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Background: Whether a causative link exists between brain death (BD) and intestinal microbiota dysbiosis is 

unclear, and the distortion in liver metabolism associated with BD requires further exploration. 

Methods: A rat model of BD was constructed and sustained for 9 h (BD group, n = 6). The sham group ( n = 6) un- 

derwent the same procedures, but the catheter was inserted into the epidural space without ballooning. Intestinal 

contents and portal vein plasma were collected for microbiota sequencing and microbial metabolite detection. 

Liver tissue was resected to investigate metabolic alterations, and the results were compared with those of a sham 

group. 

Results: 𝛼-diversity indexes showed that BD did not alter bacterial diversity. Microbiota dysbiosis occurred after 

9 h of BD. At the family level, Peptostreptococcaceae and Bacteroidaceae were both decreased in the BD group. At 

the genus level, Romboutsia, Bacteroides, Erysipelotrichaceae_UCG_004, Faecalibacterium, and Barnesiella were en- 

riched in the sham group, whereas Ruminococcaceae_UCG_007, Lachnospiraceae_ND3007_group, and Papillibacter 

were enriched in the BD group. Short-chain fatty acids, bile acids, and 132 other microbial metabolites remained 

unchanged in both the intestinal contents and portal vein plasma of the BD group. BD caused alterations in 65 

metabolites in the liver, of which, carbohydrates, amino acids, and organic acids accounted for 64.6%. Addition- 

ally, 80.0% of the differential metabolites were decreased in the BD group livers. Galactose metabolism was the 

most significant metabolic pathway in the BD group. 

Conclusions: BD resulted in microbiota dysbiosis in rats; however, this dysbiosis did not alter microbial metabo- 

lites. Deterioration in liver metabolic function during extended periods of BD may reflect a continuous worsening 

in energy deficiency. 
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Liver grafts donated from brain-dead patients are the pri-

ary sources of liver transplants. Brain death (BD) causes a cas-

ade of catastrophic events involving hemodynamic, hormonal,

nd inflammatory changes. Whether BD accelerates subsequent

raft ischemia-reperfusion injury, thus increasing the risk of

omplications following transplantation, remains uncertain. [ 1 , 2 ] 
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he liver has substantial resources to withstand harsh turbu-

ence under BD. In comparison, acute kidney injury among pa-

ients in an intensive care unit showed an incidence rate of

2.9% and increased the risk of mortality 10-fold. [ 3 ] However,

unctional changes in the liver in response to BD are believed

o be more significant than are the morphological changes. [ 4 ] 

urthermore, whether damages to the graft are caused by BD

r by supportive clinical treatment remains unclear. Previous
ffiliated Hospital of Zhengzhou University, Zhengzhou 450052, Henan, China; 

u University, Zhengzhou 450052, Henan, China. 

om (Y. Wang) . 

5 February 2023. Managing Editor: Jingling Bao. 

ical Association. This is an open access article under the CC BY-NC-ND license 

https://doi.org/10.1016/j.jointm.2023.02.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jointm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jointm.2023.02.006&domain=pdf
mailto:panliang133000@126.com
mailto:wangyong200999@126.com
https://doi.org/10.1016/j.jointm.2023.02.006
http://creativecommons.org/licenses/by-nc-nd/4.0/


R. Tao, W. Guo, T. Li et al. Journal of Intensive Medicine 3 (2023) 345–351 

s  

e  

a  

l  

m  

t  

t

F  

d  

c  

a  

c  

i  

t  

o  

t  

e  

t  

m  

c  

p  

m  

t  

o

 

w

T  

n  

s  

b  

l  

t  

a

M

A

 

c  

C  

s  

f  

p  

w  

p  

w  

U  

c

S

 

i  

a  

s  

t  

2  

S  

t  

o  

l  

u  

w  

m  

a

M

 

w  

A  

m  

q

w  

t  

w  

G

M

 

p  

1  

f  

i  

(  

p  

m  

n  

b  

(  

c  

s  

m  

t  

a  

(  

t  

o  

c  

fl  

m  

c  

e  

m

S

 

