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Abstract

Purpose of Review The importance of the gut microbiome has received increasing attention in recent years. New litera-
ture has revealed significant associations between gut health and various orthopedic disorders, as well as the potential for
interventions targeting the gut microbiome to prevent disease and improve musculoskeletal outcomes. We provide a broad
overview of available literature discussing the links between the gut microbiome and pathogenesis and management of
orthopedic disorders.

Recent Findings Human and animal models have characterized the associations between gut microbiome dysregulation and
diseases of the joints, spine, nerves, and muscle, as well as the physiology of bone formation and fracture healing. Interven-
tions such as probiotic supplementation and fecal transplant have shown some promise in ameliorating the symptoms or
slowing the progression of these disorders.

Summary We aim to aid discussions regarding optimization of patient outcomes in the field of orthopedic surgery by pro-
viding a narrative review of the available evidence-based literature involving gut microbiome dysregulation and its effects
on orthopedic disease. In general, we believe that the gut microbiome is a viable target for interventions that can augment
current management models and lead to significantly improved outcomes for patients under the care of orthopedic surgeons.

Keywords Gut microbiome - Dysbiosis - Gut flora - Commensal bacteria - Orthopedic surgery - Osteoarthritis -
Osteoporosis - Osteomyelitis - Fracture healing - Degenerative disc disease - Spinal cord injury - Athletics - Probiotic

Introduction

The gut microbiome refers to the populations of bacteria
found within the human intestine. Normally, the gut micro-
biome consists primarily of the phyla Firmicutes, Bacteroi-
detes, Actinobacteria, Proteobacteria, and Verrucomicrobia,
with Firmicutes and Bacteroidetes comprising about 90%
of all gut bacteria [1]. The phylum Firmicutes includes a
number of species that produce butyrate, a short-chain fatty
acid (SCFA) that acts as a fermentable energy source in the
colon. Butyrate has been shown to be crucial for gut homeo-
stasis by way of immune system regulation, mucosal barrier
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improvement, reductions in oxidative stress, and anti-carci-
nogenic properties [2]. Other symbiotic gut flora include the
genera Lactobacillus and Bifidobacterium, which are known
to have antimicrobial, antioxidant, and anti-carcinogenic
influence upon the enteric system [3, 4].

Dysbiosis, or gut microbiome dysregulation, describes
a reduction in these beneficial flora and/or proliferation
of strains that pose dangers to host health. Dysbiosis is a
well-established risk factor for disorders such as diabe-
tes, obesity, and inflammatory bowel disease [5-8], and
recent literature has described complex consequences of
dysbiosis beyond the enteric system such as the gut-liver-
muscle axis [9]. These interactions are multifactorial, but
one widely accepted model purports that alterations in
the gut microbiome can compromise mucosal defenses
and increase intestinal permeability, resulting in a higher
degree of bacterial translocation into the blood and chronic
increases in systemic inflammation [10]. Chronic inflamma-
tion alone has been shown to play a role in the pathogenesis
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and progression of a variety of problems within the field of
orthopedic surgery, often involving age-related changes (or
“inflammaging”) [11]. While dysbiosis is associated with
advanced age [11], the gut microbiome itself is emerging as
an independent contributor to orthopedic disease processes,
regardless of patient age.

The gut microbiome can be altered in various ways
including diet changes and oral antibiotic use. Common sup-
plements for gut health include “probiotics”—live cultures
of beneficial flora—and “prebiotics” that stimulate prolifera-
tion of these flora. Fecal microbial transplantation (FMT),
another potential intervention, involves stool transfer from
a healthy donor and has been associated with significant
benefits in IBD, diabetes, allergic diseases, neurological dis-
eases, and obesity [12, 13].

As the gut microbiome is modifiable, it may represent
a target for new interventions to augment the management
of orthopedic conditions. The purpose of this review is to
examine the relationship between dysbiosis and the develop-
ment of various orthopedic disease processes, and discuss
existing evidence for the effectiveness of the gut microbiome
as a target for intervention.

