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Abstract
Intrinsic metabolism shapes the immune environment associated with immune suppression and tolerance in 
settings such as organ transplantation and cancer. However, little is known about the metabolic activities in an 
immunosuppressive environment. In this study, we employed metagenomic, metabolomic, and immunological 
approaches to profile the early effects of the immunosuppressant drug tacrolimus, antibiotics, or both in gut lumen 
and circulation using a murine model. Tacrolimus induced rapid and profound alterations in metabolic activities 
within two days of treatment, prior to alterations in gut microbiota composition and structure. The metabolic 
profile and gut microbiome after seven days of treatment was distinct from that after two days of treatment, 
indicating continuous drug effects on both gut microbial ecosystem and host metabolism. The most affected 
taxonomic groups are Clostriales and Verrucomicrobiae (i.e., Akkermansia muciniphila), and the most affected 
metabolic pathways included a group of interconnected amino acids, bile acid conjugation, glucose homeostasis, 
and energy production. Highly correlated metabolic changes were observed between lumen and serum 
metabolism, supporting their significant interactions. Despite a small sample size, this study explored the largely 
uncharacterized microbial and metabolic events in an immunosuppressed environment and demonstrated that 
early changes in metabolic activities can have significant implications that may serve as antecedent biomarkers 
of immune activation or quiescence. To understand the intricate relationships among gut microbiome, metabolic 
activities, and immune cells in an immune suppressed environment is a prerequisite for developing strategies to 
monitor and optimize alloimmune responses that determine transplant outcomes.
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Introduction
The intrinsic metabolism is a major regulator of the 
immune environment, including metabolic activities 
associated with immune tolerance such as in transplan-
tation and cancer [1–3]. The immunosuppressive agents 
used to prevent allograft rejection have serious long-
term effects not only on immunity and the transplanted 
organ, but also on metabolic disorders [4]. Metabolic 
derangements such as post-transplant diabetes mellitus, 
non-alcoholic fatty liver disease, hypertension, dyslipid-
emia, and obesity affect the majority of organ transplant 
recipients [5]. As major non-immune factors, metabolic 
disorders contribute significantly to chronic allograft 
dysfunction, graft survival, and quality of life [6–8]. Gut 
dysbiosis appears also to be involved in these metabolic 
changes, though its specific impact remains undefined 
[9]. Despite of current understanding of a few metabo-
lites implicated in cancer immunosuppression [9, 10], 
there is a significant gap in our understanding of the 
shifts in the metabolic landscape and the specific micro-
biomes that are responsible for such changes. Notably, 
many metabolic changes have been characterized after 
the emergence of symptomatic pathophysiological signs, 
leaving the early shifts less explored.

Many metabolic disorders are characterized as an 
imbalanced composition and function of intestinal 
microbiota with reduced microbial biodiversity and 
altered metabolic capacity, or gut dysbiosis [11, 12]. In a 
dysbiotic state, microbial metabolic activities are altered 
and a large range of metabolites are affected, such as 
amino acids [13], short-chain fatty acids (SCFAs) [14], 
bile acids (BAs) [15], tryptophan metabolites [16], tri-
methylamine N-oxide (TMAO) [17], polyamines [18], 
and vitamin derivatives [19]. Dysbiosis can result in an 
overgrowth of potentially harmful microbes that produce 
proinflammatory metabolites, such as lipopolysaccha-
rides and TMAO [20]. Increased levels of these metabo-
lites contribute to systemic inflammation, impaired gut 
barrier function, and immune dysregulation [21]. In fact, 
gut dysbiosis and altered metabolic pathways are associ-
ated with increased mortality after organ transplantation 
[12]. Ameliorating gut dysbiosis using dietary interven-
tions, prebiotics, probiotics, and fecal microbiota trans-
plantation offers potential prevention and treatment of 
metabolic disorders.

Interactions between immunosuppressive treatments 
and gut microbiome are bidirectional. Tacrolimus is a 
widely used immunosuppressive drug prescribed pre-
dominantly for prophylaxis of organ rejection post-trans-
plant [22]. The gut microbiota contributes to complex 
metabolic interactions by its impact on drug metabo-
lism, affecting the efficacy, toxicity, and bioavailability 
[23], contributing to high interindividual variability in 
drug metabolism and responses [24–27]. For example, 

Faecalibacterium prausnitzii directly metabolizes tacroli-
mus into less potent metabolites in vitro [28, 29]. The gut 
microbiota can reactivate the inactive form of a potent 
immunosuppressive agent mycophenolate mofetil and 
influence its pharmacokinetics [30, 31]. Immunosuppres-
sants also significantly altered the gut microbiome [9, 32]. 
High doses of tacrolimus significantly altered the compo-
sition and structure of the gut microbiome [33].

Immunosuppressive drugs are always combined clini-
cally with antibiotic regimens, heightening the com-
plexity of interactions with the microbiota [34, 35]. The 
antibiotics are typically administered to transplant recipi-
ents to prevent or treat infection. However, antibiotics 
disrupt the gut microbiota, leading to reduced microbial 
diversity and an increased risk of infection from oppor-
tunistic pathogens [36, 37]. Given the consequences of 
modifying the gut microbiota on inflammation, immu-
nity, and metabolism, sophisticated analyses that seek to 
identify the major variables, their interactions, and their 
effects are required to advance our understanding of the 
role of gut microbiota and their metabolic activities in 
immunosuppressed environments.

The goal of this study is to delineate early changes in 
metabolite profiles caused by immunosuppressive treat-
ment, and its intricate interactions with the gut micro-
biome. We employed metagenomic, metabolomic and 
immunological approaches to compare the effects of 
tacrolimus and antibiotics on the gut lumen and circu-
lation in a murine model. This model employs low-dose 
daily tacrolimus administration that effectively mirrors 
both clinical dosing and clinical events reminiscent of 
human pathology, surpassing models based on acute, 
binary measures of rejection [38, 39]. Distinct meta-
bolic phenotype, or “metabotype” that constitute one or 
a set of compounds that reflect treatment effects [40], 
were elicited by tacrolimus. Distinct metabotypes after 
two days and seven days of treatment demonstrated 
significant and incremental effects imposed by continu-
ous immunosuppressant treatment. Gut microbial com-
munity and composition was also persistently altered at 
these two time points. Though integrative analyses, our 
study underscored the prompt influence of immunosup-
pressive drugs on host metabolism in both gut and cir-
culation, occurring ahead of detectable significant shifts 
in gut microbiota composition and structure. These 
rapid and sensitive metabolic signatures can be used as 
antecedent biomarkers to indicate the onset and pro-
gression of metabolic changes, highlighting their value 
as diagnostic and potential auxiliary therapeutic targets 
for managing metabolic disorders from prolonged use of 
immunosuppressants.
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Results
Short-term tacrolimus-induced modest versus antibiotics-
induced strong changes in the gut microbiome
We first investigated the short-term responses (experi-
mental design in Fig.  1A) to tacrolimus and antibiotics 
on the gut microbiome and metabolism. C57BL/6 mice 
were treated with antibiotics for 6 days only, tacrolimus 
for 2 days only, the combination of antibiotics followed 
by tacrolimus, or untreated no drug control. Whole com-
munity metagenomic sequencing of colon intralumi-
nal fecal contents yielded 39.4 ± 8.0 (mean ± s.d.) million 
reads per sample after quality assessment (Supplemental 
Table  1A). Intraluminal fecal content from the jejunum 
showed that the majority (> 98%) of the reads were from 
the host (Supplemental Table 1B). Thus, the intraluminal 
content of the colon was used in subsequent analyses. 
Taxonomic composition using the comprehensive mouse 

gut metagenome catalog (CMGM) [43] showed 222 taxo-
nomic groups at species level (Supplemental Table 1  C) 
in 64 genera (Supplemental Table 1D). Functional charac-
terization using HUMAnN2 (Human Microbiome Proj-
ect Unified Metabolic Analysis Network) (v0.11.2) [41] 
to determine the prevalence and abundance of metabolic 
functional units is presented in Supplemental Table 1E.

The effects of antibiotics and tacrolimus on gut micro-
biota were distinct. Antibiotic treatment alone or in 
combination with tacrolimus significantly reduced gut 
microbiota diversity (Fig. 1B) and altered the taxonomic 
composition and structure (Fig. 1C) as well as the func-
tional makeup (Fig.  1D). Compared to tacrolimus alone 
or the untreated control, the antibiotic effect was much 
stronger with phylogenetic collateral sensitivity, as taxa 
from the same phylogenetic groups were simultane-
ously affected (Supplemental Fig. 1A). The most striking 

Fig. 1  Short-term drug effect on gut microbiome. A) Experimental design. C57BL/6 mice were treated with antibiotics for 6 days only from day 7 to 1, 
tacrolimus 2 days only, the combination of antibiotics from day 7 to 1 followed by tacrolimus on day 1 and 2, or untreated no drug control. B) Chao1 
diversity index (within-community diversity) of the four experimental groups. Canonical Correspondence Analysis (CCA) to demonstrate de novo cluster-
ing of gut microbiome C) taxonomic groups and D) microbial functional pathways characterized using HUMAnN2 (v0.11.2) [41] and Uniref90 database 
[42] based on Bray-Curtis distance. E) Cumulative relative abundance of bacteria groups in families for the four experimental groups, using ward linkage 
clustering based on Euclidian distance. Abbreviations: Abx: antibiotics; Ctl: no treatment control; Tac: tacrolimus; Abx + Tac: antibiotics with tacrolimus 
treatment
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changes were in observed in Firmicutes (aka. Bacillota) 
with members from the families of Lachnospiraceae 
(Firmicutes), Oscillospiraceae (Firmicutes), Rumino-
cocceae (Firmicutes), and Muribaculaceae (aka. S24-7, 
Bacteroidota) being depleted (Supplemental Fig.  1B–E). 
Antibiotics overpowered the effects of tacrolimus on 
the gut microbiome when used in combination (Fig. 1E). 
The most differentially abundant group was Enterobac-
teriaceae (Enterobacter and Klebsiella pneumoniae) for 
tacrolimus plus antibiotics, while the antibiotics-only 
treatment group had a few low abundant groups in Fir-
micutes and Burkholderiales (Clostridium and Paeniclos-
tridium sordellii) (Supplemental Fig.  3). Otherwise, the 
antibiotics treated groups with and without tacrolimus 
were highly similar.

Unlike antibiotics, tacrolimus alone induced only mod-
est changes in gut microbiota, presenting high similari-
ties to the control in community diversity, taxonomic 
composition and structure, and functional makeup 
(Fig.  1B–E). The most affected taxa were in low abun-
dance and sporadically distributed in different taxonomic 
groups without relation to the phylogenetic range (Sup-
plemental Fig.  3). Akkermansia muciniphila (Verruco-
microbiae) was more abundant in the tacrolimus group, 
whereas a few low abundant Clostridia taxa were more 
abundant in the control group (Supplemental Fig.  2). 
Overall, antibiotic treatment, with and without tacroli-
mus, strongly affected the gut microbiome, and this wide 
spectrum impact was related to the phylogenetic range. 
The 2-day tacrolimus treatment had modest effects on 
the gut microbiome, which was not related to the micro-
bial phylogenetic range.

Short-term tacrolimus treatment induced profound 
changes in metabolic activities in both gut lumen and 
serum
To investigate gut metabolism, we profiled the metabo-
lome of paired intraluminal stool and serum samples 
using capillary electrophoresis-mass spectrometry (CE/
MS) (Fig.  1A). After quality assessment, 247 luminal 
metabolites were included, out of which 233 were anno-
tated by at least one reference from PubChem [44], Kyoto 
Encyclopedia of Genes and Genomes [KEGG, [45]], or 
the Human Metabolome Database [HMDB, [46]] (Sup-
plemental Table  2  A). KEGG BRITE hierarchy remains 
the benchmark for function classification, enabling the 
allocation of a metabolite to its respective KEGG com-
pound, functional module, involved pathways, and 
functional class. According to the KEGG BRITE hier-
archical classification system, 84 luminal metabolites 
were assigned in this system. The most prevalent class 
of luminal metabolites was amino acid metabolism, 
comprising 40.5% (34/84) of all annotated metabolites 
(Supplemental Table 2  C). These metabolites belong to 

pathways in arginine and proline metabolism, arginine 
biosynthesis, cysteine and methionine metabolism, his-
tidine metabolism, tryptophan metabolism, and glycine, 
serine and threonine metabolism. Together with other 
amino acid metabolites (i.e., β-alanine metabolism, gluta-
thione metabolism), the amino acid metabolism-related 
metabolites comprised 48.7% of the total luminal metab-
olome (Supplemental Table 2D). Other prevalent classes 
included carbohydrate metabolism (14.3%, 12/84), nucle-
otide metabolism (10.7%, 9/84), lipid metabolism (9.5%, 
8/84), metabolism of cofactors and vitamins (8.3%, 7/84), 
and the biosynthesis of other secondary metabolites 
(3.6%, 3/84). Individual metabolites were characterized 
in 111 functional modules such as polyamine biosyn-
thesis (arginine = > agmatine = > putrescine = > spermi-
dine) to indicate key metabolic processes (Supplemental 
Table 2E).

