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Abstract

After spinal cord injury (SCI), intestinal dysfunction has a serious impact on physical and

mental health, quality of life, and social participation. Recent data from rodent and human studies

indicated that SCI causes gut dysbiosis. Remolding gut microbiota could be beneficial for the

recovery of intestinal function and motor function after SCI. However, few studies have explored

SCI with focus on the gut microbiota. This review will demonstrate the relationship of SCI and its

complications with gut microbiota with focus on "microbiota-gL ~-bra n" axis. In this review, the

complications following SCI, including intestinal dysfunctiin, >~.iety and depression, metabolic

disorders, and neuropathic pain, are directly or indirecu, re'ated to gut dysbiosis, which may be

mediated by "gut-brain" interactions. Furthermore ‘ve discuss the research strategies that can be

beneficial in this regard, including germ-f ee 2 1imals, fecal microbiota transplantation, probiotics,

phages, and brain imaging techniques. 1..~ current microbial research has shifted from descriptive

to mechanismal perspective, and “uw.. e 1esearch using new technologies may further demonstrate

the pathophysiological mechi.nisi.> of association of SCI with gut microbiota, elucidate the mode

of interaction of gut n icroiiota and hosts, and help develop personalized targeted microbiota

therapies and drugs ba~~ . on microbiota or corresponding metabolites.
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Background

Spinal cord injury (SCI) results in serious disabling conditions; about 90% of SCIs are caused

by trauma [1,2]. Enhancing tissue repair and neural plasticity after SCI has always been difficult

in the field of neuroscience, and there is no effective treatment for neural regeneration after SCI



[3,4]. Clinical interventions and treatments for SCI largely depend on the treatment of the

symptoms and achievement of maximum functional recovery of the spared neurological function.

Because of the loss of the regulatory and control function of the brain and/or upper spinal cord on

the limbs and visceral organs below the injury level, sensory, motor, and multiple organ

dysfunctions occur [5-7]. In 27-41% of adult patients with SCI, symptoms of gastrointestinal

dysfunction that are particularly prominent and need treatment occur [8]. Surveys among the SCI

population prioritize recovery of intestinal function above the a.ility to walk [9, 10]. With

advancements in the field of medicine, the 40-year survival -ate « f patients with paraplegia and

quadriplegia has improved significantly [11]. Intestital Jysfunction is considered to be an

important factor that affects the physical and mer.ai .1ealth of patients with SCI [12, 13], and its

management has become a problem that J’rec'ly *ects the quality of life of patients. Recently,

gut microbiota has become a resea ~h hotspot, and therapeutic strategies targeting the gut

microbiome are highly anticipated. t avsever, there are few studies on SCI that focus on gut

microbiota; therefore, substanu ! eftorts should be devoted to carry out extensive research on this

topic. This review revol..~ auuut the relationship of SCI and associated complications with gut

microbiota, focusing on "microbiota-gut-brain axis™ and associated research strategies such as

germ-free animals, fecal microbiota transplantation, probiotics, bacteriophage and brain imaging .

SCI and gut dysbiosis

SCI destroys the autonomic nervous system; consequently, injured descending axonal

projections can no longer innervate motor neuron pools below the injury level, and injured

ascending axonal projections can no longer transmit appropriate sensory information to the brain

[14]. After SCI, the sympathetic control of the stomach, small intestine, and colon is lost, which
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leads to the imbalance of autonomic tone and causes acute and persistent gastrointestinal
dysfunction followed by deficits in colonic motility, mucosal secretion, vascular tone, and immune
function [15, 16]. Gut microbiota may be an important factor associated with many pathological

manifestations of imbalanced intestinal and immune functions.

