DNA was extracted and subjected to 16S
rRNA sequencing. β-diversity analysis revealed a distinct clustering of
the bacterial communities in the morphine-tolerant animals com-
pared with saline-treated mice (P = 0.00256, permutation ANOVA
(PERMANOVA) test with Bonferroni correction) (Fig. 5A). How-
ever, in TLR2KO and TLR4KO mice, using the same β-diversity
matrix, we found no difference in the bacterial profiles between
saline- and morphine-treated groups (P = 0.217, Fig. 5B; P = 0.183,
Fig. 5C). Further analysis revealed a reduction in the relative abun-
dance of Actinobacteria and Firmicutes at the phylum level
in morphine-tolerant animals (Fig. 5D and Dataset S1). Further-
more, morphine-tolerant animals also displayed a reduction in
Bifidobacteriaceae and Lactobacillaceae at the family level and
Bifidobacterium and Lactobacillus at the genus level. The changes
observed with WT morphine-tolerant animals were not observed
in TLR2KO or TLR4KO morphine-treated mice (Fig. 5 E and F).
These data imply that the microbiota of TLR2KO and TLR4KO

are very stable and resist any change as a consequence of
morphine treatment.

Morphine Analgesic Tolerance Was Attenuated by Treatment with
Probiotics. Our microbial analyses showed that the relative abundance
in the Operational Taxonomic Unit representing Lactobacillaceae and
Bifidobacteriaceae was significantly reduced in morphine-tolerant ani-
mals. To investigate whether supplementation with these beneficial
bacteria attenuates morphine tolerance, the mice were gavaged with
probiotics VSL#3. We found a dramatic decrease in morphine anti-
nociceptive tolerance with VSL#3 pretreatment compared with sham
mice following escalated morphine treatment in both tail flick (34.74%
MPE vs. 54.23%MPE) and hot plate (30.04%MPE vs. 51.09%MPE)
(Fig. 6 A and B) tests. Similarly, probiotics pretreatment alleviated
morphine tolerance after constant doses of morphine treatment (SI
Appendix, Fig. S6 A and B). Measured by β-diversity, probiotics pre-
treatment decreased morphine-induced microbial alterations,
indicating that VSL#3 probiotics restored partial gut microbial
components (Fig. 6C) (P = 0.00096 for Water+Morphine and
Water+Saline; P = 0.00012 for Water+Morphine and VSL#3+Saline;
P = 0.0024 for VSL#3+Morphine and Water+Saline; P = 0.02592 for
VSL#3+Morphine and VSL#3+Saline). Notably, bacterial commu-
nities that were significantly reduced in relative abundance in
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Fig. 4. Gut microbiome is essential for morphine-induced chronic systemic inflammation. (A and B) IL-6 expression in morphine-treated GF and ABX mice was
reduced compared with WT controls; nGF = 3; nSPF = 10 to 17. (C and D) Morphine effect on IL-6 expression was restored after gut microbiota was recon-
stituted in GF mice; nGF = 3. (A–D) Data were analyzed using one-way ANOVA followed by Bonferroni’s multiple comparisons test. (E and F) GF and ABX mice
were gavaged with microbiota from either saline or morphine-tolerant mice; nGF = 3; nSPF/ABX = 13 to 15. Significance was tested by two-tailed Student’s t test.
(G and H) IL-6 expression was detected in WT, TLR2KO, and TLR4KO mice; n = 8 to 16. (I and J) WT and IL-6KO mice were treated with escalating morphine
dosing for 8 d; n = 13 to 17. Ftail flick (3, 56) = 206.1. Fhot plate (3, 56) = 268.9. Data were analyzed by one-way ANOVA followed by Bonferroni’s multiple
comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Mean ± SD.
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morphine-tolerant animals were substantially restored compared with
saline control sample (Fig. 6D–F and Dataset S1). A close observation
of gut histology showed less immune cell infiltration and gut epithelial
damage in probiotics-treated mice (Fig. 6G). Notably, morphine-
induced gut permeability (Fig. 6H) and systemic bacterial trans-
location into liver and MLN (Fig. 6I and SI Appendix, Fig. S6C) were
rescued using probiotics treatment. Furthermore, morphine tolerance
induced increases in TLR2 and TLR4 expression on the gut epithelia,
gut, and systemic immune cells (Fig. 6 J–L and SI Appendix, Fig. S6D–
F and G−I), and elevated proinflammatory cytokines IL-6 (Fig. 6 M
and N and SI Appendix, Table S5), IL-1β (SI Appendix, Fig. S6 J and
K), and TNF-α (SI Appendix, Fig. S6 L and M), which were also
ameliorated by probiotics pretreatment. These data clearly support the
use of probiotics as an adjunct therapy in patients using opioids for
pain management.