Osteoarthritis

The associations between the gut microbiome and devel-
opment or progression of osteoarthritis (OA) have been
extensively studied, with some experts proposing that joint
damage and an adverse gut microbiome constitute a “two-
hit” model of OA [14]. Meniscus or ligament destabiliz-
ing procedures in animal models to induce knee OA have
demonstrated significant associations between particular
gut microbes and severity of OA [14, 15]. Collins et al. uti-
lized this animal model divided into groups that received a
high-fat diet with or without fat transplantation compared
to healthy controls. In fecal sample analysis, they identified
nine bacterial genera significantly associated with sever-
ity of cartilage damage, independent of diet or adiposity.
These findings included two genera, Rikenella and King-
ella, which were associated with a protective effect [15].
OA severity has also been directly correlated with Fuso-
bacterium and Faecalibacterium abundance, and inversely
correlated with Ruminococcaceae [14]. Furthermore, when
mice received FMT from humans with OA and metabolic
syndrome, Huang et al. found that these mice developed
significantly worse OA following knee destabilization com-
pared to those who received FMT from healthy humans.
Howeyver, no difference was found between mice with FMT
from OA patients without metabolic syndrome and those
with FMT from healthy humans [14]. Nevertheless, this
indicates that OA in humans, especially in the setting of
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metabolic syndrome, is tightly associated with changes in
the gut microbiome that can further exacerbate OA.

Other studies in human subjects further support these
associations. Holub et al. found that significant levels of
peptidoglycan, a bacterial cell wall component, can be
seen in synovial fluid in 59% of individuals with a history
of total knee arthroplasty (TKA) without history of joint
infection. Notably, there was an inverse correlation between
peptidoglycan levels and age at time of TKA, indicating
a potential relationship between dysbiosis (resulting in
impaired intestinal barrier integrity and increased bacterial
translocation into the bloodstream) and early development
or rapid progression of OA [16]. A large retrospective study
(n=1388) by Wei et al. demonstrated that these associa-
tions are not limited to OA of weight-bearing joints. Beta
diversity, a measure of similarity between microbial popula-
tions of two separate samples, was found to correlate with
symptomatic OA of the hand, indicating that atypical com-
position of the gut microbiome is associated with poorer
functional outcomes. The study also identified Bilophila and
Desulfovibrio as correlates with symptomatic hand OA, and
a protective effect associated with Roseburia [17].

Multiple large systematic reviews have likewise con-
cluded that dysbiosis influences OA, generally via increased
systemic inflammation as a result of increased intestinal
permeability. One such review of 37 studies by Bonato
et al. determined that Clostridium, Streptococcus, Bacte-
roides, and Firmicutes were frequently reported to be more
abundant in OA patients [18]. However, another systematic
review noted that the results of composition analysis were
not consistent among the included studies, attributing the
differences to the vast variability in factors that influence
gut microbiome composition such as geography and genet-
ics [19¢]. This conclusion is supported by findings in this
review—for example, Roseburia is rarely discussed in lit-
erature originating in the USA but appears to be common in
China, Japan, Turkey, and Ireland [17, 20, 21]. This indicates
that data regarding specific gut microbes implicated in dys-
biosis may have limited generalizability across individuals
and populations.

Both human and animal research provide evidence for
the gut microbiome as a viable target for intervention in
the management of OA. In the aforementioned systematic
review by Bonato et al., Lactobacillus and Bifidobacterium
were associated with more favorable outcomes in the lit-
erature [18]. Both are commercially available in over-the-
counter probiotic supplements, representing an accessible
potential augment in the management of OA. The mecha-
nism of Lactobacillus effect on OA was characterized in
an animal model by Cho et al., who demonstrated that the
supplement reduced inflammation and cartilage damage in
rat joints. The study elucidates that Lactobacillus admin-
istration increased the abundance of Faecalibacterium, a
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member of the Firmicutes phylum that produces SCFAs
including butyrate. The authors found that these SCFAs,
in addition to known systemic anti-inflammatory effects,
also regulate autophagy as a response to impending necrop-
tosis, a form of aberrant cell death [22]. This implies that
modification of the gut microbiome with Lactobacillus can
effectively reduce inflammatory cell death that contributes
to worsening OA.

Broadly, the gut microbiome is implicated in the OA dis-
ease process; however, variable gut composition limits direct
correlation of specific bacterial species with OA develop-
ment. Furthermore, the exact mechanisms by which gut dys-
biosis leads to OA remain to be elucidated.