At present, there are few studies on gut microbiota after SCI. In 2016, Bilgi Gungor et al. [17]
designed a clinical study including 15 patients with upper motar neuron syndrome SCI, 15
patients with lower motor neuron syndrome SCI, and 10 healthy ‘ontr.ls; they applied 16S rDNA
technique to sequence and analyze the gut microbiota in fecal .>~.ples and found that the number
of butyrate producing colonies was specifically reduced ..~ S'.I patients when compared to healthy
subjects. In our previous clinical study, a total of 42 ‘na 2 patients with chronic traumatic complete
SCI and 23 healthy male adults were er collfd. We collected the clinical dates and fresh stool
speciments of the subjects for 16S 1DONA gene sequencing. The results showed that the
composition of microbiota was a'«i 21 arter SCI, which was related to blood biochemical indices
and neurogenic intestinal dy-funtion. Our data also show that there is a significant difference
between the gut microhial «omposition of patients with cervical SCI and that of patients with
thoracolumbar SCI [1°1 In addition, age and sex may affect the identification of disease-related
bacterial characteristics [19, 20]. In subsequent clinical and preclinical SCI studies, age and sex
should be considered as variables. Clinical data showed that the abundance and composition of gut
microbiota were altered after SCI, but the causal relationship or correlation between the alteration

of gut microbiota and the recovery of locomotory function was not clear.

In 2016, researchers from Ohio State University found that SCI caused gut dyshiosis, which

would aggravate neurological damage and reduce the repair of locomotory function. While,
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probiotic-based (VSL#3) interventions could partially reverse the damage and contribute to the
repair of motor function [21], recent data from our study based on mouse models of SCI indicated
that melatonin could remodel gut microbiota and directly or indirectly promote the repair of motor
function [22]. Additionally, these two articles presented a view that the use of broad-spectrum
antibiotics is not conducive to the recovery of motor function. However, early surgical treatment
or anti-infection therapy of SCI would need the antibiotic administration. Studies have shown that
lung and wound infections in patients with SCI are associated v.i.> puor neurological recovery
[23]. Therefore, it is worth evaluating further whether earl + ust of antibiotics will affect the
prognosis of SCI. Kigel et al. found that the gut micronial .mbalance after SCI was related to a
significant change in the relative proportion of ir.un Jne cells in gut associated lymphoid tissue
(GALT) [21]. O'Connor et al. found that “ne hig:.. expression levels of inflammatory cytokines
(IL-1p, IL-12, MIP-2) were related to e relative abundance of specific types of gut microbiota 8
weeks after SCI [24]. The basic resec rct. discusses the relationship between gut microbiota and
locomotor function and also v.>serves the changes in intestinal function, immune function, and

cytokines in relation tc (~e yut microbiota. These animal model-based findings are of great

significance to the clinic. | research on gut microbiota after SCI.

Complications after SCI and their association with gut microbiota (Fig. 1)

Intestinal dysfunction

Intestinal dysfunction, which is called neurogenic bowel dysfunction (NBD), often occurs after

SCI. Constipation and fecal incontinence are the main manifestations of NBD; the reported

prevalence rates of constipation and fecal incontinence in these patients are 40-58% and 2-61%,



respectively [15, 25-27]. After SCI, the autonomic nerve reflex becomes abnormal, resulting in

poor colon compliance, loss of anal sphincter control, prolonged intestinal transit time, abdominal

distention, dysdefecation, and other diseases [28]. After SCI, extensive damage of the internal

enteric nervous system (ENS) occurs, which destroys the regulation of local reflexes associated

with secretion of colonic contents, propulsion, and colon segmentation [29]. Neural damage

destroys the intestinal transport function and limits the delivery of important nutrients to the distal

colonic microbiota. Changes in mucin production destroy the mur.u. 'aycr, on which colonization

of intestinal microflora occurs, and cause gut dysbiosis to var ‘ing xtents [30]. The GALT is also

innervated by the sympathetic nerve of the spinal corr.. Ci.anges in the sympathetic nerve tone

caused by SCI destroy the immune homeostasis u1 ¢he GALT and affect the regulation of gut

microbiota by mucosal immune system [37.). .1 audition, studies have shown that an increase in

intestinal barrier permeability and the accurrence of enterogenous infections after SCI are also

important causes of intestinal dysfiinct or [32]. Kigel et al. Showed that the probiotic intervention

improved the intestinal immunc funcdon and the recovery of motor function in SCI mice [21]. Our

previous study showed *'..* trie melatonin intervention improved the integrity of intestinal barrier

and accelerated the intes inal transit time and motor function recovery in SCI mice [22]. It is not

clear whether the improvement in the intestinal function after SCI is beneficial for locomotory

recovery. ]It is important to develop a more appropriate intestinal management scheme for

patients with SCI and also to provide data support for the development of appropriate

evidence-based treatment strategies by studying the intestinal function and gut microbiota after

SCI.

