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A B S T R A C T   

Background: Intestinal pathogens are associated with xenotransplantation tolerance and rejection. 
However, changes in the gut microbiota in patients who have undergone peripheral nerve xen-
otransplantation and their association with immune rejection have not yet been reported. 
Objective: We aimed to explore intestinal microbes and their metabolites at different time points 
after peripheral nerve transplantation to provide new insight into improving transplant tolerance. 
Methods: A peripheral nerve xenotransplantation model was constructed by suturing the 
segmented nerves of Sprague Dawley rats to those of C57 male mice using xenotransplantation 
nerve bridging. Fecal samples and intestinal contents were collected at three time points: before 
surgery (Pre group; n = 10), 1 month after transplantation (Pos1 m group; n = 10), and 3 months 
after transplantation (Pos3 m group; n = 10) for 16S DNA sequencing and nontargeted metab-
olome detection. 
Results: Alpha diversity results suggested that species diversity was significantly downregulated 
after peripheral nerve xenotransplantation. There were six gut flora genera with significantly 
different expression levels after xenotransplantation: four were downregulated and two were 
upregulated. A comparison of the Pre vs. Pos1 m groups and the Pos1 m vs. Pos3 m groups 
revealed that the most significant differentially expressed Kyoto Encyclopedia of Genes and Ge-
nomes metabolite pathways were involved in phenylalanine, tyrosine, and tryptophan biosyn-
thesis, as well as histidine metabolism. Metabolites with a strong relationship to the differentially 
expressed microbial flora were identified. 
Conclusion: Our study found lower gut microbiome diversity, with increased short-chain fatty acid 
(SCFA)-producing and sulfate-reducing bacteria at 1 month post peripheral nerve 
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xenotransplantation, and these were decreased at 3 months post-transplantation. The identifi-
cation of specific bacterial metabolites is essential for recognizing potential diagnostic markers of 
xenotransplantation rejection or characterizing therapeutic targets to prevent post-transplant 
infection.   

1. Introduction 

Peripheral nerve injuries are caused by common diseases that directly or indirectly injure a peripheral nerve, resulting in motor and 
sensory disorders. Autologous nerve transplantation is limited due to the need for a secondary surgery to harvest graft tissue from a 
healthy nerve [1–3]. Thus, xenotransplantation with donor nerve tissue is used as an alternative to autologous nerve grafts [4]. 
However, immunological barriers limit the application of xenotransplantation, with three main types of rejection: hyperacute xeno-
graft rejection, acute humoral xenograft rejection, and acute cellular rejection [5]. Understanding the pathogenesis of xeno-
transplantation rejection is key to determining the safety and viability of xenotransplantation in clinical applications. 

The disordered gut microbiota, characterized by loss of microbiome diversity, reduced abundance, and pathogenic outgrowth, is 
involved in a variety of host physiological processes [6]. More importantly, gut microbial dysbiosis is linked to an aberrant immune 
response, often accompanied by abnormal production of inflammatory cytokines. A comparative study on germ-free (GF) mice and 
specific pathogen-free mice revealed that the number of T-cell receptors on γδ intraepithelial lymphocytes was decreased in GF mice 
[7]. Melanie revealed the association of tumor necrosis factor α and interferon γ production with specific microbial metabolic path-
ways [8]. 