The serum metabolome was estimated to be approxi-
mately 80% similar to the paired luminal metabolome 
based on KEGG functional modules. A total of 262 serum 
metabolites were included after quality assessment, of 
which 233 were annotated (Supplemental Table  2B). 89 
serum metabolites were assigned to the KEGG BRITE 
hierarchical classification system. The most prevalent 
class was amino acids metabolism (42.7%, 38/89), an 
even higher proportion than the luminal metabolome. 
Lipid metabolism (12.4%, 11/89) and xenobiotics biodeg-
radation and metabolism (3.4%, 3/89) were also higher 
in the serum. Conversely, carbohydrate (12.4%, 11/89) 
and nucleotide metabolism (7.9%, 7/89) were higher in 
the lumen. Metabolic pathways were also similar in the 
lumen and serum. The main pathways for which the 
lumen metabolome had more coverage included protein 
digestion and absorption, biosynthesis of cofactors, tau-
rine and hypotaurine metabolism, glutathione metabo-
lism, neuroactive ligand-receptor interaction, cysteine 
and methionine metabolism, purine metabolism, and the 
cAMP signaling pathway. Conversely, the serum metabo-
lome had higher coverage of lysine degradation, phenyl-
alanine metabolism, tryptophan metabolism, fatty acid 
biosynthesis, tyrosine metabolism, and glycine, serine, 
and threonine metabolism. Approximately 80% of the 
serum functional modules shared key metabolic pro-
cesses with the lumen (Supplemental Table  2E–G). The 
rest were either present in serum or gut. For instance, 
ornithine biosynthesis (glutamate = > ornithine) was pres-
ent in lumen but not in serum.

Tacrolimus elicited distinct and strong metabolic 
changes within 2 days of treatment. Sparse Partial Least-
Squares Discriminant Analysis (sPLS-DA) was employed 
to analyze the large dimensional datasets that had more 
variables (metabolites) than samples (p > > n) to pro-
duce robust and easy-to-interpret models [47]. Distinct 
metabolic profiles after 2-day tacrolimus treatment were 
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observed in both lumen (Fig.  2A) and serum (Fig.  2B), 
indicating the significant impact of tacrolimus on the 
metabolism of both the circulation and gut lumen. The 
key metabolites that contributed to the distinction 
among treatment groups are shown in Supplemental 
Fig.  4. These compounds offer a comprehensive insight 
into the treatment-induced metabolic shifts. An over-
view of the most differentially abundant compounds 
among the treatment groups is shown in hierarchical 
clustering heatmaps in Supplemental Fig.  5. Tacrolimus 
elicited stronger metabolic changes than antibiotics in 
terms of the number of metabolites and pathways that 
were affected. Comparison with antibiotics revealed 10 
times more significantly induced luminal metabolites and 
4 times more serum metabolites elicited by tacrolimus 
(Fig. 2C and D). Comparison with the no treatment con-
trol revealed > 5 times more significantly increased lumi-
nal metabolites and 4 times more serum metabolites in 
tacrolimus than in antibiotics (Supplemental Table  3  A, 

3B). Pathway enrichment analysis also revealed that more 
pathways were significantly affected by tacrolimus in 
both the lumen and serum, which was evaluated from the 
dimensions of pathway topology (i.e., more hits observed 
in the pathway or more influential “hub” hits) and path-
way significance (i.e., more compounds with statistical 
significance) (Supplemental Table 3  C, 3D). Compared 
to the no treatment control, tacrolimus significantly 
induced luminal pathways in vitamin B6 metabolism, 
arginine and proline metabolism, histidine metabolism, 
glyoxylate and dicarboxylate metabolism, and nicotinate 
and nicotinamide metabolism. Compared to antibiot-
ics, tacrolimus additionally induced luminal pathways in 
butanoate metabolism, alanine, aspartate and glutamate 
metabolism, cysteine and methionine metabolism, pan-
tothenate and CoA biosynthesis, β-alanine metabolism, 
arginine biosynthesis, and starch and sucrose metabo-
lism. Compared to the no treatment control, tacrolimus 
significantly increased serum metabolic pathways in 

Fig. 2  Short-term drug effect on metabolome. Clustering of A) luminal metabolites and B) serum metabolites using sparse Partial Least Squares Discrimi-
nant Analysis (sPLS-DA) to demonstrate metabolic phenotypes due to drug treatments. Volcano plot combines results from fold change (FC) analysis to 
show significantly increased metabolites after 2-day tacrolimus treatment in C) lumen or D) serum. A metabolite is shown if FC is > 2 and p value is < 0.05 
based on 2-sample t-test. Original metabolite measurement without normalization was used in FC analysis

 



Page 6 of 21Ma et al. BMC Microbiology          (2023) 23:394 

alanine, aspartate and glutamate metabolism, glyoxylate 
and dicarboxylate metabolism, tryptophan indole path-
way, primary BA, taurine and hypotaurine, TCA, and 
alanine, aspartate and glutamate metabolism. Additional 
serum pathways induced by tacrolimus compared to anti-
biotics included nicotinate and nicotinamide, tryptophan 
metabolism of serotonin and L-kynurenine, D-glutamine 
and D-glutamate, and thiamine metabolism. Overall, 
tacrolimus exerted a stronger effect on both luminal and 
circulating metabolism of a selected pool of essential 
amino acid and carbohydrate metabolism pathways.

Unlike tacrolimus, antibiotics induced only modest 
changes in the metabolome. The most elevated luminal 
compounds were primary BAs (Supplemental Fig.  6A). 
Serum levels of a few compounds were elevated, includ-
ing the antibiotic itself (i.e., metronidazole) (Supplemen-
tal Fig.  6B). Serum pathways of alanine, aspartate, and 
glutamate metabolism, arginine and proline metabolism, 
arginine biosynthesis, and valine, leucine and isoleucine 
biosynthesis were increased in antibiotics. However, most 
of these pathways decreased in the lumen after antibiotic 
treatment. The combined treatment of tacrolimus and 
antibiotics did not amplify the number of affected lumi-
nal metabolic pathways in comparison to the influence 
of antibiotics alone (Supplemental Table 3 C). However, 
it did manifest changes in serum metabolic pathways, 
notably in the metabolism of taurine, hypotaurine, pri-
mary bile acid biosynthesis, and histidine (Supplemental 
Table 3D). When comparing the effects of the combina-
tion of tacrolimus and antibiotics with tacrolimus alone, 

there were evident alterations in the gut lumen path-
ways related to butanoate metabolism, and the metabo-
lism of alanine, aspartate, and glutamate. Furthermore, 
the combined treatment impacted pathways concerning 
the metabolism of lysine, valine, leucine, isoleucine, and 
glutathione. These observations underscore the distinct 
metabolic shifts induced by antibiotics and tacrolimus, 
emphasizing their unique and combined effects on host 
metabolism.

Tacrolimus exerted additional effects on gut microbiome 
and metabolism after prolonged administration
Seven-day tacrolimus treatment was investigated to char-
acterize the impact of prolonged tacrolimus use (experi-
mental design in Fig. 3A, Supplemental Table 4 A). The 
gut microbiota of the 2- and 7-day untreated controls 
were clustered together, distinct from the 2- and 7-day 
treatment groups, as shown in the heatmap (Fig.  3B). 
Using principal component analysis based on taxonomic 
composition and structure (Fig. 3C), we observed a dis-
tinct separation between the mice group that received 7 
days of tacrolimus treatment and its control compared 
to the group that received only 2 days of treatment with 
its control. Therefore, the more pronounced separation 
seen in the 7-day treatment group suggests that the pro-
longed exposure to tacrolimus has a more robust effect, 
when all groups are analyzed on a uniform scale. Seven-
day tacrolimus treatment was more effective in terms of 
the number of differentially abundant taxa (Supplemen-
tal Fig. 7A) and significantly reduced diversity of the gut 

Fig. 3  Gut microbiome and luminal metabolome after tacrolimus treatment for 2 or 7 days. A) Experimental design. Colors indicate different treatment 
groups. B) Heatmap of the top 25 most abundant intestinal bacterial taxa. Ward linkage clustering used to cluster samples based on the Jensen-Shannon 
distance calculated in vegan package in R [48]. C) PLS-DA to demonstrate clusters by treatment groups. Circles indicate 95% confidence region of each 
group. D) Chao1 diversity index of experimental groups. Wilcoxon test to estimate the significance value. * denotes significance value < 0.05. E) Volcano 
plot combines results from FC analysis to show significantly increased metabolites after 7-day tacrolimus treatment comparing to its respective no treat-
ment control. A metabolite is shown if FC is > 2 and p value is < 0.05 based on 2-sample t-tests. Original metabolite measurement without normalization 
in FC analysis
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microbiota (Fig.  3D). Compared with the 2-day tacroli-
mus treatment, the most significantly altered taxonomic 
groups after 7-day treatment were distributed in a wider 
phylogenetic range, including Clostridiales, Verrucomin-
crobiota, and Saccharimonadales (Supplemental Fig. 7B). 
Overall, these results indicate that tacrolimus reduced 
commensals and overall diversity and this effect was 
more pronounced with longer administration.

Metabolome analyses of intraluminal stool revealed 
213 metabolites after 2- and 7-day treatments (Supple-
mental Table  4B, 4  C), comprising 88.8% of the 2-day 
metabolome and 70.3% of the 7-day metabolome. The 
remaining 11.2% and 29.7% were detected only in the 
2- and 7-day treatments, respectively. A distinct set of 
significantly increased metabolites was observed after 7 
days of tacrolimus treatment compared to no drug con-
trol, including sets of amino acids (Phe, Leu, Trp, Tyr, 
Gln, Met, Arg, Asn) and dipeptides (His-Glu, Tyr-Glu) 
(Fig.  3E). Multiple metabolites that were significantly 
reduced after seven days but increased in the 2-day 
treatment group included isovalerylalanine, putrescine, 
λ-Glu-Asp (L-Glutamyl-L-aspartic acid), trimethylamine 
(TMA), succinic acid, histamine (histidine pathway), and 
threonic acid. Taking together, these results show that the 
effects of tacrolimus on the gut microbiota and metabo-
lome are not immediate and accrue over time.

Modularity of gut microbiota and metabolome indicates 
network effects due to drug treatment
Microbes and metabolites do not operate in isolation 
but interact with each other to maintain homeostasis, 
commonly referred as network effect [49]. The group of 
microbes or metabolites that operate together, indicated 
as in statistically significant positive or negative correc-
tions. These correlations reflect the tendency of these 
entities to increase or decrease in concert and may sug-
gest a shared role in particular biological processes or 
responses. The concept of modularity was thus used 
to reflect the degree of node connectivity to which a 
network can be divided into subgroups or modules to 
understand the organization and functional relationships 
within a complex system [50]. Highly connected compo-
nents often have similar functions or are part of the same 
biological process in response to different stimuli. High 
modularity was observed in the gut microbiota and the 
luminal and serum metabolome in our datasets. The gut 
microbiota was de novo clustered into three distinct clus-
ters (Fig. 4A): cluster 1 was enriched in antibiotics only; 
cluster 2 was elevated in antibiotics only or with tacro-
limus that contained taxa such as Prevotella, Bacteroi-
des, Muribaculum, and Bifidobacterium, which included 
a large number of taxa enriched in either tacrolimus or 
no drug control, such as Roseburia, Oscillibactera, CAG-
81, Acetatifactor, Lawsonibacter, and Schaedlerella. Taxa 

within clusters 2 and 3 exhibited distinct inter-relation-
ships. Specifically, taxa in cluster 2, including MGG36460, 
Muribaculum, and Bifidobacterium, were inversely corre-
lated with Marseille-P3106 and CAG-81 from cluster 3, 
as visualized in the correlation network in Supplemental 
Fig.  8A. Moreover, Bacteroides from cluster 2 showed 
a negative correlation with UBA3282 and ASF356 of 
cluster 3. In contrast, the remaining taxa within cluster 
3 displayed positive correlations amongst themselves. 
These results suggest concerted changes among subsets 
of the gut microbial community in response to different 
treatments.

Luminal metabolites also formed networks that con-
tained compounds that were either positively or nega-
tively correlated, suggesting concerted responses to 
different treatments. Four amino acid and derivative 
networks were observed and were positively correlated 
within-network, as shown in Supplemental Fig.  8B: 
(i) Arg, Trp, Val, Ile, Phe, Tyr, Leu, Lys, Tyr-Glu, His-
Glu, N6-acetyllysine, and N6, N6, N6-trimethyllysine 
(Fig. 4B). The majority of these amino acids also exhibit 
significantly elevated levels in the day-7 tacrolimus treat-
ment group compared to control, as shown in Fig.  3E. 
These results collectively suggest a coordinated modula-
tion of a set of amino acids in response to immunosup-
pressant; (ii) His, Thr, and Pro; (iii) γ-glutamyl dipeptides 
γ-Glu-Gln, γ-Glu-Trp, γ-Glu-Met and γ-Glu-Ala; and iv) 
Ser-Glu, Glu-Glu, Ile-Pro-Pro, and Val-Pro-Pro, which 
were negatively correlated with amino acid derivatives 
of carnitine, creatine, and betaine. In addition to amino 
acids, other networks were found to be functionally 
related to carbohydrates and nucleosides and nucleotides 
metabolism (data not shown).