Osteoporosis

Osteoporosis and osteopenia are particularly well-associated
with changes in the gut microbiome. Das et al. used statis-
tical models to identify six genera that were significantly
altered in abundance in osteoporotic or osteopenic groups
compared to age- and gender-matched controls, and these
findings are supported by those of He et al. who described
a number of significant differences in bacterial community
structure among postmenopausal patients with and without
osteoporosis [20-23]. Li et al. further explored this idea by
comparing operational taxonomic units (OTUs, a meas-
ure of diversity describing the number of populations with
discrete taxonomy), taxa with altered abundance, and spe-
cific functional pathways in low bone mass density (BMD)
patients of the elderly Chinese population. The low-BMD
individuals had a smaller number of OTUs and bacterial
taxa at each level. Functional prediction on fecal microbiota
revealed that 93 metabolic pathways significantly differed
between the two groups (FDR-corrected p < 0.05). Most
pathways, especially pathways related to LPS biosynthesis,
were more abundant in low-BMD individuals than in healthy
subjects, which indicates an association between endotoxin
production in the gut and reduction in BMD [24]. Wang
et al. explored beta diversity of microbiota and found it to
be increased in the osteoporosis and osteopenia groups com-
pared with healthy controls, indicating that individuals with
gut microbiome composition that differs significantly from
typical composition may be more predisposed to bone loss
[25]. Overall, strong evidence exists in human models of a
relationship between the microbiome and osteoporosis.
Many of these findings have been explored and supported
by experiments with animal models. Using ovariectomized
rats as a postmenopausal model, Ma et al. demonstrated
that the number of taxonomically discrete microorgan-
isms significantly increased in ovariectomized rats com-
pared to controls. In particular, Ruminococcus flavefaciens
was highly varied in abundance and was associated with

histomorphometry findings consistent with osteoporosis, as
well as osteoclastic indicators such as collagen I carboxy-
terminal peptide [26]. In another study, the same group
compared the gut microbiota of an aged rat model to that of
adult controls, and found that the taxonomy of microbiota in
aged animals with bone histomorphometry consistent with
osteoporosis differed significantly from controls. At the
genus level, Helicobacter emerged as the bacterium most
tightly associated with osteoporosis [27]. These findings
indicate that both senile osteoporosis and postmenopausal
(i.e., steroid-deficiency-induced) osteoporosis are associated
with gut flora alterations in rats, as well as a potential role of
gut biomarkers to assess bone health.

One such biomarker that has received attention in the
literature is the ratio of Firmicutes-to-Bacteroidetes (F/B
ratio) at the phylum level, with a low F/B ratio representing
a specific indicator for osteoporosis [28]. Firmicutes encom-
passes many butyrate-producing species, and animal models
have demonstrated that Firmicutes and Bacteroidetes have
opposite effects on the regulation of glutathione synthesis,
osteoclast differentiation, and mitochondrial biogenesis [28].
This is supported by the findings of Li et al., who examined
fecal samples from 102 male and female adults over the age
of 60 and found that BMD and T-score were positively cor-
related with Firmicutes and Actinobacteria and negatively
correlated with Bacteroidetes in all subjects [24]. Ozaki
et al. similarly examined dominant strains in the gut micro-
biota of postmenopausal women and found significantly
increased populations of the family Rikenellaceae (phylum
Bacteroidetes) in subjects with low bone mineral density.
However, the same study found a 5.6 relative risk for fracture
associated with low Bacteroides, a genus of Bacteroidetes,
in the gut microbiome (P =0.0049) [29]. Thus, the utility of
high F/B ratio as a general correlate to bone health may be
limited, as the effects of individual families or genera within
these phyla are complex. Nevertheless, these findings indi-
cate that the negative influence of gut health on BMD may
have significant consequences on patient morbidity.