Discussion
In the current study, we found a vicious cycle in the development
and maintenance of morphine tolerance. Chronic morphine-
induced dysbiosis initiates local gut inflammation through
TLR2 and TLR4 activation, resulting in the induction of proin-
flammatory cytokines, including IL-6, which drives morphine
tolerance. Proinflammatory cytokines, in turn, aggravate dys-
biosis, resulting in impaired gut integrity and induction of
bacterial translocation, thus exacerbating inflammation and
sustaining morphine tolerance. However, when gut dysbiosis was
restored with probiotics, morphine tolerance was attenuated,
with fewer pathological symptoms. These studies indicate that
gut bacterial imbalance plays an important role in analgesic
tolerance through activation of the gut−immune−brain axis (SI
Appendix, Fig. S7). Our studies have clear clinical implications

A

D

E F

B C

Fig. 5. Morphine analgesic tolerance induces gut dysbiosis. (A−C) Multidimensional scaling analysis of gut microbiota to visualize the Bray−Curtis distance of
WT, TLR2KO, and TLR4KO morphine-tolerant mice and their controls. Red circles depict samples from morphine-tolerant mice; blue triangles represent WT
saline-treated mice. β-diversity was found to be significantly different between the WT morphine-tolerant and saline-treated groups (P = 0.00256). (D)
Taxonomic distribution of WT, TLR2KO, and TLR4KO morphine-tolerant mice and their controls at phylum level. Each column represents a fecal sample from a
treatment group. (E and F) Dot plots show changes in abundance of bacteria with morphine treatment in WT, TLR2KO, and TLR4KO at family and genus level
using WT saline mean proportion as reference. Microbial taxa with significant difference in WT mice were selected at false discovery rate < 0.1 and average
relative abundance of WT control > 0.1%; nWT = 6 to 7; nTLR2KO = 19 to 24; nTLR4KO = 8 to 11. NMDS, nonmetric multidimensional scaling.
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and suggest that probiotic pretreatment can prolong the efficacy
of morphine as an analgesic agent.
The gut microbiome is a diverse community that maintains a

close relationship with the host. Depletion of the gut microbiome
with broad-spectrum antibiotics and/or absence of the gut
microbiome as in GF mice have revealed the critical role of the
gut microbiome in the behavior, stress- and pain-modulation
systems, and central neurotransmitter systems (26–28). The gut
microbiome, as a potential contributor to morphine analgesic
tolerance, was previously implicated in studies by Kang et al. (29)
wherein they demonstrated that antibiotics prevented morphine-