Serum metabolites are also highly modular. Multiple 
correlation networks were observed (Supplemental 
Fig.  8C): (i) purine metabolism; (ii) pentose phosphate 
pathway; (iii) amino acid metabolism that includes Arg, 
Lys, Pro, Met, Thr, Ala, and Ser and Nω-methyarginine, 
citrulline, and ornithine (Fig.  4C), many of which were 
enriched in antibiotics and tacrolimus combined treat-
ment group (Supplemental Fig.  4B); and (iv) amino 
acid derivatives (isovalerylalanine, 1  N-acetylleucine, 
1  H-Imidazole-4-propionic acid, 3-phenylpropionic 
acid, N-acetylphenylalanine) that were negatively cor-
related with glycerophospholipid ethanolamine phos-
phate. Overall, this result indicates coordinated changes 
in metabolic pathways among functionally related com-
ponents between the gut and systemic metabolites across 
all mice groups post-treatment. The shifts seen in meta-
bolic pathways of the gut and systemic circulation are 
not uniform across groups. Instead, they exhibit distinct 
patterns depending on the type of treatment, which sug-
gests different drug treatments invoke distinct biologi-
cal processes that shape the gut ecosystem and influence 
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Fig. 4  Correlations between luminal and circulating metabolome. A) Hierarchical clustering heatmap of gut microbiota using genera. Sub-correlation 
network of B) luminal metabolome and C) serum metabolome. See Supplemental Fig. 8 for the rest of the network. Debiased Sparse Partial Correlation 
(DSPC) network was used [51]. Nodes denote taxonomic groups or metabolites; edges represent association measures. Default cutoff value was used 
for degree filter and betweenness. Correlation significance value < 0.01 used. Sparse partial least squares (or Projection to Latent Space, PLS) [52, 53] to 
integrate pairwise datasets of D) gut microbiome and luminal metabolome, E) gut microbiome and serum metabolome, and F) luminal metabolome and 
serum metabolome from paired samples of the same mouse. Samples represented in the latent space from multiple coordinates to demonstrate the level 
of agreement between the two paired data sets. Arrows connecting paired samples of the same mouse from the indicated two datasets. Cluster Image 
Map of the Pearson correlation coefficients between two matched datasets [54] of G) gut microbiota and serum metabolome and H) lumen metabo-
lome and serum metabolome. Hierarchical clustering applied on the rows and columns of the similarity matrix simultaneously. The color represents the 
values of the similarity matrix when performing two dataset integration. Ward linkage to cluster both samples and metabolites based on their Euclidean 
distance. Color bar indicates the scaled z-score of each feature
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systemic metabolism. Our results offer a granular look 
into the interactions and responses elicited by differ-
ent treatments, to understand the influence of the gut 
microbiome on systemic metabolism in the immune sup-
pressed environment.

Highly correlated gut and systemic metabolism
Sparse partial least squares (or projection to Latent 
Space, PLS) was employed to represent paired gut micro-
biota and luminal metabolome of the same mouse in the 
same latent space to demonstrate their level of agreement 
[52, 53]. The metabolic phenotype in the tacrolimus or 
antibiotic groups produced more “homogeneous” sample 
projections, as depicted by the short average arrow length 
between the paired gut microbiota and luminal metabo-
lome (Fig. 4D), luminal and serum metabolome (Fig. 4E), 
gut microbiome, and serum metabolome (Fig. 4F).

The network modules of the gut microbiota and 
metabolome were correlated. Microbiota cluster 2 was 
positively correlated with luminal metabolites belong-
ing to the carbohydrate metabolism pathway (glucaric 
acid, gluconic acid, 6,8-thioctic acid, quinic acid, gluco-
nolactone, and creatinine) (Supplemental Fig.  8D), as 
well as with serum amino acids (Val, Tyr, Ala, Leu, Ser, 
Phe, Lys, Met, Asn, Pro, Thr and Arg) (Fig.  4G), many 
of which were enriched in antibiotics only or antibiotics 
with tacrolimus (Supplemental Fig. 5B). Microbiota clus-
ter 3 was positively correlated with luminal metabolites 
of S-adenosylmethionine (SAM), GABA, glyceric acid, 
glycine, symmetric dimethylarginine (SDMA), asym-
metric dimethylarginine (ADMA), spermidine, N1-ace-
tylspermidine, citrulline, and O-acetylcarnitine (Fig. 4G). 
These metabolites are essential compounds in intercon-
nected pathways of arginine metabolism, polyamine 
metabolism, nitric oxide regulation, and urea cycle. 
Microbiota cluster 3 was also positively correlated with 
the serum metabolites of serotonin (5-HT), 5-hydroxyin-
doleacetic acid (5-HIAA), lactate acid, glycerol 3-phos-
phate, Nω-methylarginine, butyrobetaine, and choline 
(Fig. 4H), which were within the same network (Supple-
mental Fig.  8C). Furthermore, the luminal amino acid 
network correlated with serum metabolites involved 
in glucose homeostasis, nitric oxide regulation, and BA 
metabolism (Fig. 4F). These results indicate that the cor-
relations between gut and systemic metabolism occur 
through interconnected pathways, particularly amino 
acid metabolism.

Altered amino acid metabolism in an immune suppressed 
environment
Since tacrolimus elicited distinct metabolic pheno-
types, we sought to define the metabolic phenotype, or 
“metabotype”, which reflects one or a set of compounds 
that inform about the treatment effect [40]. Metabolites 

from the functional pathways most induced by tacroli-
mus were investigated. In particular, we used the ratio of 
two metabolites that were either directly linked or shared 
a common precursor in a pathway. The ratio is less sub-
ject to individual variations and is more reflective of the 
dynamic changes in metabolic fluxes or shifts compared 
to the absolute concentration of a single metabolite [55].

Amino acid metabolic pathways, including histidine, 
tryptophan and arginine metabolism, were the most 
prominent among the compounds most significantly 
affected by tacrolimus (Figs.  5, 6 and 7). There was 
increased conversion of histidine to histamine and then 
to 1-methyl-4-imidazoleacetic acid, instead of conver-
sion to 4-(β-acetylaminoethyl)imidazole (Fig. 5A and B), 
suggesting that the metabolism of histidine in the lumen 
is upregulated by tacrolimus. Three tryptophan metabo-
lism pathways were observed in the serum, including 
the kynurenine, indole pyruvate, and serotonin path-
ways (Fig. 5C). The indole and serotonin pathways were 
significantly elevated by tacrolimus and/or reduced by 
antibiotics (Fig.  5D). The ratio of substrates involved in 
the indole pyruvate pathway, in which tryptophan is con-
verted to indole-3-propionic acid (IPA) or ILA, was high-
est in the tacrolimus group (Fig.  5E). Serotonin (5-HT, 
5-hydroxytryptamine) were also elevated by tacrolimus 
and/or reduced by antibiotics. Since the indole pathway 
requires microbial metabolism [56], while serotonin is 
primarily produced in the enterochromaffin cells of the 
gastrointestinal tract and released into the bloodstream 
[57], our results indicated that tryptophan metabolism 
in response to tacrolimus included synergistic reac-
tions by the gut microbiome and intestinal epithelia that 
together directed the enzymatic reactions in tryptophan 
metabolism.

We further investigated the hydroxylated form of 
amino acids; hydroxylation is a post-translational modi-
fication that significantly influences protein structure and 
function, subsequently influencing immune responses 
[58, 59]. There were 20 hydroxylated serum metabolites 
and 9 fecal hydroxylated metabolites. The serum hydrox-
ylated metabolites were defined by treatment (Supple-
mental Fig.  9A), indicating distinct modifications under 
treatment conditions. Tacrolimus increased 2-hydroxy-
glutaric acid (Supplemental Fig.  9B), an “oncometabo-
lite”, and its accumulation promotes the formation and 
progression of cancer [60]. In the antibiotic-only group, 
p-hydroxyphenylpyruvic acid and 2-hydroxybutryic acid 
were elevated (Supplemental Fig.  9B). Antibiotics with 
tacrolimus distinctively increased the levels of hydroxy-
proline and decreased the levels of 3-(4-hydroxyphenyl)
propionic acid, 5-HIAA (5-hydroxyindoleacetic acid), 
5,6-dihydroxyindole, 5-hydroxypentanoic acid, and 
3-hydroxybutyric acid. Metabolites such as 2-hydroxy-
glutaric acid, hydroxyproline, and 5-HIAA are known 
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immune regulators, and others such as 2-hydroxybutryic 
acid and 3-(4-hydroxyphenyl)propionic acid are known 
metabolites derived from gut microbiota, indicating the 
potential impact of treatments on disrupted microbiota, 
metabolite production, and immune responses.

Tacrolimus induces augmented polyamine metabolism
Tacrolimus induced distinct changes in arginine 
metabolism in both the lumen and serum (Fig.  6A). In 
serum, there was increased putrescine accompanied 
by an increased arginine to putrescine conversion ratio 

(Fig.  6B). The level of 4-acetamidobutanoate was sig-
nificantly decreased, accompanied by a significantly 
increased ratio of spermidine to 4-acetamidobutano-
ate, indicating the directed metabolism by tacrolimus 
from arginine to putrescine, followed by spermidine 
and N1-acetylspermidine in the circulation (Fig.  6D). 
The luminal arginine metabolic pathway was also active 
(Fig. 6E). This was supported by the increased putrescine 
to arginine ratio (Fig. 6F), indicating directed metabolism 
by tacrolimus from arginine to putrescine, and then to 
N1-acetylspermidine and N8-acetylspermidine in the gut 

Fig. 5  Histidine and tryptophan metabolism after 2-day drug treatment. A) Pathway of histidine metabolism to histamine with the metabolite products 
of 1-methyl-4-imidazoleacetic acid and 4-(β-acetylaminoethyl)imidazole. Illustration adapted from KEGG histidine metabolism pathway (map00340) [45]. 
B) Metabolite conversion ratio of 4-(β-acetylaminoethyl)imidazole to 1-methyl-4-imidazoleacetic acid, and of 1-methyl-4-imidazoleacetic acid to histidine 
in the four 2-day treatment groups of tacrolimus, antibiotics, tacrolimus and antibiotics together, and no treatment control. C) Tryptophan metabolism, 
including the kynurenine pathway, indole pyruvate pathway, and serotonin pathways. Illustration adapted from KEGG histidine metabolism pathway 
(map00380) [45]. D) Biplot of PCA of tryptophan metabolism pathway. Loading vectors and principal components labeled. E) IPA concentration and 
metabolite conversion ratio of 5-HIAA (5-hydroxyindoleacetic acid) to indole-3-propionic acid (IPA), IPA to 3-indoxylsulfuric acid (I3SA), tryptophan to IPA 
in the four 2-day treatment groups of tacrolimus, antibiotics, tacrolimus and antibiotics together, and no treatment control. Y axis represents the ratios 
normalized level between the indicated metabolites. The ROC curve used to calculate area under curve (AUC) as a metric quantifying the overall ability of 
the metabolite to correctly classify the experimental conditions. Closest to top-left core of ROC (red dot) as the optimal cutoff value, shown in bargraph 
(red line). P value was calculated using 2-sample t-tests between tacrolimus and control groups and displayed atop the boxplots. Black points represent-
ing mice, horizontal line representing mean, yellow dots presenting median, the top and bottom of the box are the lower and upper quartile
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Fig. 7  Primary bile acids conjugation changes after 2-day drug treatment. A) Pathway of bile acid conjugation in live, serum and gut lumen. Illustration 
adapted from KEGG primary bile acid biosynthesis pathway (map00120) [45]. B) Metabolite TCA and GCA concentration in serum and conversion ratio of 
taurine to TCA and of GCA to glycine. The ROC curve used to calculate area under curve (AUC) as a metric quantifying the overall ability of the metabolite 
to correctly classify the experimental conditions. Closest to top-left core of ROC (red dot) as the optimal cutoff value, shown in bargraph (red line). P value 
was calculated using 2-sample t-tests between tacrolimus and control groups and displayed atop the boxplots. Black points representing mice, horizontal 
line representing mean, yellow dots presenting median, the top and bottom of the box are the lower and upper quartile. Abbreviations: CA: cholic acid; 
GCA: glycocholic acid; TCA: taurocholic acid

 

Fig. 6  Arginine and polyamine metabolism after 2-day drug treatment. Pathway of arginine metabolism toward polyamine biosynthesis and metabolism 
in A) serum and E) gut lumen, and C) pathway of arginine metabolized to nitric oxide synthesis. Illustration adapted from KEGG histidine metabolism 
pathway (map00330) [45]. Metabolite conversion ratio plot in B) spermidine to 4-acetamidobutanoid acid in serum, putrescine to arginine in both D) 
lumen and F) serum in the four 2-day treatment groups of tacrolimus, antibiotics, tacrolimus and antibiotics together, and no treatment control. Y axis 
represents the ratios normalized level between the indicated metabolites. The ROC curve used to calculate area under curve (AUC) as a metric quantifying 
the overall ability of the metabolite to correctly classify the experimental conditions. Closest to top-left core of ROC (red dot) as the optimal cutoff value, 
shown in bargraph (red line). P value was calculated using 2-sample t-tests between tacrolimus and control groups and displayed atop the boxplots. Black 
points representing mice, horizontal line representing mean, yellow dots presenting median, the top and bottom of the box are the lower and upper 
quartile. Abbreviations: ADMA: asymmetric dimethylarginine; SDMA: symmetric dimethylarginine; SAM: S-adenosylmethionine
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lumen. Together, these results suggest that tacrolimus 
drives active arginine metabolism that is directed towards 
polyamine metabolism in both lumen and circulation.