There is also evidence that microbiome composition
can be reciprocally influenced by changes in bone metabo-
lism. Zhou et al. demonstrated that intermittent parathy-
roid hormone administration, in addition to its benefits on
bone mineral density, improved diversity and complexity in
the gut microbiota of ovariectomized rats [30]. The inter-
vention increased populations of bacteria associated with
higher bone mineral density such as Lactobacillus, Murib-
aculaceae, Ruminococcaceae, and Clostridia, and reduced
populations of Rikenellaceae which was shown in the afore-
mentioned study by Ozaki et al. to be strongly associated
with osteoporosis in elderly humans [29, 30]. Of note, Lac-
tobacillus, Ruminococcaceae, and Clostridia belong to the
Firmicutes phylum and Rikenellaceae to the Bacteroidetes
phylum; thus, these findings largely support the concept of
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F/B ratio as a biomarker for osteoporosis. These reports indi-
cate strong feedback and feedforward effects in the associa-
tion between dysbiosis and osteoporosis.

Human and animal data have demonstrated promising
evidence for the utility of gut interventions on bone mineral
density. Ma et al. showed that fecal microbiota transplanta-
tion from young subjects can ameliorate bone loss in an aged
rat model [31]. In a postmenopausal rat model, Yuan et al.
similarly demonstrated that supplementation of animals with
Firmicutes probiotics prevented the development of osteo-
porosis, and germ-free mice did not develop osteoporosis
in response to ovariectomy [28]. Various randomized clini-
cal trials have been performed in humans as well: A meta-
analysis of 5 such trials (n=497) concluded that probiotic
supplementation was associated with significantly higher
BMD in the lumbar spine, although other metrics (BMD in
hips, collagen I C-terminal peptide, ALP, OPG, osteocalcin,
and TNF) showed no differences [32ee].

Frailty and Sarcopenia

Existing literature has demonstrated a complex link between
gut health and muscle mass. Bacterial endotoxins (e.g., LPS)
and various proinflammatory cytokines (e.g., TNF-a, IL-1B,
IL-6, TWEAK) have been shown to induce muscle atrophy,
and it is well-known that dysbiosis can lead to increased
systemic circulation of these factors [33, 34]. It has been
demonstrated that abundance of beneficial gut flora such as
Bifidobacterium, which is associated with lower circulat-
ing LPS levels, decreases with age [11]. van Tongeren et al.
demonstrated significant reductions in Lactobacilli, Bac-
teroides, Prevotella, and Faecalibacterium and significant
increases in Ruminococcus, Atopobium, and Enterobacte-
riaceae specifically in elderly individuals with high frailty
scores [35].

However, the associations between sarcopenia and dys-
biosis are not limited to age-related changes. In a 2014 case-
control study, Ponziani et al. examined the role of microbiota
in patients with sarcopenia with and without cirrhosis [9].
The gut microbiome of sarcopenic patients showed reduced
populations of Methanobrevibacter, Prevotella, and Akker-
mansia, all of which are associated with robust physical
function [35, 36], and increased populations of Eggerthella,
which has been associated with frailty [37]. These findings
were independent of the presence of cirrhosis, indicat-
ing a stronger association with sarcopenia than cirrhosis.
Sarcopenic subjects without cirrhosis also demonstrated a
statistically significant difference in calprotectin and ZO1
(indirect markers of intestinal barrier integrity) compared to
healthy controls, while this difference was not found within
the cirrhosis patients. This indicates a specific association
between sarcopenia and dysbiosis in noncirrhotic patients.
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The authors also reported correlations between gut flora and
features of sarcopenia including independent associations
between poor handgrip strength, increases in ethanol-pro-
ducing bacteria (e.g., Klebsiella), and decreases in bacteria
involved in ethanol clearance (e.g., Prevotella) [9]. This rep-
resents evidence for the importance of the gut-liver-muscle
axis, as ethanol in the digestive tract is known to contribute
to protein catabolism and muscle autophagy in liver disease
[38].

Sarcopenic patients have also been shown to exhibit com-
pensatory mechanisms involving the gut microbiome. This
includes upregulation of populations of various bacterial
species that produce antioxidants, branched chain amino
acids, and intermediates of glycolysis/gluconeogenesis and
other metabolic pathways (e.g., xylose and arabinose). These
metabolites are theorized to counteract sarcopenia, main-
tain muscle homeostasis, and protect against consequences
of increased muscle wasting by scavenging ammonia pro-
duced by protein catabolism in the setting of advanced liver
disease. In particular, butyrate-producing bacteria such as
Ruminococcus and Oscillospira are often found to be abun-
dant in individuals with sarcopenia [9].