induced hypoexcitability of dorsal root ganglion (DRG) noci-
ceptors following chronic morphine exposure. Additional studies
demonstrated that gut-derived mediators produced by Gram-
positive bacteria were responsible for the development of mor-
phine tolerance by regulating the DRG neuron through
tetrodotoxin-resistant Na+ channels (30). In addition, the gut
microbiota was also implicated in microglia activation, resulting
in alteration in morphine tolerance and impairment in cocaine
reward behavior (31). To determine whether morphine tolerance
results in dysbiosis, we initially detected distinct microbial
changes and the functional characteristics of these changes in
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morphine-tolerant mice. β-diversity analysis revealed a distinct
clustering of the microbiome in the morphine analgesic group
with a significant decrease in Bifidobacterium and Lactobacillus
at the genus level. The dramatic depletion of Bifidobacterium and
Lactobacillus, two essential and common inhabitants of the hu-
man intestine, were of particular interest because of their roles in
maintaining gut homeostasis and gut epithelial integrity (32).
Bifidobacterium and Lactobacillus with antiinflammatory and
antioxidative properties are also shown to be significantly de-
creased in aging and in Alzheimer’s patients with concomitant
increase in intestinal permeability and inflammation (33). To-
gether, our studies imply the reduction in these two bacterial
communities plays a crucial role in gut inflammation and is thus
implicated in morphine tolerance. Taken together, these studies
provide strong support for the role of the gut microbiome in the
development of morphine analgesic tolerance, and support tar-
geting the microbiome as a druggable site for prolonging the
analgesic efficacy of morphine for pain management.
We also observed that depletion of these gut microbial com-

munities in morphine-tolerant animals is associated with an ex-
pansion of Allobaculum, Peptostreptococcacea, and Prevotellaceae.
We posit that the dominance of pathogenic taxa and depletion of
antiinflammatory genus contribute to sequential increase in in-
testinal permeability, increased microbial translocation, and sus-
tained systemic inflammation in morphine-tolerant animals. In
addition, studies have examined the role of gut dysbiosis in abuse
of other substances. Pathobionts Thauera, Paracoccus, and Pre-
votella were significantly increased in patients abusing heroin,
crystal methamphetamine (ice), and ephedrine. The functional
metagenomics analysis (PiCRUST) of the microbiome in sub-
stance abusers indicated that pathways including DNA replication
and repair, and cell growth and death, were up-regulated in gut
microbiota of substance abusers. The up-regulated pathways might
explain the mechanisms through which substance-induced dys-
biosis exerts pathogenic effects on cell communication, cardio-
vascular diseases, and the circulatory system (25). Similarly,
chronic opioid use is associated with altered relative abundances
of Prevotella and Bacteroides, which, in turn, may affect systemic
opioid receptor function and cognition (23). The role of dysbiosis
in addiction and cognitive changes following chronic prescription
opioid use requires further investigation.
Our studies of morphine tolerance in relation to gut dysbiosis

focused exclusively on immune signaling mechanisms. Studies
have shown that morphine-induced gut dysbiosis was causally
correlated with impaired cocaine-conditioned place preference
and morphine hyperalgesia by modulating microglial activation
(31). Moreover, our studies showed that chronic morphine-induced
gut dysbiosis created an inflammatory environment with compro-
mised gut epithelial barrier function, bacterial translocation, and
proinflammatory cytokines. Other studies have shown that this in-
flammatory environment enhanced ATP release through Connexin-
43 hemichannel in enteric glia, resulting in deficits in regulating
gastrointestinal motility (34). However, the gut microbes also
communicate to the brain through vagal nerves, gastrointestinal
hormones, and microbial metabolites (19). It is also plausible that
morphine-induced microbial dysbiosis may result in altered mor-
phine metabolism, thus contributing to morphine tolerance. This is
consistent with our published data, which showed that depletion in
bacterial communities that are associated with deglucuronidation of
the major morphine metabolite morphine-3-glucuronide results in
decreased enterohepatic recirculation of morphine, resulting in
decreased systemic morphine levels over time (22). In the future,
studies using stable morphine isotopes (Morphine-D3) to investigate
the role of gut dysbiosis in morphine metabolism kinetics, which can
influence morphine analgesic tolerance, are warranted.
Recent studies have shown the benefits of probiotics as a