Arginase I and nitric oxide (NO) synthase (NOS) 
compete for arginine to produce either polyamines or 
NO [61]. Potent NOS inhibitors including asymmetric 
dimethylarginine (ADMA) and its enantiomer symmet-
ric dimethylarginine (SDMA) [62–65], are significantly 
higher in tacrolimus group compared to the group 
treated with antibiotics (Fig. 6C). This suggests a poten-
tial inhibition of NOS by tacrolimus, and/or a diminished 
NOS inhibition in the presence of antibiotic adminis-
tration. S-adenosylmethionine (SAM) is involved in the 
methylation of arginine to form ADMA [66], and SAM 
levels were increased by tacrolimus (Fig.  6A), support-
ing the notion that increased SAM levels lead to the for-
mation of more ADMA, which in turn inhibited NOS 
activity. Together, these results demonstrate the diverted 
metabolism from arginine towards increased polyamine 
biosynthesis by tacrolimus, reflecting an increased 
requirement for cellular growth and proliferation in an 
immunosuppressed environment.

Altered BA conjugation in gut lumen and circulation
BA and their conjugation processes are intricately associ-
ated with the mechanisms of immunosuppression. These 
connections are based on their multifaceted roles in 
mediating immune responses, influencing gut microbi-
ome composition and function, and potentially affecting 
the metabolism of the immunosuppressant drugs [67]. 
BA conjugation is an essential process that occurs in the 
liver, where primary BAs, such as cholic acid (CA), are 
combined with amino acids, such as glycine or taurine, to 
form conjugated BAs of glycocholic acid (GCA) or tauro-
cholic acid (TCA) (Fig. 7A). BAs are normally reabsorbed 
in the intestine and recycled back into the liver through 
enterohepatic circulation. The metabolic phenotypes of 
the primary BAs under different drug treatments were 
distinct (Fig.  7B). Elevated serum GCA and TCA levels 
were observed, accompanied by elevated GCA to gly-
cine and TCA to taurine ratios by tacrolimus (Fig.  7B). 
Increased luminal CA to GCA and CA to TCA ratios by 
tacrolimus were also observed (data not shown), suggest-
ing increased deconjugation of BAs in the lumen, a pro-
cess known to be driven primarily by gut microbiota via 
bile salt hydrolase (BSH) enzymatic activities [68]. Anti-
biotic treatment caused significantly higher luminal GCA 
and TCA levels (Supplemental Fig. 9), indicating reduced 
deconjugation in the gut lumen. As shown above, antibi-
otics affected entire taxonomic groups of Firmicutes and 
Bacteroidota (Fig.  1E, Supplemental Fig.  1A), including 
the majority of identified BSH-containing bacteria such 
as Blautia, Eubacterium, Clostridium, Lactobacillus, and 
Roseburia [69, 70]. Together, these results indicate that 

antibiotic and tacrolimus treatments both disrupt BA 
homeostasis, but likely through different mechanisms.

Microbiome-dependent metabolic activities
In addition to previous knowledge on microbe-derived 
metabolites [59], we performed in silico modeling to 
characterize microbial involvement in metabolic pro-
cesses. To relate actual metabolite measurements to 
paired microbiome metabolic potentials (CMP), we cal-
culated the set of metabolic reactions that each micro-
bial taxon is predicted to be capable of performing using 
MIMOSA2 (Model-based Integration of Metabolite 
Observations and Species Abundances) [71]. The top 
metabolites correlated with the abundance of CMP of the 
whole microbial community are shown in Supplemental 
Fig. 11. The gut microbiome metabolic pathways of argi-
nine and proline metabolism (arginine, hydroxyproline), 
histidine metabolism (histamine), BAs metabolism (cho-
lic acid, glycine, taurine), alanine, aspartate and glutamate 
metabolism (fumaric acid), pyruvate metabolism (pyru-
vate), and purine metabolism (thymidine) are among the 
ones most correlated with paired serum metabolite con-
centrations (Supplemental Fig. 11A). The lumen metabo-
lite correlation result was highly similar to that of serum, 
with additional relations to interconnected pathways 
such as the β-alanine metabolism (pantothenic acid) and 
polyamines (spermidine) (Supplemental Fig. 11B). Inter-
estingly, many of these metabolic pathways were also sig-
nificantly altered by tacrolimus or antibiotics treatment. 
The individual bacterial species that contain the genetic 
potentials correlating with metabolite measurements are 
listed in Supplemental Table 5. For example, species con-
taining the BA hydrolase gene (choloylglycine hydrolase, 
cbh) include Acutalibacter muris, Bacteroides thetaio-
taomicron, Enterobacter cloacae, Clostridium celerecres-
cens, Lactobacillus johnsonii, Akkermansia muciniphila, 
suggesting their potential involvement. This analysis was 
limited to genes with annotated KEGG BRITE metabolic 
reactions, which comprised 44.7% and 43.3% of all serum 
and fecal metabolites, respectively. Some important 
metabolites, such as tryptophan indole pathway com-
pound IPA, which were significant in our metabolome 
analyses, could not be included. Based on in silico model-
ing and previous knowledge of microbe-derived metabo-
lites [59], the major metabolic pathways attributed to the 
tacrolimus metabotype are likely microbiome-dependent.

Antibiotics and tacrolimus, alone and synergistically, 
rapidly modulate lymph node (LN) and intestinal immune 
compartments
To comprehensively understand the drug-induced 
immunosuppressive environment, a triangulation of 
metabolome, microbiome, and immune characteris-
tics is important. We further assessed immune system 
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structure by flow cytometry of important leukocyte sub-
sets in mesenteric LN (mLN) and peripheral LN (pLN), 
and by immunohistochemistry for these same sub-
sets in LNs and intestine, and for stromal laminins 
in LNs. Flow cytometry showed no significant differ-
ences in the overall cellularity of CD4 + T cells, CD8 + T 
cells, Foxp3 + Tregs, and B220 + B cells in the mLN or 
pLN in any of the groups after two days of treatment 
(Supplemental Fig.  12). Immunohistochemistry (IHC) 
showed that F4/80 + macrophages (MΦ) were signifi-
cantly increased in the mLN around the high endothe-
lial venules (HEV) by tacrolimus compared to the other 
groups (Fig.  8A). CD11c + dendritic cells (DCs) were 
increased around the HEV and within the cortical ridge 
(CR) for all treatment groups, especially in the combined 
treatment group (Fig.  8B). In the pLN, Foxp3 + Tregs 
decreased in the CR and around the HEV in the tacro-
limus treatment groups, both with and without antibiot-
ics, but not with antibiotics alone (Fig. 8B). CD11c + DCs 
decreased in the pLN CR and around HEV in all treat-
ment groups, but most significantly in the tacrolimus 
treatment group (Fig. 8B). In the pLN CR, laminin a4:a5 
ratios were highly increased by tacrolimus-only treat-
ment and slightly increased by antibiotics-only treat-
ment (Fig.  8B). In the intestine, Foxp3 + Tregs were also 
slightly increased by tacrolimus compared with antibi-
otics and antibiotics with tacrolimus (Fig.  8C, Supple-
mental Fig.  12c). Similarly, F4/80 + MF in the intestine 
was increased by tacrolimus alone compared to antibiot-
ics, both with and without tacrolimus (Fig. 8C). Assess-
ment of intestinal barrier integrity using FITC-dextran 
revealed a marked increase in gut permeability follow-
ing antibiotic treatment compared to tacrolimus alone or 
combined treatments (Fig. 8D). This suggests that antibi-
otic-induced alterations to the gut microbiota might dis-
rupt the mucosal barrier, potentially increasing the risk of 
bacterial translocation and subsequent systemic inflam-
matory responses. Interestingly, while tacrolimus, when 
administered alone, did not significantly impact barrier 
function, its co-administration with antibiotics appeared 
to ameliorate the detrimental effects on the barrier 
caused by antibiotics. Alternatively, the immunosuppres-
sive properties of tacrolimus may play a role in mitigat-
ing local inflammatory responses that can contribute to 
barrier disruption. Overall, our study underscores the 
importance of considering the combined effects of treat-
ments on gut barrier function, especially when targeting 
conditions where both antibiotics and immunosuppres-
sants are commonly prescribed. Further, tacrolimus dis-
played rapid anti-inflammatory properties within two 
days of treatment, and this effect was distinct from that 
of the other groups.

Discussion
Immunosuppressive drugs, while critical in organ trans-
plantation, are imprecise treatments that can cause unin-
tended changes in microbial and host metabolism [4, 5]. 
While metabolic complications are generally accrued 
over time and thus progressive, this study focused on the 
early metabolic changes after drug treatment, aspects 
that have been largely uncharacterized. Our results 
showed significantly altered metabolism in both circula-
tion and gut lumen within 2 days of tacrolimus treatment, 
widely affecting multiple metabolic classes, including 
a group of interconnected amino acid metabolisms, BA 
conjugation, glucose homeostasis, and energy produc-
tion. Following a 7-day treatment course, the metabolic 
landscape was again altered to a different state, reflect-
ing more pronounced shifts in the gut microbiome and 
extensive perturbation in amino acid metabolites. These 
alterations, exhibiting strong inter-correlations, under-
score the incremental drug effects on the microbiome 
and metabolic processes. These results have significant 
implications in that diverted metabolism in mammalian 
hosts controls the alloimmune response and bioavail-
ability of amino acids [72]. Crucial mechanisms demon-
strated in this study involve increased local catabolism 
and production of amino acid-derived metabolites via 
synergistic reactions by the microbiome, intestinal epi-
thelia, and host organs connected through circulation. 
Our study highlights the early dynamics of metabolic 
changes. These bioactive molecules, representing the 
specific metabotype, provide potential targets for early 
diagnostics and therapeutics for metabolic disorders due 
to immunosuppressant drug use.

Tacrolimus displayed rapid anti-inflammatory prop-
erties within two days of treatment, as shown by the 
increased pLN laminin a4:a5 ratios. Antibiotics are 
broadly pro-inflammatory, signified by a decrease in 
intestinal Tregs and increased gut permeability. These 
findings reinforce the notion that antibiotics and immu-
nosuppressants, alone and together, exert rapid and dis-
tinct pro- and anti-inflammatory perturbations of the LN 
and gut immune structures. Together, our results empha-
size the profound and rapid impact of immunosuppres-
sants on various facets of the immune system and critical 
physiological processes including the unintended altera-
tion in metabolism and the balance of gut microbiome. 
It remains unclear whether the drug impact on immunity 
caused changes in metabolic activities and the microbi-
ome, or if there were multiple interactions so that immu-
nity, metabolism, and microbiome all influenced each 
other simultaneously.

The dosage and selection of immune suppressants and 
the antibiotic cocktail used in this study must be consid-
ered in data interpretation, as they are simplified com-
pared to actual clinical use. Tacrolimus is not the sole 
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immunosuppressive medication administered post organ 
transplantation. Typically, it is used in conjunction with 
an antimetabolite, mycophenolate mofetil, as well as glu-
cocorticoids. Multiple anti-bacterial, -viral, and -fungal 
antibiotics are used at the time of transplantation and 

for many months post-transplantation. Our use of tacro-
limus was to mimic clinical observations, without the 
over immunosuppression that occurs in mice receiving 
clinical triple immunosuppression protocols and superior 
to murine models based on acute, binary measures of 

Fig. 8  Changes in the distribution of lymphocytes and myeloid cells and LN structure due to abx and tacrolimus. Mice given abx (6 days) with or with-
out 2 days of tacrolimus. Representative qualitative heatmaps of IHC marker changes relative to untreated control (red = increased; blue = decreased; 
white = unchanged) (a) mLN, (b) pLN, and (c) intestine. Graphs of individual IHC values for each marker and tissue type listed in Supplementary Fig. 12. 
(d) In vivo gut permeability assay performed using FITC-Dextran. Mice were gavaged with FITC-Dextran and serum samples were collected post 4 h of 
administration. 3 mice/ group, at least 2 mLN, pLN, and sections of intestine at duodenal-jejunal junction/mouse, 3 sections/staining panel. Ordinary 
one-way ANOVA with Tukey’s multiple comparisons test. Representative of 2 repeated experiments. * p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
Abbreviations: LN: lymph node; mLN: mesenteric LN; pLN: peripheral LN; IHC: immunohistochemistry
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rejection [38, 39]. The moderate tacrolimus doses reflect 
clinical management with formation of chronic graft 
lesions and alloreactivity, mirroring ineffective immune 
suppression that plagues human recipients, within an 
experimentally tractable duration. Since there is the 
widely variable use of multiple antibiotics in clinical set-
tings, we employed a previously characterized regimen 
in mice in which multiple broad-spectrum oral antibiot-
ics were used to deplete the endogenous gut microbiota 
[73]. This antibiotic cocktail, though different from what 
is used clinically, was effective in removing the “barri-
cade” effect of gut microbiota in murine models, allow-
ing the subsequently introduction of treatments such as 
immune suppressants or FMT of whole stool or selected 
strains to study their effects. By using antibiotics prior to 
immunosuppression, we aimed to “normalize” the gut 
microbiome baseline in which the effects of the immu-
nosuppressive agent could be distinctly studied without 
the potential compounding effects of ongoing antibiotic 
administration. We previously used this model to dem-
onstrate pro-inflammatory and anti-inflammatory effects 
of microbiota FMT [38]. To increase the model relevance, 
we included an experimental group that sequentially 
combined both antibiotics and tacrolimus treatment. 
Future experiments are warrant where both treatments 
will be administered concurrently to better replicate the 
clinical context and validate our findings. Nonetheless, it 
will be important to incorporate additional parameters 
and refine our existing murine model to further elevate 
its clinical relevance.