v  

s  

(  

t  

i  

t  

f  

t  

(  

e  
tudies on liver grafts have focused on inflammatory changes

voked by BD and have revealed that these inflammatory events

re independent of the autonomic storm. [ 5 ] Alternatively, the

iver is the largest site of “chemical work ” in the body, with

etabolic activity and involvement in synthesis, decomposi-

ion, and detoxification of most substances. Metabolic func-

ion is the pathway most affected in grafts following BD. [ 6 ] 

urthermore, increased anaerobic metabolism accompanied by

ecreased adenosine triphosphate (ATP) is the most obvious

hange in graft metabolism during BD. [ 7 ] This is caused by

n undersupply of oxygen due to hypoperfusion of tissue mi-

rocirculation, which is closely associated with mitochondrial

mpairment. [ 8 ] Rat models of BD induced by inflating an in-

racranial balloon catheter are widely used to study BD because

f their flexibility and cost-effectiveness. [ 9 ] However, the dura-

ion of organ preservation varies from 4 to 10 h under differ-

nt experimental conditions. [ 10 ] Using a rat model of BD sus-

ained for 4 h, Van Erp et al. [ 11 ] found that enhanced aerobic

etabolism in the liver manifested an increase in hepatic oxygen

onsumption and a drop in ATP levels, while mitochondrial res-

iration activity was unaffected. Further characterization of the

etabolic changes in this model sustained over a much longer

ime could expand our knowledge of the metabolic changes that

ccur in the liver throughout the entire BD process. 

BD results in loss of control of the enteric nervous system,

hich can cause intestinal dysmotility and mucosal damage. [ 12 ] 

he body-wide inflammation caused by BD also results in intesti-

al damage, [ 13 ] which is reciprocally associated with homeosta-

is in colonization of the gut by resident bacteria. Such micro-

iota dysbiosis may in turn affect liver function through metabo-

ite transport via the portal vein. Here, we sought to illustrate

he microbiota changes that occur during BD in rats to explore

nother avenue for increasing the preservation of liver grafts. 

ethods 

nimal model 

Male Sprague-Dawley rats weighing 250–280 g were pur-

hased from Hunan SJA Laboratory Animal Company (Wuhan,

hina) and housed in specific-pathogen-free cages at a con-

tant temperature and humidity, on a 12-h light-dark cycle, with

ood and water intake ad libitum . BD was induced as described

reviously, [ 14 ] and the rats undergoing this procedure ( n = 6)

ere termed the BD group. The sham group underwent the same

rocedures, but the catheter was inserted into the epidural space

ithout ballooning. The Animal Ethics Committee of Zhengzhou

niversity approved the study. The operator (Panliang Wang) is

ertified to conduct animal experiments. 

ample collection 

A midline abdominal incision was made 9 h after induc-

ng BD. The portal vein was dissociated and punctured with

 child-sized needle with an attached plastic tube, which was

ubsequently connected to a heparinized anticoagulant vacuum

ube to collect 1 mL of blood. The blood was centrifuged at

000 r/min for 10 min, then stored at − 80 °C for future use.

aline (10 mL) was pumped through the needle inserted into

he portal vein (5 mL/min), and the postcava was simultane-
346 
usly incised until the liver became yellowish-gray. The left liver

obe was removed, and liver sections were cut and stored in liq-

id nitrogen. Intestinal contents from the jejunum to the rectum

ere collected via curette after opening the intestinal wall, then

ixed, homogenized manually, and stored at − 80 °C. The stor-

ge life of the samples was < 1 month. 

icrobiota sequencing 

After thawing, about 150 mg of intestinal contents were

eighed, and the bacterial DNA was extracted via the QI-

amp Fast DNA Stool Mini Kit (Qiagen, Dusseldorf, Ger-

any) per the manufacturer’s protocols. The samples were se-

uenced, and data were processed as previously described, [ 15 ] 

ith a modification of the sequencing region of the bac-

erial 16S rRNA to the V3–V4 region. The primers used

ere 338F 5 ′ -ACTCCTACGGGAGGCAGCAG-3 ′ and 806R 5 ′ -

GACTACHVGGGTWTCTAAT-3 ′ . 