Data regarding the potential benefit of gut flora interven-
tions on sarcopenia are limited. However, increases in mus-
cle mass have been demonstrated after Lactobacillus probi-
otic supplementation in healthy adults [39ee]. Additionally,
a randomized controlled trial demonstrated that daily sup-
plementation with the Bifidobacterium-associated prebiot-
ics inulin and fructooligosaccharide resulted in significantly
reduced frailty index scores in nursing home residents at
13-week follow-up [40ee]. Other interventions on diet and
exercise, known to improve functional status in sarcopenic
patients, have also been shown to have a beneficial effect
on gut microbiome composition [41e]. However, a notable
caveat described in the BIOSPHERE study by Picca et al. is
that high-protein diets, often recommended for sarcopenic
patients, may ultimately have a detrimental effect on amino
acid absorption by upregulating protein consumption by gut
flora [41e].

Overall, sarcopenia is related to dysregulation of intes-
tinal composition through age-related changes as well as a
complex gut-liver-muscle axis. Further research is warranted
to examine and optimize treatments targeting gut health to
improve sarcopenic symptoms.

Osteomyelitis and Periprosthetic Joint
Infection

Numerous reports have demonstrated a link between dys-
biosis and infection susceptibility in humans [42, 43], as
well as risk factors associated with periprosthetic joint infec-
tion (PJI) such as diabetes [44], obesity [45], inflammatory
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arthritis [46], and anemia associated with malnutrition [47].
While the nature of the gut microbiome’s influence on host
health is complex, there is ample evidence that poor gut
health increases the risk of developing infections.

While human studies directly investigating the links
between dysbiosis and infection of bones and joints are
sparse, Chisari et al. confirmed translocation of gut bacteria
to the site of PJI in humans undergoing revision arthroplasty.
The study also examined markers of intestinal permeability
(Zonulin, sCD14) and found increased sCD14 in patients
with PJI compared to those with aseptic failure, as well as
increased Zonulin in patients found to have gut commensal
species present at the site of PJI [48]. These findings support
a direct link between dysbiosis and risk of remote infections.
The authors went on to describe a proposed mechanism for
these findings known as the “Trojan Horse” theory, which
hypothesizes that virulent microbes in the gut can cause
remote infections by traveling intracellularly in neutrophils
and macrophages [48].

Animal models have also demonstrated these associa-
tions. Hernandez et al. created a compromised microbiome
in a mouse model by chronic oral antibiotic use and revealed
increased risk of developing PII as well as a reduced local
and systemic response. Mice underwent arthroplasty with
a titanium proximal tibial component and concurrently
received an intra-articular inoculation of methicillin-sen-
sitive Staphylococcus aureus. The dysbiosis group devel-
oped PJI in 29 subjects (72.5%) compared to 21 (50%) in
the control group (P=0.03). The dysbiosis group was also
shown to have significantly lower levels of serum amyloid
A (a mouse equivalent of CRP), which represents an asso-
ciation between dysbiosis and impaired generation of acute
phase reactants in response to immune threat. Flow cytom-
etry performed on splenic samples and ipsilateral popliteal
lymph nodes demonstrated no increase in local or systemic
neutrophils, monocytes, or T cells in the dysbiotic subjects
with PJI, indicating that dysbiosis contributes to impaired
or delayed systemic immune response. Of note, 14 of the
animals in the study died prematurely, of which 13 belonged
to the dysbiosis group [49].

Since then, other animal models have further elucidated
the impact of microbiome alterations secondary to chronic
antibiotic use on perioperative complications. Zhao et al.
utilized an animal model of chronic osteomyelitis to dem-
onstrate that mice with dysbiosis had poorer survival and
higher intraosseous bacterial loads than those with normal
gut flora. Subjects received an intramedullary injection of
Staphylococcus aureus after 5 weeks of oral antibiotics to
induce dysbiosis. Survival rate at 30 days was 70% for the
dysbiosis group and 90% for the control (P =0.002) [50].
This is evidence that given identical perioperative infections,
individuals with dysregulated gut flora may suffer signifi-
cantly poorer outcomes.