Dysfunctional intestinal flora may activate host immune responses via metabolites produced by the gut microbiota axis [9,10]. 
Since allogeneic transplantation (e.g., hematopoietic stem cell, kidney, liver, and small bowel transplantation) decreases the popu-
lation and diversity of intestinal microbes, this may be the main cause of postoperative complications in transplantation surgery 
(including graft-versus-host disease [GVHD], relapse, and infection), leading to increased mortality [6,11–13]. The important influ-
ence of intestinal microbiota on the immune response has become increasingly recognized, and the gut is one of the main targets of 
acute GVHD. A number of publications have demonstrated the association of a dysbiotic microbiome with GVHD. Marina found that 
GVHD patients had a lower abundance of members of the class Clostridia, lower counts of butyrate producers, and lower ratios of strict 
to facultatively anaerobic bacteria compared with allograft recipients who did not have GVHD [14]. The regulation of the immune 
response by intestinal flora affects a patient’s prognosis and has been reported in hematopoietic stem cell transplantation [15]. 
Although most bacteria colonize the intestinal lumen, segmented filamentous bacteria can penetrate the mucus layer, stimulate 
epithelial cells, and induce T helper (Th) 17 cell differentiation. The Th17 cells secrete cytokines, such as interleukin (IL)-17A, IL-17F, 
IL-21, and IL-22, which exert an antibacterial effect [16]. Except for allogeneic donor T-cells, recipient-derived myeloid cells 
(including neutrophils and inflammatory monocytes) are also involved in gastrointestinal damage in allogeneic hematopoietic stem 
cell transplantation [17,18]. Studies have suggested that regulating the RIG-I/MAVS and STING signaling pathways promotes in-
testinal tract integrity in mice with hematopoietic stem cell transplantation [19]. Moreover, short-chain fatty acids (SCFAs) produced 
by some bacteria were considered to be involved in both innate and adaptive immunity [20]. Immune responses following discordant 
xenotransplantation include both acquired immunity and innate immunity, in which natural antibodies, complement, natural killer 
cells, and macrophages play interdependent roles. Roland investigated the initial human pan-T-cell reaction in a cardiac xenotrans-
plant model and found that contact between human blood and pig endothelium activates cytotoxic T-cells within the first few hours, 
indicating acute rejection [21]. However, alteration of the recipient’s gut microbiota and its correlation with immune rejection in 
peripheral nerve xenotransplantation has yet to be reported. 

Our previous research revealed that an imbalance between regulatory T-cells (Tregs) and Th1–Th17–Th22 cells contributed to the 
acute rejection of peripheral nerve xenotransplants and was modulated by Treg-Th1-Th17-Th22 cells [22]. Here, we aim to describe 
the alteration in intestinal microbes and metabolites following xenograft peripheral nerve transplantation to explore the correlation 
between microbes and their metabolites and immune rejection, providing new insights into the mechanism of complications in pe-
ripheral nerve transplantation. 

2. Methods 

2.1. Preparation of a mouse model of peripheral nerve xenotransplantation 

The peripheral nerve xenotransplantation model was constructed as previously described [22] using 10 adult male Sprague Dawley 
(SD) rats and 30 healthy 5–10-week-old C57 BL/6 male mice as donors and recipients, respectively. The experiment was approved by 
the ethical committee of Guangzhou Forevergen Biosciences (Guangzhou, China) (approval number IACUC-AEWC-F2006012). Sciatic 
nerves of SD rats were exposed under aseptic surgical conditions, cut into 1-cm segments, and then stored at − 80 ◦C for later use. Fecal 
samples were randomly collected from 10C57 mice for 16S DNA sequencing and liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) analysis. We then anesthetized the recipient C57 mice, removed a segment of the sciatic nerve, and sutured the segmented 
nerves of SD rats to the C57 mice using xenotransplantation nerve bridging. Fecal samples were randomly collected from 10 mice at 1 
month post-surgery (Pos1 m; n = 10) and at 3 months post-surgery (Pos3 m; n = 10). 
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2.2. 16S DNA sequencing 

Total DNA was extracted from the fecal samples using a DP328 DNA extraction kit according to the manufacturer’s instructions 
(Tiangen Biotech, Beijing, China). Polymerase chain reaction amplification was performed with primers designed to target a conserved 
region, and the resultant product was purified, quantified, and homogenized for library construction. The qualified library was 
sequenced on an Illumina HiSeq 2500 platform (Novogene, Beijing, China). The original data obtained by high-throughput sequencing 
was converted into sequenced reads using base calling analysis. 