etabolomics 

Cold methanol (300 μL) was mixed with 100 μL portal vein

lasma and stored at − 20 °C for 30 min, then centrifuged at

4,000 r/min at 4 °C for 10 min. The supernatant was then trans-

erred to an autosampler glass vial and lyophilized. Lyophilized

ntestinal contents (10 mg) were resuspended in 300 μL NaOH

1 M) and centrifuged at 17,000 r/min at 4 °C for 20 min. The su-

ernatant (200 μL) was transferred to an autosampler vial and

ixed with 200 μL cold methanol. After the second homoge-

ization and centrifugation, 167 μL of the supernatant was com-

ined with the first supernatant in the sample vial. Liver tissue

50 mg) was added to 10 μL internal standard and 50 μL ice-

old methanol. After homogenization and centrifugation, the

upernatant was transferred to an autosampler vial. Prechilled

ethanol/chloroform (175 μL; 3/1 v/v) was added to the mix-

ure and centrifuged, and the two supernatants were combined

nd lyophilized under a vacuum. Gas/liquid chromatography

Hewlett Packard, Minneapolis, MN, USA) was used to analyze

he three main short-chain fatty acids (SCFAs; acetate, propi-

nate, and butyrate) and 40 bile acids (BAs) in the intestinal

ontents and portal plasma. [ 16 ] Gas chromatography time-of-

ight mass spectrometry (GC-TOF-MS) was used for targeted

etabolomics of other microbial metabolites of the intestinal

ontents and portal vein plasma, which included 132 refer-

nce compounds. [ 17 ] GC-TOF-MS was also used for untargeted

etabolomics of the liver samples. [ 18 ] 

tatistical analysis 

Descriptive data are expressed as the mean ± standard de-

iation or number (percentage). Univariate statistical analy-

is was performed via the Mann-Whitney U test using SPSS

version 17.0, IBM Corp., Armonk, NY, USA) because most of

he data did not comply with a normal distribution. Sequenc-

ng data of the microbiota were uploaded and analyzed au-

omatically on the free online platform, Majorbio Cloud Plat-

orm ( www.majorbio.com ). These data mainly included indexes

o evaluate bacterial diversity, principal component analysis

PCA), and linear discriminant analysis (LDA). Raw data gen-

rated via mass spectroscopy were processed using XploreMET

http://www.majorbio.com
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oftware (Metabo-Profile, Shanghai, China), which integrates

ne of the largest metabolite databases, JiaLib TM . Two statis-

ical analyses were performed using R Studio ( http://cran.r-

roject.org/ ): (1) multivariate statistical analyses, including

CA, partial least squares discriminant analysis (PLS-DA), and

rthogonal partial least squares discriminant analysis (OPLS-

A) and (2) univariate statistical analyses, including Student’s

 -test, the Mann-Whitney U test, and analysis of variance.

etabolic pathway enrichment analysis (MPEA) was used to

dentify the Kyoto Encyclopedia of Genes and Genomes (KEGG)

oordinate pathways using metabolite data. P < 0.05 was con-

idered statistically significant. 

esults 

acterial diversity and composition evaluation 

The Chao1, Sobs, and Shannon indexes of 𝛼-diversity were

alculated for both the sham and BD groups. Measurements of

acterial richness (estimated via the Chao1 and Sobs indexes)

nd microbiota diversity (evaluated via the Shannon index) did

ot differ between the two groups ( Table 1 ). We used PCA to

etermine the differences in bacterial composition between the

roups. The BD-group samples were clustered at a distance from
able 1 

acterial diversity evaluation of the sham and BD groups. 

Index Sham group ( n = 6) BD group ( n = 6) P -value 

Chao1 358.9 ± 62.2 393.8 ± 41.4 0.6 

Sobs 335.3 ± 66.3 343.7 ± 17.7 1.0 

Shannon 3.8 ± 0.6 4.0 ± 0.1 1.0 

ata are expressed as the mean ± standard deviation and were analyzed via 

he Mann-Whitney U test. Richness and diversity were similar between the two 

roups. 