Anxiety and depression



In addition to motor and sensory injury, SCI is often accompanied by a high incidence rate of

anxiety and depression, which reduces the quality of life and increases the risk of suicide [33-35].

These psychosocial conditions may be associated with post-traumatic depression and anxiety

owing to drastic changes in life style, high medical costs, and complications, such as pain and

autonomic nervous dysfunction. However, physiological changes that directly affect the emotional

and mental health after SCI also exist. Recently, the gut-brain axis has been regarded as a

powerful regulator of emotional and mental health. When specifi. . e, of bacteria colonize the

gut, they can activate the signal network in the brain, thu- tri¢ gering anxiety-like behaviors.

Animal experiments show that vagal afferent nerve coulu be . timulated by fatty acids produced by

the gut microbiota and that vagal nerve transectior. n-.ikes mice resistant to anxiety-like behaviors

caused by microbiota [36, 37]. In SCI mor'cis of 1.ts and mice, physiological changes occur that

can directly affect emotional and .~ental health [38, 39]; Kurokawa et al. Showed that

transplantation of fecal bacteria from hr.althy rats to SCI rats could reverse the gut dysbiosis

induced by SCI and that it 1.>d potential anti-anxiety function [40]. However, the molecular

mechanism of its therapr ..~ erect is not clear.

Metabolic diseases

SCI often causes limb disability; cervical SCI can cause quadriplegia. The metabolic function of

paraplegia or quadriplegia patients is obviously damaged, and their body fat content is higher than

that of healthy people [41, 42]. Patients with SCI also have high levels of intramuscular fat, which

leads to impaired insulin resistance and glucose sensitivity [43, 44]. Changes in the composition of

gut microbiota with regard to Bacteroidetes and Firmicutes (the two most prevalent bacterial taxa

in mice and humans) may cause or lead to chronic metabolic disorders after SCI [45, 46]. Our
7



clinical research showed that the serum lipid profiles in peripheral blood are abnormal in patients

with contusion cervical SCI; the abundance of Faecalibacterium spp., Megamonas spp., and

Prevotella spp. in feces is related to lipid metabolism indices, and these species are considered as

intervention targets of lipid metabolism abnormality after SCI. There was a positive correlation

between gut microbiota (the abundance of lactobacillus) and the level of glucose in peripheral

blood [47]. Our study shows that metabolic abnormalities in patients with SCI are related to

changes in intestinal microecology, but the causal relationship w."ween them is not clear. In

addition, it is necessary to maintain a sedentary lifestyle for a long time after SCI, which is likely

to directly or indirectly alter gut microbiota.

Neuropathic Pain

It has been reported that the incidence <. of neuropathic pain in patients with SCI, which

usually develops into a chronic disea~.c ‘n u.e first year after SCI, is 40-50% [48, 49]. At present,

its treatment is difficult, and thc =ffic.cy of the recommended treatment scheme is limited [50].

The pathological mechanism o\ neuropathic pain is not clear. Recent studies have shown that gut

microbiota can reg! :~te ~ewropathic pain [51, 52]. Gut microbiota can also stimulate neutrophils,

monocytes, and secretory cells of the colon tissue in natural immune system to secrete

biomolecules that inhibit pain [53]. Gut microbiota can synthesize and release neurotransmitters

and short-chain fatty acids (SCFAs), regulate the metabolism of steroids and bile acids, and affect

the release of neuropeptides and hormones by intestinal endocrine cells. These molecules can

penetrate into the blood and/or lymphatic system, affect the neural information transmitted by the

vagus nerve and spinal cord afferent neurons, and thus affect the pain response mediated by the