2.3. LC-MS/MS analysis 

The metabolites were extracted using 500 μL extraction solution (methanol:acetonitrile:water = 2:2:1) (v/v/v), and the super-
natant was collected at 13,800×g for 15 min at 4 ◦C. The samples were analyzed using a Vanquish ultra-high performance liquid 
chromatography system (Thermo Fisher Scientific, Guangzhou,China) with a UPLC BEH Amide Column (2.1 mm × 100 mm, 1.7 μm) 
coupled to a Q Exactive HF-X Orbitrap mass spectrometer (Thermo Fisher Scientific). The mobile phase consisted of either 25 mmol/L 
ammonium acetate and 25 ammonia hydroxide in water (pH = 9.75) (A) or acetonitrile (B). The auto-sampler temperature was 4 ◦C, 
and the sample volume was 3 μL. 

The mass spectrometer was used to collect MS/MS spectra in information-dependent acquisition mode using Xcalibur acquisition 
software (Thermo Fisher Scientific). In this mode, the acquisition software continuously evaluates the full scan MS spectrum. The 
electrospray ionization source was set as follows: sheath gas flow rate, 30 Arb; Aux gas flow rate, 25 Arb; capillary temperature, 350 ◦C; 
full MS resolution, 60000; MS/MS resolution, 7500; collision energy, 10/30/60 in normalized collision energy mode; and spray 
voltage, 3.6 kV (positive) or − 3.2 kV (negative). 

2.4. Metabolomics analysis 

The raw data were converted to mzXML format with ProteoWizard software and processed for peak detection, extraction, align-
ment, and integration. Metabolite annotation was then performed using an in-house MS2 database (BiotreeDB) with the cutoff value 
set at 0.3. SIMCA software v16.0.2 (Sartorius Stedim Data Analytics AB, Umea, Sweden) was then used to perform logarithmic con-
version and UV formatting, principal coordinates analysis (PCoA), and orthogonal partial least squares method-discriminant analysis. 
The differentially expressed metabolites were then analyzed using a volcano plot. Next, the candidate differentially expressed me-
tabolites were used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Finally, we performed pairwise corre-
lation to identify the correlation between specific microbiota and metabolites based on the Pearson correlation coefficient (r) and p- 
value. 

2.5. Statistical analysis of microbial data 

We used Trimmomatic v0.33 to filter the raw reads and obtained clean reads after removing the primer sequence. Operational 
taxonomic units (OTUs) were obtained by clustering clean reads at a similarity level of 97.0%. Chao index and Shannon index were 

Fig. 1. Flowchart of our study.  
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selected to reflect the alpha diversity of the samples. A heatmap was used for microbiota clustering according to the species abundance. 
The linear discriminant analysis effect size (LEfSe) was adopted for detecting the differences in species composition and communities 
among groups. A Venn diagram was used to show the number of common and unique features between different groups. Repeated 
measures ANOVA and rank sum test were used to analyze the expression levels among groups. Bonferroni multiple-comparison method 
was used for the comparison of means in Chao index and Shannon index. All statistical analyses were performed using SPSS v22.0 (IBM 
Corp., Armonk, IL, USA), with p < 0.05 considered statistically significant. 

3. Results 

3.1. Reduced alpha diversity after peripheral nerve transplantation 

Flowchart of our study was showed in Fig. 1. Then, we focus the results of Gut microbiota. The OTUs of all samples ranged from 335 
to 413, with proper uniformity (Fig. 2A). The mutual number of OTUs among the Pre, Pos1 m, and Pos3 m groups was 439 (Fig. 2B). 
Alpha diversity was performed to analyze the richness and uniformity of species composition, including Chao index (abundance of the 
community in the sample) and Shannon index (abundance and uniformity of species). There were no significant differences in the Chao 
index among the Pre, Pos1 m, and Pos3 m groups, suggesting that xenotransplantation did not affect the species abundance of the 
recipient’s intestinal flora (Fig. 2C). Shannon index was significantly reduced at 3 months after transplantation, suggesting that species 
diversity was significantly downregulated after peripheral nerve xenotransplantation (p < 0.001)（Fig. 2D). 