This study strongly supports further in-depth charac-
terization of the distinct metabotype and microbiome 
metabolic profile, an aggregation of selected metabolic 
and microbial features that reflect functional alterations 
[74] due to an immunosuppressed environment. Though 
dysbiosis has long been known to significantly contrib-
ute to metabolic disorders [75], the underlying meta-
bolic shift in response to immunosuppression remains 
unclear. Our study provides evidence for the indispens-
able role of the gut microbiome in systemically affecting 
host metabolism. Altered primary BA conjugation and 
deconjugation strongly supported the involvement of gut 
microbiota after tacrolimus treatment to regulate the gut-
liver BA cycle. Changes in the hepatic metabolism of BAs 
also affect the gut microbiota, which in turn regulates 
immune function and gut inflammation [76]. Changes in 
the availability of nutrients by the drug and/or changes 
in the gut microbiome that affect host digestion and 
absorption may also lead to an altered need for certain 
amino acids. Future mechanistic investigations will be 
crucial to unravel the multifaceted impacts of tacroli-
mus. This includes characterizing its direct impact on the 
gut microbiota and subsequent production of bioactive 
molecules, as well as discerning whether tacrolimus first 

influences host metabolome, which in turn modulates 
microbial activities. Such depth of knowledge will pave 
the way for devising novel therapeutic strategies target-
ing these interactions, optimizing patient outcomes and 
potentially mitigating adverse effects associated with pro-
longed immunosuppression.

We designed this study to understand the disruption 
to the metabolome repertoire of bioactive molecules that 
reflect the interactions among gut microbiota, immu-
nosuppressant drugs, and immune responses under 
immune suppressant drug treatment. There are multiple 
limitations to this study. The sample size was small thus 
limiting the statistical power analyses. This study nev-
ertheless indicated significant and intricate metabolic 
changes in an immune suppressed environment. We 
intentionally focused on the early metabolic changes, 
characterizing them at 2 and 7 days. This emphasis on 
early changes is important to identify immediate shifts 
in metabolic activities, which might have profound 
implications even before overt clinical symptoms mani-
fest. A comprehensive investigation, both well-powered 
with temporal monitoring, will be essential to delineate 
metabolic signatures that correspond to short-, interme-
diate- and long-term effects of the drug. We noted that 
we used only one immunosuppressant. While validated 
in our murine model for both relevance and feasibility, 
further comparison and/or combining with other immu-
nosuppressive drugs will provide additional knowledge 
about metabolic changes. A mechanistic understanding 
of the metabolic changes in an immunosuppressed envi-
ronment has the potential to redefine the management 
of transplantation patients concerning the long-term 
adverse effects of immunosuppression to achieve opti-
mized health outcomes.

Methods and materials
Study approval
All procedures involving mice were performed in accor-
dance with the guidelines and regulations set by the 
Office of Animal Welfare Assurance of the University 
of Maryland School of Medicine under the approved 
IACUC protocol nos. 1,518,004 and 0121001.

Mice experiments
Female C57BL/6 mice between 8 and 14 weeks of age 
were purchased from The Jackson Laboratory (Bar Har-
bor, ME, USA) and maintained at the University of Mary-
land School of Medicine Veterinary Resources breeding 
colony. We only used female mice for the current set of 
experiments where we worked with smaller n-values, to 
ensure a high degree of homogeneity within our study 
groups. All procedures involving mice were performed 
in accordance with the guidelines and regulations set by 
the Office of Animal Welfare Assurance of the University 
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of Maryland School of Medicine. Mice were fed antibi-
otics (kanamycin, gentamicin, colistin, metronidazole, 
and vancomycin) ad libitum in drinking water on days 7 
to -1. Antibiotics were USP grade or pharmaceutical sec-
ondary standard (all from MilliporeSigma): kanamycin 
sulfate (0.4  mg/ml), gentamicin sulfate (0.035  mg/ml), 
colistin sulfate (850 U/ml), metronidazole (0.215 mg/ml), 
and vancomycin hydrochloride (0.045  mg/ml) were dis-
solved in vivarium drinking water. Mice received daily 
immunosuppression of tacrolimus (3  mg/kg/d subcu-
taneously) on days 0, 1 [77, 78]. Tacrolimus (USP grade, 
MilliporeSigma) was reconstituted in DMSO (USP grade, 
MilliporeSigma) at 20  mg/ml and diluted with absolute 
ethanol (USP grade, Decon Labs, King of Prussia, PA) 
to 1.5  mg/ml. DMSO/ethanol stock was diluted 1:5 in 
sterile phosphate buffered saline (PBS) for subcutane-
ous injection and injected at 10  µl/g (3  mg/kg/day) [77, 
78]. All mice were cohoused and handled together dur-
ing arrival in the animal facility and for antibiotic and 
immunosuppressant administration so that the various 
treatment groups were all exposed to each other. On day 
2, the mice were euthanized by CO2 narcosis. Intralume-
nal stool samples were collected for metagenomic and 
metabolomic analyses. At the time of euthanasia, we uti-
lized cardiac puncture for blood collection. We acknowl-
edge the potential effects of first-pass hepatic metabolism 
on general circulation. Over extended periods, however, 
there should be a normalization of systemic metabolites 
throughout the body, unless there are acute changes in 
the intestine that we did not observe within the experi-
mental timeframe. Portal blood provides a more direct 
measure of metabolites absorbed from the intestine 
before they undergo hepatic metabolism. However, in 
mice, portal blood can only be reliably obtained at the 
time of euthanasia, and the obtainable volumes are 
exceedingly low, making its routine collection challeng-
ing. Mesenteric and peripheral (axillary, inguinal, and 
brachial) LNs, as well as the small intestine, were har-
vested for immunohistochemistry. The mLN, pLN, and 
spleen samples were collected for flow cytometry analy-
ses. Mouse experiments were performed according to 
ARRIVE guidelines (https://arriveguidelines.org).

Flow cytometry
LNs were disaggregated and passed through 70-µm nylon 
mesh screens (Thermo Fisher Scientific, Waltham, MA) 
to produce single-cell suspensions. Cell suspensions 
were stained for 30  min at 4  °C with antibodies against 
surface molecules (Supplemental Table 6) and washed 
2 times with FACS buffer [PBS with 0.5% w/v bovine 
serum albumin]. Cells were permeabilized using Foxp3/
Transcription Factor Staining Buffer Set (eBioscience, 
San Diego, CA) according to manufacturer’s protocol, 
washed with FACS buffer, and subsequently stained at 

4 °C with antibodies for intracellular molecules. Samples 
were analyzed with an LSR Fortessa Cell Analyzer (BD 
Biosciences), and data were analyzed using FlowJo soft-
ware version 10.6 (BD Biosciences). Single color controls 
(cells stained with single surface marker antibody) and 
unstained controls were used for flow channel compensa-
tion. Representative gating strategy provided in Supple-
mental Figure S13.

Immunohistochemistry
Mesenteric and peripheral LN and segments of the intes-
tine between the duodenum and jejunum were separately 
excised and immediately submerged in OCT compound 
(Sakura Finetek, Torrance, CA, USA) or fixed using para-
formaldehyde. Cryosections (5 μm) were cut in triplicate 
using a Microm HM 550 cryostat (ThermoFisher Scien-
tific) and fixed in cold 1:1 acetone:methanol for 5  min, 
washed in PBS, or left unfixed for fluorescent micros-
copy. Sections were rehydrated in PBS and blocked with 
2.5% donkey serum and 2.5% goat serum in PBS. The 
sections were then stained at room temperature with 
primary antibodies (diluted 1:20 − 1:200 in PBS), blocked 
with 10% secondary antibody host serum, incubated 
with secondary antibodies (diluted 1:50 − 1:400 in PBS) 
for 30  min, fixed with 4% paraformaldehyde in PBS for 
5 min, quenched with 1% glycerol in PBS for 5 min, and 
mounted with Prolong Gold Antifade Mountant with 
or without DAPI (Thermo Fisher Scientific). Images 
were acquired using a Nikon Accu-Scope EXC-500 
(Nikon, Tokyo, Japan) and analyzed using Volocity soft-
ware (PerkinElmer, Waltham, MA). The antibodies used 
are listed in Supplemental Table 6. Three mice/group, 
3–4 mesenteric LN or peripheral LN or pieces of intes-
tine, 3–6 sections/tissue sample, and 10–15 fields/tissue 
sample were analyzed. The mean fluorescence intensity 
(MFI) was calculated within demarcated high endothe-
lial venules (HEV) and cortical ridge (CR) regions of the 
mLN and pLN as well as of whole intestinal images. The 
percent area was calculated by dividing the sum area of 
demarcated regions with marker fluorescence greater 
than a given threshold by the total area analyzed. Treat-
ment groups were compared using quantification of 
MFI multiplied by percent area to express both the area 
and intensity of cell and stromal fiber markers. Quali-
tative heat maps were generated (GraphPad prism) to 
express changes in IHC marker expression level relative 
to control using 1 to represent “increased,” 0 to represent 
“unchanged,” and − 1 to represent “decreased.”

In vivo intestinal permeability assay
Intestinal permeability was assessed as described previ-
ously [79]. Briefly, mice were gavaged with FITC-dextran 
(Catalog# 46,944, MW:4000; Sigma, St. Louis, MO, USA) 
at a dose of 60 mg/100 g body weight at a concentration 

https://arriveguidelines.org
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of 120 mg/mL. Four hours later, after euthanasia, blood 
was collected via cardiac puncture and allowed to clot at 
room temperature for 2 h in the dark. Tubes containing 
blood were centrifuged at 10,000 x g for 10 min at 4 °C, 
and the supernatant serum was collected. FITC-dextran 
serum concentration (µg/ml) was measured in duplicate 
using a black, flat-bottom, 96-well plate (Greiner Bio-one, 
Frickenhausen, Germany) on a FlexStation 3 Microplate 
Reader (Molecular Devices, San Jose, CA) at an excita-
tion wavelength of 490  nm and emission wavelength of 
530 nm.

Statistics
Datasets were analyzed using GraphPad Prism 9.3.1 (San 
Diego, CA, USA) with statistical significance defined as 
P < 0.05. For comparisons of fluorescent markers (includ-
ing laminin α4:α5 ratios), serum markers, and inflamma-
tion scores, Tukey’s multiple comparison tests of one-way 
ANOVA were used to test for significance.

Stool specimen collection, DNA extraction, and 
metagenomic sequencing
The jejunum and colon tissues of the mice were dissected 
according to their gastrointestinal anatomical features. 
Intraluminal stool contents were collected from dissected 
tissues and stored immediately in DNA/RNA Shields 
(Zymo Research, Irvine, CA, USA) at -80  °C to stabilize 
and protect the integrity of nucleic acids and minimize 
the need for immediate processing or freezing of speci-
mens. DNA extraction was described previously [39, 80]. 
In brief, 0.15–0.25 g of fecal samples were extracted using 
the Quick-DNA Fecal/Soil Microbe kit (Zymo Research, 
Irvine, CA, USA). Negative extraction controls were 
included to ensure that no exogenous DNA contami-
nated the samples. Metagenomic sequencing libraries 
were constructed using the Nextera XT Flex Kit (Illu-
mina), according to the manufacturer’s recommenda-
tions. Libraries were then pooled together in equimolar 
proportions and sequenced on a single Illumina NovaSeq 
6000 S2 flow cell at Maryland Genomics at the University 
of Maryland School of Medicine.

Gut microbiome analyses
Metagenomic sequence reads were removed using 
BMTagger v3.101 [81] mapping to Genome Refer-
ence Consortium Mouse Build 39 of strain C57BL/6J 
(GRCm39) [82]. Sequence read pairs were removed when 
one or both the read pairs matched the genome reference. 
The Illumina adapter was trimmed and quality assess-
ment was performed using default parameters in fastp 
(v.0.21.0) [83]. The taxonomic composition of the micro-
biomes was established using Kraken2 (v.2020.12) [84] 
and Braken (v. 2.5.0) [85] using the comprehensive mouse 
gut metagenome catalog (CMGM) [43] to calculate the 

metagenomic taxonomic composition. Phyloseq R pack-
age (v1.38.0) [86] was used to generate the barplot and 
diversity index. In the context of our study, the mice gut 
microbiome datasets contain a broad spectrum of taxa 
without any dominant high-abundance species. As such, 
the Chao1 diversity index, an abundance-based indicator 
of species richness (total number of species in a sample) 
that is sensitive to low abundance taxonomic groups (sin-
gletons and doubletons) [87], was employed. This meth-
odological choice ensures accurate representation and 
understanding of the microbial community diversity in 
our samples. Linear discriminant analysis (LDA) effect 
size (LEfSe) analysis [88] was used to identify fecal phy-
lotypes that could explain the differences. The α value 
for the non-parametric factorial Kruskal-Wallis (KW) 
sum-rank test was set at 0.05 and the threshold for the 
logarithmic LDA model [89] score for discriminative fea-
tures was set at 2.0. An all-against-all BLAST search was 
performed in the multiclass analysis. Microbial biomark-
ers were calculated using the limma voom function [90] 
in R package microbiomeMarker v1.3.3 [91]. Phylogram 
representing the taxonomic hierarchical structure of the 
identified phylotype biomarkers via pairwise compari-
sons between groups, graph generated using R package 
yingtools2 [92]. The metagenomic dataset was mapped to 
the protein database UniRef90 [42] to ensure the compre-
hensive coverage in functional annotation, and was then 
summarized using HUMAnN2 (Human Microbiome 
Project Unified Metabolic Analysis Network) (v0.11.2) 
[41] to efficiently and accurately determine the pres-
ence, absence, and abundance of metabolic pathways in a 
microbial community. Canonical Correspondence Anal-
ysis (CCA) was used for ordination analysis using the 
vegan package [48, 93] based on the Bray-Curtis distance. 
CA1 and CA2 were selected as the major components 
based on their eigenvalues.