central nervous system (CNS) and spinal cord. A recent study [54] emphasized the key role of gut
8



microbiota in the maturation, morphology, and immune function of central microglia. In view of

the important role of microglia in the pathogenesis of pain, it may indirectly indicate that gut

microbiota can affect the central pain process.
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Fig.1. Gut dysbiosis after SCI . ~uld contribute to the various comorbidities typically attributed to

intestinal function, moox, mewnolism and pain. Various symptoms of comorbidities was related

with gut microbiota. Gu. dysbiosis has been implicated in the onset and progression of common

postinjury comorbidities, which caused or exacerbated intraspinal pathology and neurological

impairment.

People with SCI can be prone to complications such as pneumonia, septicemia, urinary tract

infections, cardiac diseases, pressure ulcers, chronic pain, and colorectal, bladder and sexual

dysfunction, which are frequently reported complications [55-62]. Most or all complications may

occur together, which may increase the clinical severity of medical conditions. Surveys among the
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SCI population showed that the recovery of bowel function was often prioritized above the ability

to walk [63, 64]. Intestinal dysfunction results in the loss of the ability to live independently. The

change in lifestyle and heavy economic burden may cause psychological disorders after SCI.

Studies indicated that the prevalence of anxiety and depression among the SCI population was

33.7-58.3% [65, 66]. SCI also enhances the risk or frequency of metabolic disorders including

obesity, diabetes, and liver dysfunction [67-70], which is often attributed to inactivity in people

with SCI. Lipid metabolism disorder is one of the characteristics i1 Mewbolic disorder after SCI;

it is reported that 76% of SCI patients will have at least 'ne ¢dnormal lipid parameter [71].

SCl-related neuropathic pain is one of the most comman s ‘mptoms in the long lasting chronic

phase and severely decreases the quality of life [7Z]. "he incidence of these four complications in

SCI was close to or more than 50%. This c.n . 2su.: in physically and psychologically devastating

trauma to persons with SCI. Gut dysi.’nsis creates a feed-forward cycle with complications, and

gut microbiota may represent a potenti 'l <olution.

Most of the commensal 1. *eroiota of the human body reside in the gut and the cell number is

roughly the same comy are ) that of human cells [73]. However, microbiota contain ~100 fold

more genes than the k':nan genome [74]. This vast microbial network has profound biological

effects on the host [75-77]. After SCI, gut dysbiosis can affect the occurrence of complications

related to the intestinal function, neurological function, immune function, energy metabolism, and

others. We speculate that the complications related to paralysis or life-related psychological stress

after SCI may be related to gut microbiota. Future studies will continue to fill the gap in this field.

""Microbiota-gut-brain'* axis
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The gut-brain axis is an information exchange network connecting the gut and the brain. The

gut "talks" to the brain via a variety of physiological and biochemical channels. The importance of

the gut-brain axis in maintaining homeostasis has long been recognized. In the past two decades,

microorganisms, as the key regulators of the gut-brain function, have attracted researchers’

attention and have led to the concept of “microbiome-gut-brain axis." The microbiota

communicates with the brain via the autonomic nervous system, immune system, tryptophan

metabolism system, endocrine system, intestinal nervous system, .1 yut microbial metabolites

[78, 79]. In the bidirectional regulation process, gut microbic! me abolites play a very important

role in the "microbiota-gut-brain™ axis. They can not on!/ rey ilate the CNS by directly stimulating

the epithelium of the digestive tract, but also make a + cries of changes under the descending signal

transduction of the CNS through the alterat’on >f n.*estinal endocrine, motility and gut microbiota.

"Microbiota-gut-brain axis" is receivii.™ progressively increasing attention from researches in the

field of psychiatry, neurodevelopment, an i age-related physiological basis of CNS diseases.