3.2. Microbial flora identification in peripheral nerve xenotransplantation 

PCoA based on the unweighted UniFrac distance showed that the microbial flora in the Pos1 m and Pos3 m groups were signifi-
cantly different, with a certain overlap before and after peripheral nerve xenotransplantation (Fig. 3A). The microbiota abundance 
from phylum to genus levels differed significantly among the three groups. The dominant intestinal flora included Bacteroidetes, 
Firmicutes, Verrucomicrobia, and Actinomycetes at the phylum level (Fig. 3B) and Muribaculaceae, Ruminococcaceae, Akkermansia, 
Lachnospiraceae, and Desulfovibrio at the genus level (Fig. 3C). 

Fig. 2. 16S data overview. A. The OTUs of all samples range from 335 to 413; B. The mutual number of OTUs among the Pre, Pos1 m, and Pos3 m 
groups is 439; C. There is no significant difference in Chao index among the Pre, Pos1 m, and Pos3 m groups; D. Shannon index was significantly 
reduced at 3 months after peripheral nerve xenotransplantation. *p < 0.05. 
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3.3. Differential microbial expression after peripheral nerve xenotransplantation 

Linear discriminant analysis (LDA) results meeting the criteria of an LDA score >4.0 with a p-value <0.05 were used to estimate 
changes in species abundance. The higher the LDA score, the greater the effect of the microbiota on the peripheral nerve xeno-
transplantation among the three groups (Fig. 4A). Significantly expressed species before and after peripheral nerve xeno-
transplantation were identified by LEfSe analysis. Specifically, uncultured_bacterium_g_Lachnospiraceae_NK4A136_group, 
g_Lachnospiraceae_NK4A136_group, and o_Clostridiales were more abundant in the Pos1 m group, and s_uncultured_bacter-
ium_g_Akkermansia, g_Akkermansia, f_Akkermansiaceae, and o_Verrucomicrobiales were more abundant in the Pos3 m group, while 
s_uncultured_bacterium_g_Ruminococcaceae_UCG_004, g_Ruminococcaceae_UCG_004, f_Ruminococcaceae, s_uncultured_bacter-
ium_g_Dubosiella, g_Dubosiella, s_uncultured_bacterium_g_Faecalibaculum, g_Faecalibaculum, f_Erysipelotrichaceae, o_Erysipelotrichaceae 
s_uncultured_bacterium_g_Desulfovibrio, g_Desulfovibrio, f_Desulfovibrionaceae, and o_Desulfovibrionales were more abundant in the 
Pre group (Fig. 4B). There were six differentially expressed microbes at the genus level, four of which were downregulated (Desul-
fovibrio, Dubosiella, Faecalibaculum, and Ruminococcaceae) and two of which were upregulated (Akkermansia and Lachnospiraceae) 
(Fig. 4C). 

3.4. Differentially expressed metabolites and their predicted functional pathways 

We used nontarget metabolome analysis to explore the functional role of different microorganisms. PCoA based on the unweighted 
UniFrac distance showed no significant aggregation among the Pre, Pos1 m, and Pos3 m groups (Fig. 5A). In the volcano plot, with p- 
values <0.05 considered statistically significant, there were 181 upregulated and 86 downregulated metabolites identified between 
the Pre and Pos1 m groups (Fig. 5B) and 2625 upregulated and 1992 downregulated metabolites between the Pre and Pos3 m groups 
(Fig. 5C). The KEGG pathways of differentially expressed metabolites between the Pre and Pos1 m groups showed significant 
enrichment of phenylalanine, tyrosine, and tryptophan biosynthesis; D-glutamine and D-glutamate metabolism; cysteine and methi-
onine metabolism; pantothenate and coenzyme A biosynthesis; valine, leucine, and isoleucine biosynthesis; and phenylalanine 
metabolism (Fig. 5D). The KEGG pathways of differentially expressed metabolites between the Pos1 m and Pos3 m groups were 
significantly enriched in histidine metabolism and vitamin B6 metabolism (Fig. 5E). 