means to restore and maintain health in diseased states such as
allergic disease, diarrhea, irritable bowel disease, Alzheimer’s

disease, anxiety, and depression (35). A recent report showed an
increase in OPRM1 expression in human HT-29 epithelial cells
following treatment with Lactobacillus (especially Lactobacillus
acidophilus NCFM) (36). These studies further suggested that
commensal bacteria can control the transmission of nociceptive
information of the intestinal nervous system through opioid re-
ceptors. It is likely that loss of these commensals, along with
reduced expression of opioid receptors on epithelial cells, may
contribute to reduced antinociceptive signals and heightened
pain. In addition, VSL#3 probiotics have been shown to inhibit
disease-associated cytokines IFN-γ, IL-17, and IL-6 while increasing
antiinflammatory cytokines TGF-β, IL-10, and IL-4 in experimental
autoimmune encephalomyelitis (37). Furthermore, VSL#3 pro-
biotics were reported to ameliorate age-related deficits and reverse
the effects of genes associated with aging (38). Together, our studies
found that decreases in Lactobacillus and Bifidobacterium play a
crucial role in gut inflammation and are thus implicated in mor-
phine tolerance. Our studies support the protective effect of pro-
biotics on reinstating morphine effectiveness through the gut−brain
axis in a morphine-tolerant model.
In this study, we focused on the contribution of peripheral

mechanisms to morphine-induced tolerance. We implicated mi-
crobial dysbiosis, bacterial translocation, and intestinal and sys-
temic TLR2 and TLR4 activation as mediators of morphine
analgesic tolerance. We suggested that TLR2 and TLR4 activation
are components of the gut−brain axis that contribute to morphine
tolerance, which is consistent with findings from Song and Zhao
(39) and Eidson and Murphy (40). We propose IL-6 as a down-
stream factor of TLR2 and TLR4 activation that can contribute to
morphine tolerance. However, our results show only partial at-
tenuation of morphine tolerance in the IL-6KO mice. This sug-
gests that other factors may be involved in morphine tolerance,
including cytokines/chemokines such as IL-1β, TNFα, CXCL1, IL-
10, CXCL12, and other peripheral factors such as complement
factor 5 receptor, tissue plasminogen activator, neuronal matrix
metalloproteinase 9, and neuronal nitric oxide synthase (41–46).
Studies have confirmed the presence of additional peripheral
mechanisms affecting morphine tolerance. For example, morphine
tolerance could be abolished by blockade of peripheral OPRM1
on DRG by methylnaltrexone bromide, or blockade of JAK2/
STAT3 pathway by regulating miR-375, or activation of Mrg3C
receptor in DRG (47–49). Taken together, these studies have
indicated that peripheral OPRM1 activation plays a crucial role in
morphine tolerance, and therapeutics targeted at inhibiting pe-
ripheral OPRM1 may prolong morphine’s efficacy at central
analgesic sites.
Our studies, however, suggest that probiotic therapy at the time

of morphine administration is a promising, safe, and inexpensive
treatment for attenuating morphine analgesic tolerance and pro-
longing its efficacy as an analgesic agent.

Methods
All procedures were approved by Institutional Animal Care and Use Com-
mittee at the University of Miami. All mice (C57BL/6, TLR2KO, TLR4KO, and IL-
6KO) were housed three to five per cage in SPF conditions andmaintained on a
12-h light/dark cycle in a constant temperature (20 °C to 22 °C) and humidity
(45 to 55%) with ad libitum access to food and water. GF mice were main-
tained in CBC (Class Biologically Clean Ltd.) flexible film isolators with sterile
food and water. SI Appendix provides complete experimental methods. It in-
cludes animal treatment, FMT, behavior study, intestinal permeability and
bacterial translocation, Real-Time PCR and PCR, intestinal cell isolation and
fluorescence-activated cell sorting, ELISA, histology, statistical analysis, 16S
rRNA sequencing, and metagenomic data analysis.
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