D: brain death. 
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igure 1. Analysis of microbiota dysbiosis in a rat model 9 h after inducing BD. A: P

nd the principal component explained 48.83% of the data variation at the X-axis. B

ia LDA. 

D: brain death; LDA: linear discriminant analysis; LEfSe: linear discriminant anal

nalysis. 

347 
hose of the sham group, with the intergroup variation of the

icrobiota. The principal component explained 48.83% of the

ata differences, possibly because BD affected the microbiota

omposition ( Figure 1 A). 

bundance of differences at the family and genus levels 

Up to 98.5% of the bacteria detected in both groups be-

onged to the phyla Bacteroidetes, Firmicutes, and Proteobac-

eria, in descending order. From the phylum to order levels,

o differences in abundance were observed for any single bac-

erium between the two groups. However, marginal signifi-

ance ( P = 0.05–0.10) was observed starting at the class level.

icrobiota dysbiosis occurred after 9 h of BD from the fam-

ly level. At the family level, differences existed between Pep-

ostreptococcaceae and Bacteroidaceae, both of which were de-

reased in the BD group. At the genus level, Romboutsia, Bac-

eroides, Erysipelotrichaceae_UCG_004, Faecalibacterium, and Bar-

esiella were enriched in the sham group, whereas Ruminococ-

aceae_UCG_007, Lachnospiraceae_ND3007_group, and Papillibac-

er were enriched in the BD group. Figure 1 B shows the differ-

ntial microorganisms at the family and genus levels according

o LDA. 

D did not affect SCFAs, BAs, or other microbial metabolites 

We tested the levels of SCFAs, BAs, and other microbial

etabolites in the intestinal contents and portal vein plasma.

D did not alter the acetate, propionate, or butyrate levels in the

ntestinal contents or the portal vein plasma ( Figure 2 ). Among

he 40 BA species, 24 were detected in the intestinal contents,

nd 15 were detected in the portal vein plasma. The absolute

alues of each BA component did not differ between the groups

n either the intestinal contents or portal vein plasma after 9 h

 Table 2 ). None of the 84 other metabolites detected in the in-
estinal contents or the 55 other metabolites detected in the 

CA revealed distance between the sample clusters of the BD and sham groups, 

: The column bar shows differential microbiotas at the family and genus levels 

ysis effect size; OTU: operational taxonomic unit; PCA: Principal component 

http://cran.r-project.org/
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Figure 2. SCFAs levels in a rat model of BD. 

Acetate, propionate, and butyrate levels were 

unchanged in the intestinal contents and portal 

vein plasma after 9 h of BD. 

BD: brain death; SCFA: Short-chain fatty acids. 

Table 2 

BA profiles of the intestinal contents and portal vein plasma. 

BA Intestinal content ( 𝜇mol/g) Portal vein plasma ( 𝜇mol/L) 