3.5. Correlation analysis of differentially expressed microbiota and metabolites 

A total of 18 metabolites met the criteria of a variable importance in projection >1 and a p-value <0.05 and were considered 
differentially expressed metabolites. The top 5 upregulated and top 5 downregulated metabolites from Pre vs. Pos1 m and Pre vs. Pos3 
m were chosen for correlation analysis with microbial flora (two recurring microorganisms were removed). The heatmap showed a 
significant correlation between different flora and differentially expressed metabolites after xenotransplantation, proving that nerve 
xenotransplantation changes the composition of intestinal flora and further affects the metabolic expression spectrum of intestinal 
flora. Akkermansia was positively correlated with (2E)-decenoyl-ACP. Faecalibaculum was positively correlated with (x)-1,2-Pro-
panediol 1-O-b-D-glucopyranoside, tetracosahexaenoic acid (THA; 24:6n-3), melilotoside C, phlorizin, and 2-hexaprenyl-3-methyl-6- 
methoxy-1,4 benzoquinone and negatively correlated with PE(20:4(5Z, 8Z, 11Z, 14Z)/15:0) and medicanine. Dubosiella was positively 
correlated with (2E)-decenoyl-ACP, suspensolide F, and melilotoside C and negatively correlated with medicanine. Ruminococca-
ceae_UCG-004 was positively correlated with THA, stigmast-22-ene-3,6-dione, monocrotaline, and 2-hexaprenyl-3-methyl-6-methoxy- 
1,4 benzoquinone and negatively correlated with rotenone and PE (20:4(5Z, 8Z, 11Z, 14Z)/15:0). Desulfovibrio was positively 
correlated with medicanine, stigmast-22-ene-3,6-dione, and (2E)-N-(4-aminobutyl)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enimidic 
acid and negatively correlated with (2E)-decenoyl-ACP and suspensolide F (Fig. 6). 

Fig. 3. Dominant microbial flora before and after peripheral nerve xenotransplantation. A. PCoA showed that the microbial flora were 
significantly different, with a certain overlap between the Pos1 m and Pos3 m groups before and after peripheral nerve xenotransplantation; B. The 
top 10 dominant intestinal flora at the phylum level include Bacteroidetes, Firmicutes, Verrucomicrobia, and Actinomycetes; C. The top 10 
dominant intestinal flora at the genus level include Muribaculaceae, Ruminococcaceae, Akkermansia, Lachnospiraceae, and Desulfovibrio. 
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Fig. 4. Differential microbial analysis. A. Linear discriminant analysis (LDA) score. LDA results fulfilling the criteria of an LDA score >4.0 with a 
p-value <0.05 are shown; B. LEfSe clustering tree demonstrating the differences in bacterial abundance between the Pre, Pos1 m, and Pos3 m 
groups. Each colored circle represents a biomarker, and the diameter of the circle is proportional to the relative abundance. Yellow nodes represent 
microbial groups with no significant differences. Nodes of different colors indicate different microbial groups that play an important role in the 
group; C. Six differentially expressed microbes were found at the genus level, with four downregulated and two upregulated. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

The further development of peripheral nerve xenotransplantation is mainly hampered by complications that are closely related to 
the host’s immune system, specifically involving intestinal microflora [23]. Our alpha diversity results suggest that species diversity is 
significantly downregulated after peripheral nerve xenotransplantation. We found six gut microbes with significantly differentiated 
expression levels after xenotransplantation; four were downregulated (Desulfovibrio, Dubosiella, Faecalibaculum, and Ruminococcaceae) 
and two were upregulated (Akkermansia and Lachnospiraceae). The most significant KEGG pathways of differentially expressed me-
tabolites of Pre vs. Pos1 m and Pos1 m vs. Pos3 m were significantly enriched in phenylalanine, tyrosine, and tryptophan biosynthesis 
and histidine metabolism. Metabolites strongly associated with the differentially expressed microbial flora included (2E)-decenoy-
l-ACP, suspensolide F, rotenone, PE(20:4(5Z, 8Z, 11Z, 14Z)/15:0), medicanine, THA, melilotoside C, stigmast-22-ene-3,6-dione, and 
2-hexaprenyl-3-methyl-6-methoxy-1,4 benzoquinone. 