Gut microbiota can pro.tice neuroactive metabolites (such as SCFAs, branched fatty acids,

and peptidoglycans) ar d ne wrotransmitters (such as y-aminobutyric acid, 5-hydroxytryptamine,

dopamine, acetylcholir~ to activate neurons in the intestine and CNS [80]. Microbiota promote

the production of serotonin in the intestinal tract and circulating blood of mice and affect anxiety,

hyperactivity, and cognitive activity [32]. Microorganisms regulate the expression of

5-hydroxytryptamine receptor, NR2A, and brain-derived neurotrophic factor [81, 82] and affect

the formation of cortical myelin sheath and the function of blood-brain barrier [83, 84]. Microbial

metabolites, such as acetate, propionate, butyrate, etc., can enter the CNS to play critical roles by

crossing the blood-brain barrier. Metabolites produced by Roseburia sp. and Faecalibacterium sp.
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easily cross the blood-brain barrier [85]. These studies have shown that gut microbiota and its

metabolites play an important role in regulating the CNS.

Recent data showed that gut microbiota play an important role in the occurrence and

progression of CNS diseases (including autism, pain, depression, anxiety, stroke, Parkinson's

disease) [86-90]. Under pathological conditions, the permeability of blood-brain barrier alters, and

lipopolysaccharide (LPS), bacterial metabolites, and various inflammatory factors enter the CNS,

promoting the occurrence of neuroinflammation and even CNS disec ses [91]. For example, gut

dyshiosis caused by an increase in Methanobrevibacter can oc. '~ (n the intestine of patients with

multiple sclerosis [92]. Moreover, animal experiments ..rthr showed that gut microbiota is the

initial inflammatory mediator of demyelination in r.uli ple sclerosis and other diseases [93]. The

role of gut microbiota in the pathogene s c. Alzheimer's disease has also been preliminarily

elucidated, that is, gut microbiota can rei.~se a large number of amyloid proteins and LPSs, which

could regulate disease-related sigi.>! pathways and further produce proinflammatory factors

related to Alzheimer's diseas. [Y-!]. Patients with Parkinson’s disease (PD) display alterations in

gut microbiota composi ion. Sut microbiota from PD mice induced impairment of motor function

and decrease in striat~! neurotransmitter levels in normal mice. Fecal bacterial transplantation

(FMT) can play a neuroprotective role in PD mice by inhibiting neuroinflammation and reducing

the activity of TLR4/TNF-a signal pathways [95]. The above study shows that gut dysbiosis is an

important factor and mechanism involved in the occurrence and development of some CNS

diseases.

The research on SCI from the perspective of intestinal microbiota is in its infancy. Modes of

communication by which these bacteria likely affect the spinal cord structure and function are not
12



clear. Current research data show that gut microbiota can affect GALT immune cells and

consequently, the synthesis of inflammatory and immunoregulatory cytokines in immune cells

[21]. Our data suggest that the content of SCFAs in gut microbiota significantly decreased after

SCI, which may be related to inflammation of the spinal cord and intestinal tissues after SCI (data

not published). After SCI, the permeability of intestinal epithelial cells increased, and bacteria

were translocated and implanted in peripheral blood and various organs [21]. Our previous studies

have shown that the permeability of blood-spinal cord barrier in.ic~ses after SCI [96]. It is not

clear whether the gut microbiota entering the blood can dire  tly a fect the function of the spinal

cord and brain through the injured blood-spinal cord bartier.

Research strategies targeting “microbiota-gut-t v-.un axis” (Fig. 2)

Germ-free (GF) animals

Germ-free (GF) animals are ar ira.. that have not been exposed to microbiota since their

birth. Animals lacking microbiata \.~ve extraordinarily different development and physiology than

animals hosting commensa: hac eria; in these animals, the immune system is damaged, hormonal

signals are maladjuste.’ metabolism is altered, and neural transmission is different from that of

traditional animals. Although there are many limitations mentiented, GF animals are still valuable

tools for human beings to gain insights into the behavior, physiology, and neurobiology of the host

[97]. They are important starting points to answer whether the microbiota or known strains

participate in a specific physiological and pathological process. In recent years, GF animals have

often been used to explain the pathogenesis of CNS diseases. When fecal samples obtained from

patients with depression were transplanted into GF mice, the recipient mice showed anxiety and

13



depression like behaviors [98]. GF mice that received fecal microbial transplantation from patients

with PD showed abnormal movement function and alteration of SCFA levels in the feces [90, 99].