Metabolite extraction and metabolome analyses
Metabolome of intraluminal stool (luminal/local) and 
serum (circulating/systemic) were measured using cap-
illary electrophoresis-mass spectrometry (CE/MS) to 
obtain a comprehensive quantitative survey of metabo-
lites (Human Metabolome Technologies, Boston, MA, 
USA). ~10–30  mg of stool was weighed at the time of 
collection using a company-provided vial and archived at 
-80  °C at the IGS until shipped to the HMT on dry ice. 
QC procedures included standards, sample blanks and 
internal controls that were evenly spaced among the sam-
ples analyzed. Compound identification was performed 
using a CE/MS library of > 1,600 annotated molecules.

Selecting a proper data pretreatment method is essen-
tial in metabolomic data analyses to reduce the influence 
of measurement noise [94]. The normalization proce-
dures were performed using the combination of sample 
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normalization for general-purpose adjustment for sys-
tematic differences among samples, log base 10 transfor-
mation was applied to individual values themselves, and 
data scaling adjusted each variable/feature by a scaling 
factor computed based on the range of each variable as 
the dispersion of the variable. Metabolites were exhaus-
tively annotated using known metabolic databases or 
the a priori knowledge-based approach, achieved using 
PubChem [44], KEGG [45], and HMDB [46] anno-
tation frameworks that leverage cataloged chemical 
compounds, known metabolic characterization, and 
functional hierarchy (i.e., reaction, modules, pathways). 
The sparse PLS-DA (sPLS-DA) algorithm implemented 
using mixOmics (vers. 6.18.1) was employed to analyze 
the large dimensional datasets that have more variables 
(metabolites) than samples (p > > n) to produce robust 
and easy-to-interpret models [47]. The “sparseness” of 
the model was adjusted by the number of components 
in the model and the number of variables within each 
component based on the classification error rate with 
respect to the number of selected variables. Tuning was 
performed one component at a time, and the optimal 
number of variables to select was calculated. The volcano 
plot combines results from FC analysis to show signifi-
cantly increased metabolites after 7-day tacrolimus treat-
ment. A metabolite is shown if FC is > 2 and the p-value 
is < 0.05 based on 2-sample t-tests. Original metabolite 
measurements without normalization were used in the 
FC analysis. To evaluate the discriminative capacity of a 
target metabolite in distinguishing between experimen-
tal groups, ROC curves were constructed. These curves 
plotted the sensitivity against 1-specificity across vari-
ous threshold settings, thereby offering a comprehensive 
overview of the metabolite’s classification performance 
over the complete range of possible decision boundaries. 
The Area Under the Curve (AUC) derived from the ROC 
curve serves as a metric quantifying the overall ability of 
the metabolite to correctly classify the experimental con-
ditions. The optimal threshold was identified as the point 
on the ROC curve nearest to the top-left corner (denoted 
by a red dot), as this position represents the trade-off 
value between sensitivity and specificity. For the corre-
sponding box plots depicting the distribution of meta-
bolic measurements across experimental groups, the 
p-values, calculated using 2-sample t-tests, are displayed 
atop the boxplots. Correlation network of metabolome 
was performed using Debiased Sparse Partial Correlation 
(DSPC) network [51] implemented in MetaboAnalyst 5.0 
[95, 96]. Nodes denote taxonomic groups or metabolites; 
edges represent association measures. Default cutoff 
value was used for degree filter and betweenness. Cor-
relation significance value < 0.01 used. Sparse partial least 
squares (or projection to Latent Space, PLS) was used to 
integrate paired datasets of the same mouse in the same 

latent space to demonstrate their level of agreement [52, 
53]. The metabolic phenotype in the tacrolimus or antibi-
otic groups produced more “homogeneous” sample pro-
jections, as depicted by the short average arrow length 
between the paired datasets. In microbiome analyses, the 
HMP Unified Metabolic Analysis Network and Uniref90 
database were used to stratify functional profiles accord-
ing to contributing species. These microbial features 
were annotated using the KEGG Enzyme Nomenclature 
(EC number system) [97] to characterize the microbi-
ome metabolic potentials (CMP), or the set of metabolic 
reactions that each microbial taxon is predicted to be 
capable of performing. Metabolite set enrichment anal-
ysis (MSEA) was performed for the metabolites anno-
tated in a specific functional pathway [98]. MIMOSA2 
(Model-based Integration of Metabolite Observations 
and Species Abundances) was used to relate variation in 
the microbiome metabolic potentials to paired metabo-
lite measurement [71]. The significance of the correla-
tion between the total community-level CMP and actual 
metabolite measurements across all samples was calcu-
lated using a rank-based estimation. A significant correla-
tion indicated that the metabolic potential of a microbial 
community is significantly predictive of metabolic levels. 
The same analyses were also performed to correlate the 
CMP of individual microbial taxa with metabolite mea-
surements across all samples.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12866-023-03141-z.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Acknowledgements
Emmanuel Mongodin, PhD, contributed to this work as an employee of 
the University of Maryland School of Medicine. The views expressed in this 
manuscript are his own and do not necessarily represent the views of the 
National Institutes of Health or the United States Government.

Author contributions
B. M., and J. S. B. designed the experiments. S. J. G., (A) K., V. S., W. P., R. L., J. I., 
C. P., L. W., M. W., and L. L. conducted and analyzed the in vitro and in vivo 
experiments. H. W. L. performed nucleic acid extraction and sequencing 
library preparation. (B) M. and Y. S. performed the bioinformatics analyses. B. 
M., S. J. G., M. F., E. F. M., V. R. M., and J. S. B. wrote the manuscript. B. M. and J. S. 
B. are co-corresponding authors for this manuscript.

Funding
This work was supported by the National Institute of Health (NIH) National 
Heart, Lung and Blood Institute award R01HL148672 (JSB/BM), NIH National 

https://doi.org/10.1186/s12866-023-03141-z
https://doi.org/10.1186/s12866-023-03141-z


Page 19 of 21Ma et al. BMC Microbiology          (2023) 23:394 

Institute of Allergy and Infectious Diseases U01AI170050 (BM/JSB/VM) and 
training grant T32AI95190-10 (SJG).

Data Availability
The authors confirm that the data supporting the findings of this study are 
available within the article and indicated supplementary materials. The data 
that support the findings of this study are openly available; metagenome 
sequences were submitted to GenBank under BioProject PRJNA809764 
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA809764) with the SRA 
study ID SRP361281. The SRA accession numbers for each sample and their 
biosample ID are included in Supplemental Table 1. The R codes, including 
each step and parameters, were deposited in github at https://github.com/
igsbma/omics_paper23. Supplemental data for this article can be accessed 
online at https://figshare.com/account/home#/projects/173364.

Declarations

Ethics approval and consent to participate
All experimental procedures involving mice were approved by and performed 
in accordance with the guidelines and regulations of the Institutional Animal 
Care and Use Committee (IACUC) of the University of Maryland School of 
Medicine under the approved protocol numbers 1518004 and 0121001.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 September 2023 / Accepted: 30 November 2023

References
1.	 Kao KC, Vilbois S, Tsai CH, Ho PC. Metabolic communication in the tumour-

immune microenvironment. Nat Cell Biol. 2022;24(11):1574–83. https://doi.
org/10.1038/s41556-022-01002-x.

2.	 Reinfeld BI, Rathmell WK, Kim TK, Rathmell JC. The therapeutic implica-
tions of immunosuppressive Tumor aerobic glycolysis. Cell Mol Immunol. 
2022;19(1):46–58. https://doi.org/10.1038/s41423-021-00727-3.

3.	 Wei F, Wang D, Wei J, Tang N, Tang L, Xiong F, et al. Metabolic crosstalk in the 
Tumor microenvironment regulates antitumor immunosuppression and 
immunotherapy resisitance. Cell Mol Life Sci. 2021;78(1):173–93. https://doi.
org/10.1007/s00018-020-03581-0.

4.	 Bamgbola O. Metabolic consequences of modern immunosuppres-
sive agents in solid organ transplantation. Ther Adv Endocrinol Metab. 
2016;7(3):110–27. https://doi.org/10.1177/2042018816641580.

5.	 Bhat M, Usmani SE, Azhie A, Woo M. Metabolic consequences of solid organ 
transplantation. Endocr Rev. 2021;42(2):171–97. https://doi.org/10.1210/
endrev/bnaa030.

6.	 Kato T, Chan MC, Gao SZ, Schroeder JS, Yokota M, Murohara T, et al. Glucose 
intolerance, as reflected by hemoglobin A1c level, is associated with the inci-
dence and severity of transplant coronary artery Disease. J Am Coll Cardiol. 
2004;43(6):1034–41. https://doi.org/10.1016/j.jacc.2003.08.063.

7.	 Valantine H, Rickenbacker P, Kemna M, Hunt S, Chen YD, Reaven G, Stinson 
EB. Metabolic abnormalities characteristic of dysmetabolic syndrome predict 
the development of transplant coronary artery Disease: a prospective study. 
Circulation. 2001;103(17):2144–52. https://doi.org/10.1161/01.cir.103.17.2144.

8.	 Biadi O, Potena L, Fearon WF, Luikart HI, Yeung A, Ferrara R, et al. Interplay 
between systemic inflammation and markers of insulin resistance in car-
diovascular prognosis after heart transplantation. J Heart Lung Transplant. 
2007;26(4):324–30. https://doi.org/10.1016/j.healun.2007.01.020.

9.	 Gabarre P, Loens C, Tamzali Y, Barrou B, Jaisser F, Tourret J. Immunosup-
pressive therapy after solid organ transplantation and the gut microbiota: 
bidirectional interactions with clinical consequences. Am J Transplant. 
2022;22(4):1014–30. https://doi.org/10.1111/ajt.16836.

10.	 Jennings MR, Munn D, Blazeck J. Immunosuppressive metabolites in tumoral 
immune evasion: redundancies, clinical efforts, and pathways forward. J 
Immunother Cancer. 2021;9(10). https://doi.org/10.1136/jitc-2021-003013.

11.	 Tilg H, Zmora N, Adolph TE, Elinav E. The intestinal microbiota fuelling 
metabolic inflammation. Nat Rev Immunol. 2020;20(1):40–54. https://doi.
org/10.1038/s41577-019-0198-4.

12.	 Swarte JC, Li Y, Hu S, Bjork JR, Gacesa R, Vich Vila A, et al. Gut microbiome dys-
biosis is associated with increased mortality after solid organ transplantation. 
Sci Transl Med. 2022;14(660):eabn7566. https://doi.org/10.1126/scitranslmed.
abn7566.

13.	 Wu L, Tang Z, Chen H, Ren Z, Ding Q, Liang K, Sun Z. Mutual interaction 
between gut microbiota and protein/amino acid metabolism for host muco-
sal immunity and health. Anim Nutr. 2021;7(1):11–6. https://doi.org/10.1016/j.
aninu.2020.11.003.

14.	 Portincasa P, Bonfrate L, Vacca M, De Angelis M, Farella I, Lanza E, et al. Gut 
microbiota and short chain fatty acids: implications in glucose homeostasis. 
Int J Mol Sci. 2022;23(3). https://doi.org/10.3390/ijms23031105.

15.	 Collins SL, Stine JG, Bisanz JE, Okafor CD, Patterson AD. Bile acids and the gut 
microbiota: metabolic interactions and impacts on Disease. Nat Rev Micro-
biol. 2023;21(4):236–47. https://doi.org/10.1038/s41579-022-00805-x.

16.	 Brown J, Robusto B, Morel L. Intestinal dysbiosis and Tryptophan Metabolism 
in Autoimmunity. Front Immunol. 2020;11:1741. https://doi.org/10.3389/
fimmu.2020.01741.

17.	 Liu Y, Dai M. Trimethylamine N-Oxide generated by the gut micro-
biota is Associated with vascular inflammation: New insights into 
Atherosclerosis. Mediators Inflamm. 2020;2020:4634172. https://doi.
org/10.1155/2020/4634172.

18.	 Tofalo R, Cocchi S, Suzzi G. Polyamines and gut microbiota. Front Nutr. 
2019;6:16. https://doi.org/10.3389/fnut.2019.00016.

19.	 Das P, Babaei P, Nielsen J. Metagenomic analysis of microbe-mediated 
vitamin metabolism in the human gut microbiome. BMC Genomics. 
2019;20(1):208. https://doi.org/10.1186/s12864-019-5591-7.

20.	 Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora 
metabolism of phosphatidylcholine promotes Cardiovascular Disease. 
Nature. 2011;472(7341):57–63. https://doi.org/10.1038/nature09922.

21.	 Zhang LS, Davies SS. Microbial metabolism of dietary components to bioac-
tive metabolites: opportunities for new therapeutic interventions. Genome 
Med. 2016;8(1):46. https://doi.org/10.1186/s13073-016-0296-x.

22.	 Plosker GL, Foster RH. Tacrolimus: a further update of its pharmacology 
and therapeutic use in the management of organ transplantation. Drugs. 
2000;59(2):323–89. https://doi.org/10.2165/00003495-200059020-00021.

23.	 Xie Y, Hu F, Xiang D, Lu H, Li W, Zhao A, et al. The metabolic effect of gut 
microbiota on Drugs. Drug Metab Rev. 2020;52(1):139–56. https://doi.org/10.
1080/03602532.2020.1718691.