Bone Formation and Fracture Healing

Numerous studies have explored the complex role of the
microbiome in fracture healing and bone growth, with
implications that the relationship may be reciprocal. Car-
son et al. examined the effects of the antibiotic minocycline
on skeletal maturation. As minocycline is commonly used
in adolescents for the treatment of acne, this study focused
on pubertal and postpubertal skeletal maturation in mice.
Specific pathogen-free mice exposed to minocycline dem-
onstrated gut microbiome shifts, with reductions in Actino-
mycetota and Bacteroidota, and disruption to gut-liver endo-
crine homeostasis. Osteoblast function was consequently
suppressed via antagonism of farnesoid X receptors in bone
marrow by conjugated serum bile acids. The study also con-
cluded that upregulation of serum bile acids dysregulates
bone microarchitecture and fracture resistance [51].

In addition to skeletal maturation, alterations in gut
flora also have a complex effect on both growth and repair.
Luna et al. examined the effect of various antibiotics on
bone properties such as mechanical strength in a mouse
model. Whole bone strength, determined by bone geom-
etry and tissue strength, was decreased by 28% (P =0.002)
in the group receiving neomycin, and increased by 39%
(P <0.001) in the group given artificial sweetener without
antibiotics. Corresponding with these findings, microbi-
ome fecal analysis of the neomycin group demonstrated
differences in 7 taxonomic features; conversely, fecal anal-
ysis in those with greater bone strength showed a differen-
tial abundance of 14 taxonomic features [52]. It should be
noted that neomycin in particular is a common choice in
animal models of antibiotic-induced dysbiosis, as it has a
profound effect on intestinal flora and poor oral bioavaila-
bility, which largely limits the effects to the enteric system
[49]. Taken together, this evidence strongly suggests that
changes in the gut microbiome have major influences on
bone formation, remodeling, and healing. The differences
in bone strength based on various microbiome models
further highlight the complexity of this relationship [52].

These effects have also been demonstrated in the set-
ting of implant osseointegration. The mouse study by Zhao
et al. discussed in the previous section also included a group
receiving an intramedullary implant with and without anti-
biotic-induced dysbiosis. The dysbiosis group demonstrated
delayed osseointegration of the implant, lower bone mineral
density, deficient endochondral ossification and bone forma-
tion, reduced osteoblastogenesis, and enhanced osteoclas-
togenesis. This suggests that gut microbial dysregulation,
particularly in the setting of oral antibiotic use, may interfere
with successful orthopedic instrumentation [50].

It has thus been demonstrated that the microbiome
has an effect on bone healing and health, but there is also
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evidence to suggest the reciprocal relationship—how bone
healing impacts the gut microbiome. A 2023 study uti-
lized a mouse model to examine the role of yd and Th17
cells, both of which are producers of IL-17A which plays a
major role in inflammation during fracture repair. As Th17
cells are induced by gut segmented filamentous bacteria
(SFB), the study utilized two groups: one lacking gut seg-
mented filamentous bacteria (SFB—) and one containing
gut segmented filamentous bacteria (SFB+). After con-
firming higher Th17 levels in the SFB+ group, a subset of
both groups received antibiotics to induce dysbiosis and
subjects then underwent bone fracture. SFB+ mice that
did not receive antibiotics were found to have significantly
greater increases in IL-17A, TNF, IL-1B, and IL-6 levels
in the gut as well as the fracture callus when compared to
the dysbiosis group. The SFB— mice demonstrated only
small increases in TNF and IL-1B, regardless of anti-
biotic-induced dysbiosis [53]. This study demonstrates
that fracture activates yd T cells in the callus; these cells
increase systemic inflammation causing increases in gut
permeability. The study delineated that this both increases
Th17 dependence on the microbiome and increases migra-
tion of Th17 T cells to the callus to contribute to cytokine
production and fracture healing [53].

Largely, studies have built microbiome models and
explored bone changes at the immunologic level. Moran
et al. further examined how the phenomenon of orthopedic
implant loosening affects the gut microbiome. This study
utilized a rat model injected with sterile particles or cobalt-
chrome particles after placement of bilateral titanium femo-
ral intramedullary rods to simulate the particulate model of
aseptic loosening. In rats that demonstrated loosening of the
implant, the gut microbiome was also altered: For both types
of particles, the Firmicutes-to-Bacteroidetes (F/B) ratio was
significantly increased compared to naive rats [54]. This
supports the concept that implant loosening affects the gut
microbiome, demonstrating a bidirectional interplay in the
gut-bone axis.