The GF app/PS1 mouse model developed by Harach et al. showed that gut microbiota were related

to the pathological deposition of B-amyloid plaques in those with Alzheimer's disease [100]. The

above studies on GF animals explain the causal relationship of the gut microbiota with the

occurrence and development of corresponding diseases and inspired the research on SCI. The

disease phenotype appearing after the transplantation of abnormal «...~rouiota associated with SCI

to GF mice is worthy of attention. In subsequent studies, fec 'l sar ples should be collected from

SCI patients (especially chronic SCI patients) and t.ansy'anted to GF mice to analyze the

relationship between gut microbiota and complice.o s occurring after SCI through the detection

of serum metabolic spectrum and behavior.

Fecal microbiota transplantation (FM

Fecal microbiota transplan: tion (FMT), as a special "organ" transplantation, involves the

separation of the functional flo, > from the feces of healthy people and its transplantation into the

digestive tract of p7.'en.> <, as to achieve the treatment of the disease by reconstructing the gut

microbiota of patients [101]. As an ancient medical technology, FMT has been recorded in

traditional Chinese medicine 3000 years ago [102]. The mechanism of action of FMT on the

intestinal tract may include the restoration of intestinal microenvironment, remodeling of the

structure and function of the intestinal microecology, and affecting the signal exchange between

microbiota and the host [103]. In addition to affecting the intestinal immune system, endocrine

system, and ENS, FMT can also affects the CNS. In 2015, a clinical report showed that 65 year

old male patients with acute SCI quadriplegia suffered from repeated Clostridium difficile
14



infection when antibiotics were used to treat pneumonia, and all kinds of antibiotics were

ineffective. Doctors transplanted fecal bacteria from their healthy sons to the patients, and the

pneumonia was cured. The infection did not recur during the 12-week follow-up period [104].

However, the authors in this study did not evaluate the motor function of the patient after FMT.

Kurokawa et al. established anxiety models through incomplete unilateral cervical SCI and

conducted them FMT intervention twice in succession; this treatment improved gut dysbiosis and

inhibited the development of anxiety-like behavior [40]. We also w1 w treat SCI mice by FMT

intervention. The data show that FMT can improve the recove 'y 01 motor function, which may be

related to the regulation of inflammation by SCFAs date not published). The corresponding

mechanism will be explored further. At present, 1 undreds of trials are being carried out to

determining the efficacy of FMT in treati’.g/ 1an.ing a variety of disease including infectious

disease, metabolic diseases, immune “iseases, cancers, and neurological diseases [105]. If the

clinical trial of the effect of FMT inte veation on SCI is carried out in the future, standard donor

selection and microbiological . ~reening procedures need to be established, and the composition

and structure of the dor.. ~o..munity should be considered; additionally, the physical condition

and receptivity of the resipient also should be comprehensively assessed, to reduce the risk of

infection and death in the recipient.

Probiotics

The term probiotics was first put forward in 1965, which originated from the Greek word

"good for life," and its definition is gradually supplemented and deepened with a deepening of

people's understanding of it. Probiotics can regulate immune function, improve intestinal barrier

function, generate organic acids and anti-microbial products, and interact with a host and its flora
15



[106]. Some strains are widely used in the field of medical care and alternative medicine as natural

agents to regulate the balance of gut microbiota and to affect the brain health and mental health.

The regulation of probiotics and “microbiota-gut-brain axis” is considered as a new therapeutic

tool for intestinal dysfunction [107]. Research shows that the administration of Lactobacillus

reuteri modulates neural-dependent motility reflexes by communicating with the brain in mice

[108]; furthermore, L. reuteri has been shown to interact with the gut-brain axis in rats through the

modulation of afferent sensory nerves that influence gut motility ".c71. «igerl et al. administered

a probiotic-based (VSL# 3) intervention to SCI mouse models for =5 days, from the time of injury.