24.	 Lampen A, Christians U, Guengerich FP, Watkins PB, Kolars JC, Bader A, et al. 
Metabolism of the immunosuppressant tacrolimus in the small intestine: 
cytochrome P450, drug interactions, and interindividual variability. Drug 
Metab Dispos. 1995;23(12):1315–24.

25.	 Li H, He J, Jia W. The influence of gut microbiota on drug metabolism and 
toxicity. Expert Opin Drug Metab Toxicol. 2016;12(1):31–40. https://doi.org/10
.1517/17425255.2016.1121234.

26.	 Flowers SA, Bhat S, Lee JC. Potential implications of Gut Microbiota in Drug 
Pharmacokinetics and Bioavailability. Pharmacotherapy. 2020;40(7):704–12. 
https://doi.org/10.1002/phar.2428.

27.	 Vujkovic-Cvijin I, Sklar J, Jiang L, Natarajan L, Knight R, Belkaid Y. Host 
variables confound gut microbiota studies of human Disease. Nature. 
2020;587(7834):448–54. https://doi.org/10.1038/s41586-020-2881-9.

28.	 Lee JR, Muthukumar T, Dadhania D, Taur Y, Jenq RR, Toussaint NC, et al. Gut 
microbiota and tacrolimus dosing in kidney transplantation. PLoS ONE. 
2015;10(3):e0122399. https://doi.org/10.1371/journal.pone.0122399.

29.	 Guo Y, Crnkovic CM, Won KJ, Yang X, Lee JR, Orjala J, et al. Commensal gut 
Bacteria convert the immunosuppressant tacrolimus to less potent metabo-
lites. Drug Metab Dispos. 2019;47(3):194–202. https://doi.org/10.1124/
dmd.118.084772.

30.	 Taylor MR, Flannigan KL, Rahim H, Mohamud A, Lewis IA, Hirota SA, Greenway 
SC. Vancomycin relieves mycophenolate mofetil-induced gastrointestinal 
toxicity by eliminating gut bacterial beta-glucuronidase activity. Sci Adv. 
2019;5(8):eaax2358. https://doi.org/10.1126/sciadv.aax2358.

31.	 Zhang LT, Westblade LF, Iqbal F, Taylor MR, Chung A, Satlin MJ, et al. Gut 
microbiota profiles and fecal beta-glucuronidase activity in kidney trans-
plant recipients with and without post-transplant diarrhea. Clin Transpl. 
2021;35(5):e14260. https://doi.org/10.1111/ctr.14260.

32.	 Tourret J, Willing BP, Dion S, MacPherson J, Denamur E, Finlay BB. Immuno-
suppressive treatment alters secretion of Ileal antimicrobial peptides and 
gut microbiota, and favors subsequent colonization by Uropathogenic 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA809764
https://github.com/igsbma/omics_paper23
https://github.com/igsbma/omics_paper23
https://figshare.com/account/home#/projects/173364
https://doi.org/10.1038/s41556-022-01002-x
https://doi.org/10.1038/s41556-022-01002-x
https://doi.org/10.1038/s41423-021-00727-3
https://doi.org/10.1007/s00018-020-03581-0
https://doi.org/10.1007/s00018-020-03581-0
https://doi.org/10.1177/2042018816641580
https://doi.org/10.1210/endrev/bnaa030
https://doi.org/10.1210/endrev/bnaa030
https://doi.org/10.1016/j.jacc.2003.08.063
https://doi.org/10.1161/01.cir.103.17.2144
https://doi.org/10.1016/j.healun.2007.01.020
https://doi.org/10.1111/ajt.16836
https://doi.org/10.1136/jitc-2021-003013
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1126/scitranslmed.abn7566
https://doi.org/10.1126/scitranslmed.abn7566
https://doi.org/10.1016/j.aninu.2020.11.003
https://doi.org/10.1016/j.aninu.2020.11.003
https://doi.org/10.3390/ijms23031105
https://doi.org/10.1038/s41579-022-00805-x
https://doi.org/10.3389/fimmu.2020.01741
https://doi.org/10.3389/fimmu.2020.01741
https://doi.org/10.1155/2020/4634172
https://doi.org/10.1155/2020/4634172
https://doi.org/10.3389/fnut.2019.00016
https://doi.org/10.1186/s12864-019-5591-7
https://doi.org/10.1038/nature09922
https://doi.org/10.1186/s13073-016-0296-x
https://doi.org/10.2165/00003495-200059020-00021
https://doi.org/10.1080/03602532.2020.1718691
https://doi.org/10.1080/03602532.2020.1718691
https://doi.org/10.1517/17425255.2016.1121234
https://doi.org/10.1517/17425255.2016.1121234
https://doi.org/10.1002/phar.2428
https://doi.org/10.1038/s41586-020-2881-9
https://doi.org/10.1371/journal.pone.0122399
https://doi.org/10.1124/dmd.118.084772
https://doi.org/10.1124/dmd.118.084772
https://doi.org/10.1126/sciadv.aax2358
https://doi.org/10.1111/ctr.14260


Page 20 of 21Ma et al. BMC Microbiology          (2023) 23:394 

Escherichia coli. Transplantation. 2017;101(1):74–82. https://doi.org/10.1097/
TP.0000000000001492.

33.	 Zhang Z, Liu L, Tang H, Jiao W, Zeng S, Xu Y, et al. Immunosuppressive effect 
of the gut microbiome altered by high-dose tacrolimus in mice. Am J Trans-
plant. 2018;18(7):1646–56. https://doi.org/10.1111/ajt.14661.

34.	 Magruder M, Sholi AN, Gong C, Zhang L, Edusei E, Huang J, et al. Gut uro-
pathogen abundance is a risk factor for development of bacteriuria and uri-
nary tract Infection. Nat Commun. 2019;10(1):5521. https://doi.org/10.1038/
s41467-019-13467-w.

35.	 Lee JR, Magruder M, Zhang L, Westblade LF, Satlin MJ, Robertson A, et al. 
Gut microbiota dysbiosis and diarrhea in kidney transplant recipients. Am J 
Transplant. 2019;19(2):488–500. https://doi.org/10.1111/ajt.14974.

36.	 Theriot CM, Young VB. Interactions between the gastrointestinal microbiome 
and Clostridium difficile. Annu Rev Microbiol. 2015;69:445–61. https://doi.
org/10.1146/annurev-micro-091014-104115.

37.	 Maring JK, Zwaveling JH, Klompmaker IJ, van der Meer J, Slooff MJ. Selective 
bowel decontamination in elective liver transplantation: no improvement in 
endotoxaemia, initial graft function and post-operative morbidity. Transpl Int. 
2002;15(7):329–34. https://doi.org/10.1007/s00147-002-0419-8.

38.	 Bromberg JS, Hittle L, Xiong Y, Saxena V, Smyth EM, Li L, et al. Gut microbiota-
dependent modulation of innate immunity and lymph node remodel-
ing affects cardiac allograft outcomes. JCI Insight. 2018;3(19). https://doi.
org/10.1172/jci.insight.121045.

39.	 Ma B, Gavzy SJ, Saxena V, Song Y, Piao W, Lwin HW, et al. Strain-specific altera-
tions in gut microbiome and host immune responses elicited by tolerogenic 
Bifidobacterium pseudolongum. Sci Rep. 2023;13(1):1023. https://doi.
org/10.1038/s41598-023-27706-0.

40.	 Beger RD, Dunn W, Schmidt MA, Gross SS, Kirwan JA, Cascante M, et al. 
Metabolomics enables precision medicine: a White Paper. Community 
Perspective” Metabolomics. 2016;12(10):149. https://doi.org/10.1007/
s11306-016-1094-6.

41.	 Franzosa EA, McIver LJ, Rahnavard G, Thompson LR, Schirmer M, Weingart 
G, et al. Species-level functional profiling of metagenomes and metatran-
scriptomes. Nat Methods. 2018;15(11):962–8. https://doi.org/10.1038/
s41592-018-0176-y.

42.	 Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration 
and interpretation of large-scale molecular data sets. Nucleic Acids Res. 
2012;40(Database issue):D109–14. https://doi.org/10.1093/nar/gkr988.

43.	 Kieser S, Zdobnov EM, Trajkovski M. Comprehensive mouse gut metage-
nome catalog reveals major difference to the human counterpart. bioRxiv. 
2021:2021.03.18.435958; https://doi.org/10.1101/2021.03.18.435958.

44.	 Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, et al. PubChem in 2021: 
new data content and improved web interfaces. Nucleic Acids Res. 
2021;49(D1):D1388–D95. https://doi.org/10.1093/nar/gkaa971.

45.	 Hattori M, Tanaka N, Kanehisa M, Goto S. SIMCOMP/SUBCOMP: chemical 
structure search servers for network analyses. Nucleic Acids Res. 2010;38(Web 
Server issue):W652-6; https://doi.org/10.1093/nar/gkq367.

46.	 Wishart DS, Feunang YD, Marcu A, Guo AC, Liang K, Vazquez-Fresno R, et al. 
HMDB 4.0: the human metabolome database for 2018. Nucleic Acids Res. 
2018;46(D1):D608–D17. https://doi.org/10.1093/nar/gkx1089.

47.	 Le Cao KA, Boitard S, Besse P. Sparse PLS discriminant analysis: biologically 
relevant feature selection and graphical displays for multiclass problems. 
BMC Bioinformatics. 2011;12:253. https://doi.org/10.1186/1471-2105-12-253.

48.	 Jari Oksanen FGB, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, 
O’Hara RB, Simpson GL, Solymos P, Henry M, Stevens H. Eduard Szoecs and 
Helene Wagner vegan: Community Ecology Package. R package. In., version 
2.4-1. edn; 2016.

49.	 Sung J, Kim S, Cabatbat JJT, Jang S, Jin YS, Jung GY, et al. Global metabolic 
interaction network of the human gut microbiota for context-specific com-
munity-scale analysis. Nat Commun. 2017;8:15393. https://doi.org/10.1038/
ncomms15393.

50.	 Newman ME. Modularity and community structure in networks. Proc 
Natl Acad Sci U S A. 2006;103(23):8577–82. https://doi.org/10.1073/
pnas.0601602103.

51.	 Basu S, Duren W, Evans CR, Burant CF, Michailidis G, Karnovsky A. Sparse net-
work modeling and metscape-based visualization methods for the analysis of 
large-scale metabolomics data. Bioinformatics. 2017;33(10):1545–53. https://
doi.org/10.1093/bioinformatics/btx012.

52.	 Le Cao KA, Martin PG, Robert-Granie C, Besse P. Sparse canonical methods 
for biological data integration: application to a cross-platform study. BMC 
Bioinformatics. 2009;10:34. https://doi.org/10.1186/1471-2105-10-34.

53.	 Lê Cao K, Rossouw D, Robert-Granié C, Besse P. A sparse PLS for variable 
selection when integrating Omics Data. Stat Appl Genet Mol Biol. 2008;7(1). 
https://doi.org/10.2202/1544-6115.1390.

54.	 Gonzalez I, Cao KA, Davis MJ, Dejean S. Visualising associations between 
paired ‘omics’ data sets. BioData Min. 2012;5:19.

55.	 Heiling S, Knutti N, Scherr F, Geiger J, Weikert J, Rose M, et al. Metabolite 
Ratios as Quality indicators for Pre-analytical Variation in serum and EDTA 
plasma. Metabolites. 2021;11(9). https://doi.org/10.3390/metabo11090638.

56.	 Ye X, Li H, Anjum K, Zhong X, Miao S, Zheng G, et al. Dual role of Indoles 
Derived from Intestinal Microbiota on Human Health. Front Immunol. 
2022;13:903526. https://doi.org/10.3389/fimmu.2022.903526.

57.	 Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous 
bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell. 
2015;161(2):264–76. https://doi.org/10.1016/j.cell.2015.02.047.

58.	 Zurlo G, Guo J, Takada M, Wei W, Zhang Q. New insights into protein hydrox-
ylation and its important role in Human Diseases. Biochim Biophys Acta. 
2016;1866(2):208–20. https://doi.org/10.1016/j.bbcan.2016.09.004.

59.	 Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, Pettersson S. 
Host-gut microbiota metabolic interactions. Science. 2012;336(6086):1262–7. 
https://doi.org/10.1126/science.1223813.

60.	 Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. Suppression 
of antitumor T cell immunity by the oncometabolite (R)-2-hydroxyglutarate. 
Nat Med. 2018;24(8):1192–203. https://doi.org/10.1038/s41591-018-0095-6.

61.	 Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via Arginase or nitric 
oxide synthase: two competing arginine pathways in macrophages. Front 
Immunol. 2014;5:532. https://doi.org/10.3389/fimmu.2014.00532.

62.	 Granados-Principal S, Liu Y, Guevara ML, Blanco E, Choi DS, Qian W, et al. 
Inhibition of iNOS as a novel effective targeted therapy against triple-neg-
ative Breast cancer. Breast Cancer Res. 2015;17:25. https://doi.org/10.1186/
s13058-015-0527-x.

63.	 Visser M, Paulus WJ, Vermeulen MA, Richir MC, Davids M, Wisselink W, et al. 
The role of asymmetric dimethylarginine and arginine in the failing heart and 
its vasculature. Eur J Heart Fail. 2010;12(12):1274–81. https://doi.org/10.1093/
eurjhf/hfq158.