The intestinal microbiota includes over 1000 different species, and dysregulation of the gut microbiota composition and diversity 
has been associated with diet, antibiotics, and the immune system [24,25]. Rapid shifts in intestinal microbial composition and di-
versity lead to dysbiosis, contributing to the development of diseases such as GVHD [17]. A decreased abundance of microbial flora 
reduces the inflammatory response [26], and this correlated with our findings of a significant downregulation of species diversity after 
peripheral nerve xenotransplantation. This characterization of intestinal dysbiosis is an essential prerequisite to better understanding 
the impact of microbiota on xenotransplantation. 

We observed six intestinal flora with significantly different expression levels. Desulfovibrio, Dubosiella, Faecalibaculum, and Rumi-
nococcaceae were downregulated and Akkermansia and Lachnospiraceae were upregulated. Akkermansia is an intestinal symbiont 
bacterium of the mucosal layer that degrades intestinal mucus, thereby improving host metabolic functions and immune responses 
[27]. A significant increase in Akkermansia was reported in dextran sulfate sodium-induced colon inflammation, suggesting that 
Akkermansia may be positively correlated with inflammation [28]. Significant Akkermansia enrichment was also found in the intestines 
of Parkinson disease (PD) patients, which may be related to their proinflammatory state and recurrent gastrointestinal disease [29]. 
Our study revealed the upregulation of Akkermansia expression, suggesting that this may exert an anti-inflammatory effect in pe-
ripheral nerve xenotransplantation. A study noted the upregulation of Th1–Th17–Th22 Foxp3+ cells in the spleen of peripheral nerve 
xenotransplant recipients, suggesting that this Treg subpopulation is involved in mediating graft rejection [22]. Tregs play an 
important role in preventing GVHD, allograft rejection, and autoimmune disease [30,31]. Interestingly, the administration of 
Akkermansia to high-fat-diet-fed mice showed improved glucose tolerance and an increased number of goblet cells and adipose 
tissue-resident CD4 Foxp3+ Tregs [32], indicating Akkermansia might recruit Tregs in the host immune response following xeno-
transplantation. Desulfovibrio is predominant member of sulfate-reducing bacteria in human gut microbiota that produces a high 
concentration of lipopolysaccharide (LPS) [33]. The expression level of Desulfovibrio spp. and LPS were reported as both significantly 

Fig. 5. Differentially expressed metabolites and the predicted signal pathways. A. PCoA showed no significant aggregation among the Pre, 
Pos1 m, and Pos3 m groups; B. The volcano plot showed significant differentially expressed metabolites between the Pre and Pos1 m groups. Each 
dot represents a metabolite. Red dots are upregulated metabolites, blue dots are downregulated metabolites, and gray dots are metabolites with no 
significant differences; C. The volcano plot showed significant differentially expressed metabolites between the Pre and Pos3 m groups. Each dot 
represents a metabolite. Red dots are upregulated metabolites, blue dots are downregulated metabolites, and gray dots are metabolites with no 
significant differences; D. The KEGG pathways of differentially expressed metabolites between the Pre and Pos1 m groups; E. The KEGG pathways of 
differentially expressed metabolites between the Pos1 m and Pos3 m groups. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Y. Chen et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e18529

8

increased in liver injury mice [34]. In peripheral axotomy, overexpressed toll-like receptor 4 stimulated by LPS results in increased 
astrocytes and microglia response, involved in the process of synaptic remodeling, and affects the motoneuronal regenerative response 
and functionality [35]. Our study found that the expression level of Desulfovibrio significantly increased 1 month after surgery and 
decreased 3 months after surgery, suggesting that the upregulated Desulfovibrio may initiate host immunity against 
transplantation-related injuries and then become depleted during this process. 