Regarding bone formation and healing, animal models
have largely been examined to understand the impact of dys-
biosis on skeletal maturation along with growth and repair
with fewer studies studying the reciprocal relationship—
the impact of fracture repair on animal models simulating
dysbiosis.

Degenerative Disc Disease

The existence of a gut-disc axis has also been described in
recent literature. Yao et al. studied a rat model who under-
went a disc injury and then received FMT from healthy
rats. Their results showed reduced cartilage tissue dam-
age and a greater degree of order and regularity in cellular
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arrangement on histopathological analysis of intervertebral
disc tissue in the FMT group compared to the no-FMT
group. Immunohistochemical analysis of both serum and
intervertebral disc tissue revealed reduced markers of
inflammation (TNF-a, IL-1B, and IL-6), extracellular matrix
catabolism (MMP-3 and MMP-13), and inflammation-regu-
lated cell death (NLRP3 and Caspase-1) in the animals with
disc damage who had received FMT compared to those who
did not [55]. This indicates that the gut microbiome has a
significant effect on inflammatory damage to the interverte-
bral disc following trauma.

In humans, there is evidence for various mechanisms by
which dysbiosis affects disc health [56]. Rajasekaran et al.
challenged the notion of sterility in healthy discs by demon-
strating a unique microbiome in both healthy and diseased
intervertebral discs. By comparing 16SrRNA sequencing
from disc specimens to established human gut and skin
microbiomes, they found 58 bacteria in common between
disc and gut, and 29 between disc and skin. Furthermore, gut
bacteria known to be beneficial (e.g., Lactobacillus) were
significantly more abundant in healthy discs (P =0.022),
indicating a correlation between gut health and disc health
[57].

Other mechanisms in the gut-disc axis have been pro-
posed, but are largely speculative due to the lack of avail-
able literature examining these effects directly. However,
it is known that the presence of bacteria in intervertebral
discs results in immune system and blood vessel infiltration
into normally anaerobic tissue [56]. In addition to acceler-
ating disc degeneration, inflammation within the disc has
been shown to upregulate neurogenic factors such as brain-
derived neurotrophic factor and nerve growth factor, result-
ing in the generation of nociceptive nerve fibers and pain-
associated cation channels that contribute to perceived low
back pain [58]. Thus, an altered gut microbiome resulting
in increased microbial presence in the systemic circulation
may aggravate intervertebral disc disease and result in more
dramatic symptoms.

Nerve and Spinal Cord Injury

Spinal cord injury (SCI) is associated with disrupted inner-
vation to organs and systems below the level of injury, and
this can impact the gut flora [21]. Imbalances in autonomic
tone after loss of sympathetic input from the brainstem and
spinal cord can affect gut motility, secretions, vascular tone,
and immune function, which all contribute to gut microbi-
ome dysregulation. Since sympathetic spinal nerves inner-
vate gastrointestinal-associated lymphoid tissue (GALT),
SCI leads to impaired immune function [59].

It has been demonstrated that the superior cervical gan-
glion, an important component of the sympathetic nervous



Current Reviews in Musculoskeletal Medicine (2024) 17:37-46

43

system, plays a particularly important role in the gut micro-
biome. Zhang et al. examined the effects on the gut microbi-
ome in the setting of bilateral superior cervical ganglionec-
tomy (SCGX) in a rat model to mimic SCI. Fecal samples
were taken at 7 and 14 days, and there were significant dif-
ferences across 11 gut bacteria in the SCGx group com-
pared to the control group [60]. This illustrates the complex
relationship between the sympathetic nervous system and
the gut microbiome.