64.	 Boger RH, Sullivan LM, Schwedhelm E, Wang TJ, Maas R, Benjamin EJ, et 
al. Plasma asymmetric dimethylarginine and incidence of Cardiovascular 
Disease and death in the community. Circulation. 2009;119(12):1592–600. 
https://doi.org/10.1161/CIRCULATIONAHA.108.838268.

65.	 Kahraman A, Mutlu E, Aldag M, ADMA. SDMA and L-arginine may be 
novel targets in Pharmacotherapy for Complications due to cardiopulmo-
nary bypass. J Med Biochem. 2017;36(1):8–17. https://doi.org/10.1515/
jomb-2016-0025.

66.	 Zhang J, Zheng YG. SAM/SAH analogs as versatile tools for SAM-Depen-
dent methyltransferases. ACS Chem Biol. 2016;11(3):583–97. https://doi.
org/10.1021/acschembio.5b00812.

67.	 Guzior DV, Quinn RA. Review: microbial transformations of human bile acids. 
Microbiome. 2021;9(1):140. https://doi.org/10.1186/s40168-021-01101-1.

68.	 Foley MH, O’Flaherty S, Barrangou R, Theriot CM. Bile salt hydrolases: gate-
keepers of bile acid metabolism and host-microbiome crosstalk in the gastro-
intestinal tract. PLoS Pathog. 2019;15(3):e1007581. https://doi.org/10.1371/
journal.ppat.1007581.

69.	 Bourgin M, Kriaa A, Mkaouar H, Mariaule V, Jablaoui A, Maguin E, Rhimi M. Bile 
salt hydrolases: at the crossroads of Microbiota and Human Health. Microor-
ganisms. 2021;9(6). https://doi.org/10.3390/microorganisms9061122.

70.	 Song Z, Cai Y, Lao X, Wang X, Lin X, Cui Y, et al. Taxonomic profiling and 
populational patterns of bacterial bile salt hydrolase (BSH) genes based on 
worldwide human gut microbiome. Microbiome. 2019;7(1):9. https://doi.
org/10.1186/s40168-019-0628-3.

71.	 Noecker C, Eng A, Srinivasan S, Theriot CM, Young VB, Jansson JK, et al. Meta-
bolic model-based integration of Microbiome Taxonomic and Metabolomic 
profiles elucidates mechanistic links between ecological and metabolic 
variation. mSystems. 2016;1(1). https://doi.org/10.1128/mSystems.00013-15.

72.	 Grohmann U, Mondanelli G, Belladonna ML, Orabona C, Pallotta MT, Iacono 
A, et al. Amino-acid sensing and degrading pathways in immune regula-
tion. Cytokine Growth Factor Rev. 2017;35:37–45. https://doi.org/10.1016/j.
cytogfr.2017.05.004.

73.	 Chen X, Katchar K, Goldsmith JD, Nanthakumar N, Cheknis A, Gerding DN, 
Kelly CP. A mouse model of Clostridium difficile-associated Disease. Gastroen-
terology. 2008;135(6):1984–92. https://doi.org/10.1053/j.gastro.2008.09.002.

74.	 Stutz MR, Dylla NP, Pearson SD, Lecompte-Osorio P, Nayak R, Khalid M, et 
al. Immunomodulatory fecal metabolites are associated with mortality in 

https://doi.org/10.1097/TP.0000000000001492
https://doi.org/10.1097/TP.0000000000001492
https://doi.org/10.1111/ajt.14661
https://doi.org/10.1038/s41467-019-13467-w
https://doi.org/10.1038/s41467-019-13467-w
https://doi.org/10.1111/ajt.14974
https://doi.org/10.1146/annurev-micro-091014-104115
https://doi.org/10.1146/annurev-micro-091014-104115
https://doi.org/10.1007/s00147-002-0419-8
https://doi.org/10.1172/jci.insight.121045
https://doi.org/10.1172/jci.insight.121045
https://doi.org/10.1038/s41598-023-27706-0
https://doi.org/10.1038/s41598-023-27706-0
https://doi.org/10.1007/s11306-016-1094-6
https://doi.org/10.1007/s11306-016-1094-6
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1093/nar/gkr988
https://doi.org/10.1101/2021.03.18.435958
https://doi.org/10.1093/nar/gkaa971
https://doi.org/10.1093/nar/gkq367
https://doi.org/10.1093/nar/gkx1089
https://doi.org/10.1186/1471-2105-12-253
https://doi.org/10.1038/ncomms15393
https://doi.org/10.1038/ncomms15393
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1093/bioinformatics/btx012
https://doi.org/10.1093/bioinformatics/btx012
https://doi.org/10.1186/1471-2105-10-34
https://doi.org/10.2202/1544-6115.1390
https://doi.org/10.3390/metabo11090638
https://doi.org/10.3389/fimmu.2022.903526
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.bbcan.2016.09.004
https://doi.org/10.1126/science.1223813
https://doi.org/10.1038/s41591-018-0095-6
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1093/eurjhf/hfq158
https://doi.org/10.1093/eurjhf/hfq158
https://doi.org/10.1161/CIRCULATIONAHA.108.838268
https://doi.org/10.1515/jomb-2016-0025
https://doi.org/10.1515/jomb-2016-0025
https://doi.org/10.1021/acschembio.5b00812
https://doi.org/10.1021/acschembio.5b00812
https://doi.org/10.1186/s40168-021-01101-1
https://doi.org/10.1371/journal.ppat.1007581
https://doi.org/10.1371/journal.ppat.1007581
https://doi.org/10.3390/microorganisms9061122
https://doi.org/10.1186/s40168-019-0628-3
https://doi.org/10.1186/s40168-019-0628-3
https://doi.org/10.1128/mSystems.00013-15
https://doi.org/10.1016/j.cytogfr.2017.05.004
https://doi.org/10.1016/j.cytogfr.2017.05.004
https://doi.org/10.1053/j.gastro.2008.09.002


Page 21 of 21Ma et al. BMC Microbiology          (2023) 23:394 

COVID-19 patients with Respiratory Failure. Nat Commun. 2022;13(1):6615. 
https://doi.org/10.1038/s41467-022-34260-2.

75.	 Fan Y, Pedersen O. Gut microbiota in human metabolic health and 
Disease. Nat Rev Microbiol. 2021;19(1):55–71. https://doi.org/10.1038/
s41579-020-0433-9.

76.	 Singh J, Metrani R, Shivanagoudra SR, Jayaprakasha GK, Patil BS. Review on 
bile acids: effects of the gut microbiome, interactions with Dietary Fiber, 
and alterations in the bioaccessibility of Bioactive compounds. J Agric Food 
Chem. 2019;67(33):9124–38. https://doi.org/10.1021/acs.jafc.8b07306.

77.	 Murase N, Todo S, Lee PH, Lai HS, Chapman F, Nalesnik MA et al. Heterotopic 
heart transplantation in the rat receiving FK-506 alone or with cyclosporine. 
Transplant Proc. 1987;19(5 Suppl 6):71 – 5.

78.	 Ochiai T, Sakamoto K, Nagata M, Nakajima K, Goto T, Hori S et al. Studies on 
FK506 in experimental organ transplantation. Transplant Proc. 1988;20(1 
Suppl 1):209 – 14.

79.	 Napolitano LM, Koruda MJ, Meyer AA, Baker CC. The impact of 
femur fracture with associated soft tissue injury on immune func-
tion and intestinal permeability. Shock. 1996;5(3):202–7. https://doi.
org/10.1097/00024382-199603000-00006.

80.	 Bromberg JS, Hittle LE, Xiong Y, Saxena V, Smyth EM, Li L, et al. Gut micro-
biota–dependent modulation of innate immunity and lymph node remodel-
ing affects cardiac allograft outcomes. JCI Insight. 2018;3(19). https://doi.
org/10.1172/jci.insight.121045.

81.	 Rotmistrovsky K, Agarwala R. BMTagger: best Match Tagger for removing 
human reads from metagenomics datasets. In.: NCBI/NLM, National Institutes 
of Health; 2011.

82.	 Church DM, Schneider VA, Graves T, Auger K, Cunningham F, Bouk N, et al. 
Modernizing reference genome assemblies. PLoS Biol. 2011;9(7):e1001091. 
https://doi.org/10.1371/journal.pbio.1001091.

83.	 Chen S, Zhou Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one FASTQ pre-
processor. Bioinformatics. 2018;34(17):i884–i90. https://doi.org/10.1093/
bioinformatics/bty560.

84.	 Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. 
Genome Biol. 2019;20(1):257. https://doi.org/10.1186/s13059-019-1891-0.

85.	 Lu J, Breitwieser FP, Thielen P. Bracken: estimating species abundance in 
metagenomics data. PeerJ Comput Sci. 2017;3:e104. https://doi.org/10.7717/
peerj-cs.104.

86.	 McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible inter-
active analysis and graphics of microbiome census data. PLoS ONE. 
2013;8(4):e61217. https://doi.org/10.1371/journal.pone.0061217.

87.	 Chao A. Estimating the population size for capture-recapture data with 
unequal catchability. Biometrics. 1987;43(4):783–91.

88.	 Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Hutten-
hower C. Metagenomic biomarker discovery and explanation. Genome Biol. 
2011;12(6):R60. https://doi.org/10.1186/gb-2011-12-6-r60.

89.	 Fisher RA. The use of multiple measurements in taxonomic problems. Ann 
Eugenics. 1936;7:179–88.

90.	 Law CW, Chen Y, Shi W, Smyth GK. Voom: Precision weights unlock linear 
model analysis tools for RNA-seq read counts. Genome Biol. 2014;15(2):R29. 
https://doi.org/10.1186/gb-2014-15-2-r29.

91.	 Cao Y, Dong Q, Wang D, Zhang P, Liu Y, Niu C. microbiomeMarker: an R/Bio-
conductor package for microbiome marker identification and visualization. 
Bioinformatics. 2022;38(16):4027–9. https://doi.org/10.1093/bioinformatics/
btac438.

92.	 Taur Y. yingtools2 package. https://github.com/ying14/yingtools2 (2023). 
Accessed 2023.

93.	 Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci. 
2003;14(6):927–30.

94.	 van den Berg RA, Hoefsloot HC, Westerhuis JA, Smilde AK, van der Werf MJ. 
Centering, scaling, and transformations: improving the biological informa-
tion content of metabolomics data. BMC Genomics. 2006;7:142. https://doi.
org/10.1186/1471-2164-7-142.

95.	 Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, et al. 
MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional 
insights. Nucleic Acids Res. 2021;49(W1):W388–W96. https://doi.org/10.1093/
nar/gkab382.

96.	 Pang Z, Zhou G, Ewald J, Chang L, Hacariz O, Basu N, Xia J. Using MetaboAna-
lyst 5.0 for LC-HRMS spectra processing, multi-omics integration and covari-
ate adjustment of global metabolomics data. Nat Protoc. 2022;17(8):1735–61. 
https://doi.org/10.1038/s41596-022-00710-w.

97.	 Kanehisa M. Enzyme Annotation and Metabolic Reconstruc-
tion using KEGG. Methods Mol Biol. 2017;1611:135–45. https://doi.
org/10.1007/978-1-4939-7015-5_11.

98.	 Xia J, Wishart DS. MSEA: a web-based tool to identify biologically meaning-
ful patterns in quantitative metabolomic data. Nucleic Acids Res. 2010;71–7. 
https://doi.org/10.1093/nar/gkq329. 38(Web Server issue):W.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41467-022-34260-2
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1021/acs.jafc.8b07306
https://doi.org/10.1097/00024382-199603000-00006
https://doi.org/10.1097/00024382-199603000-00006
https://doi.org/10.1172/jci.insight.121045
https://doi.org/10.1172/jci.insight.121045
https://doi.org/10.1371/journal.pbio.1001091
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.7717/peerj-cs.104
https://doi.org/10.7717/peerj-cs.104
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1093/bioinformatics/btac438
https://doi.org/10.1093/bioinformatics/btac438
https://github.com/ying14/yingtools2
https://doi.org/10.1186/1471-2164-7-142
https://doi.org/10.1186/1471-2164-7-142
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1038/s41596-022-00710-w
https://doi.org/10.1007/978-1-4939-7015-5_11
https://doi.org/10.1007/978-1-4939-7015-5_11
https://doi.org/10.1093/nar/gkq329

	﻿Rapid intestinal and systemic metabolic reprogramming in an immunosuppressed environment
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Short-term tacrolimus-induced modest versus antibiotics-induced strong changes in the gut microbiome
	﻿Short-term tacrolimus treatment induced profound changes in metabolic activities in both gut lumen and serum
	﻿Tacrolimus exerted additional effects on gut microbiome and metabolism after prolonged administration
	﻿Modularity of gut microbiota and metabolome indicates network effects due to drug treatment
	﻿Highly correlated gut and systemic metabolism
	﻿Altered amino acid metabolism in an immune suppressed environment
	﻿Tacrolimus induces augmented polyamine metabolism
	﻿Altered BA conjugation in gut lumen and circulation
	﻿Microbiome-dependent metabolic activities
	﻿Antibiotics and tacrolimus, alone and synergistically, rapidly modulate lymph node (LN) and intestinal immune compartments

	﻿Discussion
	﻿Methods and materials
	﻿Study approval
	﻿Mice experiments
	﻿Flow cytometry
	﻿Immunohistochemistry
	﻿In vivo intestinal permeability assay
	﻿Statistics
	﻿Stool specimen collection, DNA extraction, and metagenomic sequencing
	﻿Gut microbiome analyses
	﻿Metabolite extraction and metabolome analyses

	﻿References