The results showed that probiotics significantly reducced u.2 volume of injury at its epicenter,

which was conducive to the recovery normal beaa ior of mice [21]. However, it is not clear

whether the neuroprotective effect of vSL» is related to its interaction with the

“microbiota-gut-brain axis.” Patients .-ith SCI in a clinical setting often take probiotic (such as

Bifico) to relieve gastrointestinal dys:'in:tion although its neuroregulatory function is not clear.

Time point of initial interventi. 1 and the cycle of intervention are both the key points worthy of

further exploration. In th.. “w.e, we can select specific strains with long-term clinical safety for

research and further obst "ve their colonization in the intestinal tract and their regulatory effect on

the immune function and neural function, so as to provide new ideas and data support for the

clinical treatment of SCI.

Bacteriophage

Bacteriophage are viruses that specifically infect bacteria and can precisely perturb specific

bacteria within complex microbial communities. The ability of a phage to specifically infect

selected bacteria is governed by intricate intermolecular interactions between bacterial cell surface
16



molecules and the host recognition domain of the phage [110, 111]. Phages participate in the
dynamic interaction between bacteria and the host and regulate the human immune system [112].
The prospect of using bacteriophages for treatment emerged soon after its discovery in 1917.
Indeed, at the beginning of the 20th century, phage therapy was introduced into clinical
applications at various capacities, the most common being antimicrobial therapy. However, phage
therapy soon fell out of favor after the advent of broad-spectrum antibiotics and research into the
use of phages for therapeutic purposes has been at a standstill fr, ‘2cades [113, 114]. In recent
years, with an increase of bacterial drug resistance, researcher * hav ! paid more attention to phages
as substitutes for antibacterial drug [115, 116]. It is hon:d t.1t through the research of phage, the
specific bacteria of intestinal microbiota can be *art ¢ted intervention to achieve the purpose of
treating diseases.In addition, while studyin’, p: age., we should pay more attention to the possible

adverse reactions caused by the high p.netration of phages.

Brain imaging

Brain imaging technology . 2n be used to study the communication among the brain, gut, and
microbiota with rec_-d > briin-gut interactions. The development of brain imaging technologies,
such as positron emission tomography and nuclear magnetic resonance imaging (MRI), has
deepened the understanding of the structure, function, and metabolic characteristics of brain
regions and networks. Standardization of image acquisition and progress in computational
methods have made studying large data sets of imaging, recognizing network attributes, and
integrating them with non-imaging data possible. The ongoing work in the field of brain imaging
includes linking gut microbial ecology to large-scale brain networks [117, 118]. This approach

will help determine how microbiota affects brain function and possibly recognize multiple
17



mediators of the gut-brain axis. Fernandez Rea et al. evaluated the cognitive function of obese and

non-obese individuals, detected brain microstructure by MRI and diffusion tensor imaging, and

measured intestinal microflora composition using microbial sequencing. The results showed that

the composition of gut microbiota of obese and non-obese subjects were different. In particular,

the richness of Actinobacteria was highly related to the scores of cognitive tests and the changes

in neural activities in the thalamus, hypothalamus, and amygdala. This supports that obesity

affects the composition of gut microbial population and subseque... ~og.iitive performance [119].

By using a machine learning classifier to quantitatively eval ate he association intensity of the

brain area and microbiome, it was found that the change= in L -ain structure is related to the change

in the diet-dependent gut microbiome [120]. 1 .ese studies provide new ideas for the

investigations of correlation between bra’.i «vea, microorganism and disease. Using magnetic

resonance technology, it was found (hat the orain area which plays an important role in the

processing of information and emotior. h#s changed in patients with SCI [121, 122]. Yun Guo et al.

demonstrated white matter 1. croswructure alterations in patients with spinal cord injury as

assessed by diffusion t...>ar \maging [123]. Additionally, they provided functional magnetic

resonance imaging evide 1ce for abnormal changes in brain function brought about by the loss of

physical movement and sensory feedback in the lower limbs in chronic SCI [124]. But the existing

research did not correlate the changes of gut microbiota and the brain area. Integration of

multimodal brain imaging and big data of multi-omics help understand the changes of brain

structure and function associated with the disturbance of microbiota-gut-brain interaction and their

biological significance in the pathophysiology and intervention after SCI.