The intestinal microbiota degrades dietary fiber and produces a large number of SCFAs, the main components of which are acetate, 
propionate, and butyrate [36]. SCFAs are considered an important medium for maintaining intestinal homeostasis by regulating 
different cells [37–40]. Butyrate, an SCFA produced by the gut microbiota, was reported to play a role in exerting anti-inflammatory 
activity by inhibiting NF-κB signaling and increasing IL-10 expression [41]. The higher abundance of butyrate-producing bacteria 
increases the resistance of patients to lower respiratory tract viral infections and improves the prognosis of patients [42,43]. Lach-
nospiraceae and Ruminococcaceae, belonging to the Clostridiales order (Firmicutes), produce butyrate [44]. In this study, the expression 
level of Lachnospiraceae and Ruminococcaceae remained high at 1 month after transplantation, suggesting that they produce SCFAs and 
exert anti-inflammatory effects in the early period after peripheral nerve xenotransplantation. The expression levels of Lachnospiraceae 
and Ruminococcaceae were lower at 3 months after surgery compared with 1 month after surgery. This suggests that the regulatory 
effect of butyrate-producing microbiota is affected by the loss of nutrition and disturbance of the acid–base balance in the late period 
after peripheral nerve xenotransplantation. Possible factors affecting SCFA secretion are as follows: 1) the use of amino acids or 
proteins as alternative energy sources by bacteria to produce SCFAs when fermentable dietary fiber is severely depleted in a patho-
logical state; and 2) the effect of pH on SCFA secretion [45]. The differentially expressed SCFAs may further affect bacterial levels by 
regulating the immune system. 

Fig. 6. Heatmap showing a significant correlation between different flora and differentially expressed metabolites after peripheral nerve 
xenotransplantation. The color scale bar ranges from − 0.6 to 0.4, with blue, white, and red representing low (green), medium (black), and high 
(red) gene expression levels, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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Metabolites produced by microbiomes are considered key metabolic regulators that lead to a series of beneficial or harmful re-
sponses. Thus, it is meaningful to determine the relationships between microbiomes and their metabolites. We used nontargeted 
metabolomics analysis to detect the differential expression of metabolites and identified several that had a strong relationship with 
specific microorganisms, including (2E)-decenoyl-ACP, suspensolide F, rotenone, PE(20:4(5Z, 8Z, 11Z, 14Z)/15:0), medicanine, THA, 
melilotoside C, stigmast-22-ene-3,6-dione, and 2-hexaprenyl-3-methyl-6-methoxy-1,4 benzoquinone. Rotenone was suggested as one 
of the environmental neurotoxins implicated in PD etiopathogenesis [46,47]. THA is thought to be the immediate precursor of do-
cosahexaenoic acid and plays a critical role in promoting n-3 polyunsaturated fatty acid biosynthesis [48,49], while 2-hexaprenyl-3--
methyl-6-methoxy-1,4 benzoquinone is involved in antimicrobial activities [50]. 

In this study, we revealed that the relationship between fecal microbial flora and its metabolites may modulate host immune 
response in nerve transplantation. However, our findings are limited because no SCFAs were detected in the fecal metabolites. This 
may be because the concentration of SCFAs is too low to detect using nontargeted metabolomics analysis and requires targeted 
metabolomics analysis. Furthermore, samples of intestinal contents, instead of feces, may be required. Despite these limitations, our 
findings provide new insights into the mechanism of complications in peripheral nerve transplantation. We will compare differences in 
gut microbiota between allogeneic transplantation and xenotransplantation. 

Our study found lower gut microbiome diversity with increased SCFA-producing microbiota and sulfate-reducing bacteria 1 month 
after peripheral nerve xenotransplantation, and these levels decreased 3 months after xenotransplantation. Additionally, the detection 
of specific bacterial metabolites is essential for identifying potential diagnostic markers for allograft rejection or characterizing 
therapeutic targets to prevent post-transplant infection. 
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