Valido et al. examined changes in the microbiome and its
relation to spinal cord injury (SCI) in both animal and human
models in a review of 19 studies. Across these studies, they
observed a consistent and statistically significant difference
in the gut microbiome for those with SCI compared to those
without. In animals and people with SCI, there was a notable
decrease in butyrate-producing bacteria such as Roseburia,
Faecalibacterium, and Megamonas. Additionally, they noted
an increase in Anaerotruncus, Lachnoclostridium, and Alis-
tipes in SCI groups [21]. These bacteria have a close asso-
ciation with obesity and metabolic disorders, likely due to
limited physical activity in those with SCI, and are associ-
ated with systemic inflammation. A similar pattern of gut
changes is also associated with mood symptoms, anxiety,
and greater infection susceptibility [21-31, 32ee, 33-38,
30ee 4()ee 4]e 42-59]—Schmidt et al. demonstrated sig-
nificant reduction in anxiety-like behavior in rats with SCI
who received FMT [61].

It has also been demonstrated that these changes in gut
microbiota are temporal in nature following SCI. Doelman
et al. examined changes in gut microbiota after SCI both
acutely (0-14 days) and subacutely (> 14 days) in a porcine
model. When comparing the two time periods, there was a
significant difference across four of the 10 phyla including
Firmicutes, Spirochaetes, Tenericutes, and Fibrobacteres.
Among those groups, Spirochaetes demonstrated an increase
in abundance that was significant between the two time-
points and also significantly greater than the control group
without SCI [62]. This illustrates the complexity of the
effects of SCI on gut microbiome with continued changes
longitudinally after injury.

In addition to the direct effect of SCI on gut microbiota,
there is also evidence that improving gut health can affect
outcomes after neuronal injury. Rodenhouse et al. studied
the relationship between probiotic use and traumatic periph-
eral nerve injury (TPNI) recovery in a mouse model of anti-
biotic-induced dysbiosis, and found that subjects without
probiotics had poorer functional recovery after TPNI. Con-
versely, the administration of butyrate-rich probiotics prior
to injury greatly improved functional recovery, independent
of induced dysbiosis. Additionally, the administration of pre-
injury or post-injury probiotics was shown to mitigate the
effects of pre-injury antibiotic-induced dysbiosis [63]. These
findings demonstrate the importance of the gut microbiome

when it comes to nerve injury recovery and the detrimen-
tal effects antibiotics can have if administered without pre-
serving the gut microbiome. As this study did not explore
these effects longitudinally, there may be an avenue for this
research in the future.

He et al. sought to determine whether the gut microbiome
could be restored in SCI patients, with the hope of improv-
ing prognosis. The study utilized a mouse model and res-
veratrol, a suppressor of microglial activation known to
have anti-oxidative, anti-inflammatory, anti-bacterial, and
anti-neurodegenerative properties. The results indicated
that while untreated mice displayed a greater abundance of
Clostridiales and a decrease in Erysipelotrichales in the gut
following SCI, these effects were reversed after the adminis-
tration of resveratrol. This corresponded with an increase in
butyrate-producing bacteria, indicating that the medication
affected gut microbiome composition in addition to other
neurological benefits. Furthermore, to confirm the relation-
ship between microbiome and improved neurological func-
tion, a fecal transplant test was performed that demonstrated
improved function in the recipient rats [64].

These studies indicate that gut microbiome composi-
tion is strongly associated with neurological recovery, and
is a viable target for interventions to improve outcomes in
patients with SCI.

Conclusion

This review demonstrates the potential effect of the gut
microbiome on musculoskeletal disease. There is substantial
evidence for feedback and feedforward mechanisms between
the gut microbiome and the bones, joints, tendons, nerves,
and muscles, largely involving the interplay of intestinal bar-
rier permeability and systemic inflammation. A number of
microbes in particular have been implicated in the literature,
although these findings are not consistent across individu-
als and populations owing to a high degree of variability
by individual and geographic region. There is evidence that
interventions targeting the gut microbiome, such as probi-
otic supplementation and FMT, can slow the progression or
ameliorate the effects of some orthopedic problems.

This review has a number of limitations: Many of the
results are limited to animal studies, which may not translate
clinically to humans. Many studies describe associations and
may not indicate causal relationships between the micro-
biome and orthopedic outcomes in all cases. Additionally,
interactions between the gut ecosystem and host health are
highly multifactorial, and unknown confounding variables
may have influenced our conclusions. Further research is
needed to explore the potential benefits of gut microbiome
interventions and to more fully characterize the role of gut
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flora in the pathogenesis and progression of disease in the
spine and extremities.
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