The above research strategies are very valuable because they facilitate a better understanding
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of the "microbiota-gut-brain axis." With these research strategies, we can further study the exact
relationship of the occurrence of SCI with development of secondary injury and complications
after SCI and gut microbiota, clarify the mode of interaction of microbiota and/or metabolites with

the host, and pave the way for clinical transformation.
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Fig. 2."Microbiota-gut-urain” axis - based research strategies. Gut microbiota “talk” to CNS via
the autonomic nervous system, immune system, tryptophan metabolism system, endocrine system,
intestinal nervous system, and gut microbial metabolites. Recent research has elucidated gut
microbiome interventions for promoting human health and for combating disease. These research
strategies included GF animals, FMT, probiotics, bacteriophage and brain imaging. Collectively,
these research strategies, when used alone or in combinations, will explore the host - microbiome

modes of interaction.
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Challenges and prospects of SCI and gut microbiota

The last decade has witnessed a remarkable leap in microbiome research. In the early stages,

descriptive research on detailed characterization of microbiome alterations in healthy and diseased

states was focused on; at present, growing research exploring the causal relationship between

microbial composition and various phenotypes is being conducted [125, 126]. Significant progress

in microbiological research is conducive to the interpretation and e en prediction of human health

and disease status by microbiological and other physiological an ' bio. hemical indicators, as well

as the adoption of personalized interventions. Because of th.2 ¢c.~plexity of gut microbiota, when

using experimental animals to study gut microbiota, n.* or.y genetic background, age, feeding

environment, diet, and other factors that can higl b reshape the intestinal microflora need to be

considered, but also the differences b’ cwern experimental animals and humans, including

microbiological composition, diet, immu.>alogy, complications, and social factors, also should be

considered. Because of the diffe.ei.~es of geography, race, and nutritional background, human

beings tend to show more he.>royoneous microbial groups and phenotypes than do animal models.

In multi-center clinical nicr. bial studies, individual differences should be considered; in addition,

unified standards for s~~.iple collection, storage, sub-packaging, numbering and, other processing

should be established. Subsequently, data should be unified, analyzed, and interpreted. When

using live microbiota (such as FMT or probiotics) for intervention, it is necessary to consider the

transmission of pathogenic factors and other safety risks while considering their potential

therapeutic value for the diseases.

Bacterial extracellular vesicles (EVs) are bilayered lipid membrane structures with a diameter

ranging from 20 to 400 nm [127]. Emerging evidence has shown that bacterial EVs are implicated
20



in human disease physiopathology and seem to modulate the occurrence and severity of diseases

in some cases [128-130]. In microorganisms, EVs carry several types of molecules: proteins,

glycoproteins, mRNAs, and micro RNAs. As such, they could affect the functioning of cells that

uptake them. Interactions between bacterial EVs and the host act as potent immune modulator

agents [131]. Studying EVs opens up a new field of possibilities to better understand the interplay

between host and bacteria, though whether microbiota-derived EVs could potentially become a

clinical target for innovative therapies will need to be further eval’aw. .

Conclusions

Contusion SCI is a kind of neural injury disease whict s different from primary neural injury

disease, there is no causal relationship between y.* microbiota and SCI. However, there is a

correlation or possible causal relatic™.nip between gut microbiota and secondary

injury/complications following injur,. Rescarchers need to study the post-SCI changes in gut

microbiota in multiple dimensic:s, such as damage degree, damage time, damage segment, etc.,

and further verify the results us, g GF mice and microbial transplantation. In addition, most of the

microbial communi’‘ re_~ar.h relies on 16S RNA and metagenome sequencing technology and it

is difficult to identify microbiota at the level of strains and to carry out targeted precise

intervention. However, with the progress of sequencing technology and the optimization of data

processing, these problems may be solved. Future research may further explain the

pathophysiological mechanism of association between SCI and gut microbiota with the help of

new technologies, sort out the mode of interaction between gut microbiota and host, and help

develop personalized targeted bacterial therapies and drugs based on microbiota or its metabolites.
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