Sham group BD group Sham group BD group 

CA (4.5 ± 1.8) × 10 − 1 (5.1 ± 1.5) × 10 − 1 85.3 ± 16.8 86.2 ± 9.2 

CDCA (2 ± 0.2) × 10 − 1 (1.9 ± 0.2) × 10 − 1 4.9 ± 0.7 4.8 ± 0.7 

GCA (3.8 ± 0.6) × 10 − 2 (4 ± 0.7) × 10 − 2 ND ND 

TCA 1.4 ± 0.3 1.3 ± 0.2 11.4 ± 3.4 12.1 ± 3.0 

GCDCA (5.6 ± 0.8) × 10 − 3 (6.4 ± 1.1) × 10 − 3 ND ND 

TCDCA (6.5 ± 1.1) × 10 − 1 (7.3 ± 1.6) × 10 − 1 1.2 ± 0.2 1.2 ± 0.3 

LCA (2.0 ± 0.3) × 10 − 2 (2.0 ± 0.3) × 10 − 2 (6.4 ± 1.7) × 10 − 1 (6.3 ± 1.8) × 10 − 1 

HDCA (5.0 ± 1.1) × 10 − 1 (5.0 ± 1.1) × 10 − 1 22.9 ± 1.4 22.6 ± 1.3 

DCA (2.0 ± 0.2) × 10 − 1 (2.0 ± 0.2) × 10 − 1 5.6 ± 0.6 5.5 ± 1.0 

UDCA ND ND 1.1 ± 0.2 1.1 ± 0.3 

GLCA (2.6 ± 2.1) × 10 − 5 (3.0 ± 1.6) × 10 − 5 ND ND 

GDCA (4.2 ± 3.3) × 10 − 3 (3.2 ± 3.5) × 10 − 3 ND ND 

GUDCA (6.9 ± 1.4) × 10 − 3 (6.4 ± 3.2) × 10 − 3 ND ND 

TUDCA (7.0 ± 2.3) × 10 − 1 (7.0 ± 1.8) × 10 − 1 (5.0 ± 1.2) × 10 − 1 (4.8 ± 0.9) × 10 − 1 

𝛼-MCA (3.3 ± 0.8) × 10 − 2 (3.1 ± 1.1) × 10 − 2 1.8 ± 0.4 1.8 ± 0.3 

𝜔 -MCA (6.0 ± 6.7) × 10 − 3 (7.8 ± 6.6) × 10 − 3 ND ND 

𝛽-MCA (1.1 ± 0.3) × 10 − 1 (1.1 ± 0.2) × 10 − 1 3.0 ± 0.5 3.1 ± 0.3 

MDCA (8.0 ± 1.3) × 10 − 3 (8.6 ± 2.3) × 10 − 3 ND ND 

TLCA (5.5 ± 2.8) × 10 − 3 (4.5 ± 2.7) × 10 − 3 (4.0 ± 0.5) × 10 − 1 (4.0 ± 1.2) × 10 − 1 

THDCA 1.0 ± 0.2 0.9 ± 0.1 ND ND 

TDCA (3.1 ± 0.6) × 10 − 1 (2.9 ± 0.6) × 10 − 1 (9.0 ± 1.7) × 10 − 1 (9.1 ± 2.3) × 10 − 1 

T 𝛼-MCA (8.1 ± 2) × 10 − 1 (7.4 ± 2.1) × 10 − 1 (8.2 ± 1.8) × 10 − 1 (8.4 ± 2.4) × 10 − 1 

T 𝛽-MCA (2.7 ± 0.8) × 10 − 1 (2.8 ± 0.6) × 10 − 1 1.3 ± 0.1 1.3 ± 0.1 

GHDCA (5.4 ± 2.9) × 10 − 3 (5.0 ± 2.6) × 10 − 3 ND ND 

MuroCA (10.0 ± 3.7) × 10 − 2 (10.0 ± 3.0) × 10 − 2 ND ND 

BA: Bile acid; BD: Brain death; CA: cholate; CDCA: Chenodeoxycholate; DCA: Deoxycholate; GCA: glycocholate; GCDCA: Glycochenodeoxycholate; GDCA: Gly- 

codeoxycholate; GHDCA: G ycohyodeoxycholate; GLCA: G lycolithocholate; GUDCA: G lycoursodeoxycholic acid; HDCA: Hyodeoxycholate; LCA: Lithocholate; MDCA: 

Murideoxycholate; ND: Not detected, TCA: Taurocholate; TDCA: T aurodeoxycholate; TCDCA: T aurochenodeoxycholate; THDCA: T aurohyodeoxycholate; TLCA: 

T aurolithocholate; TUDCA: T auroursodeoxycholate; UDCA: Ursodeoxycholate; 𝛼-MCA: 𝛼-muricholate; 𝛽-MCA: 𝛽-muricholate; 𝜔 -MCA: 𝜔 -muricholate; T 𝛼-MCA: 

Tauro- 𝛼-muricholate; T 𝛽-MCA: Tauro- 𝛽-muricholate; MuroCA: Muricholic acid. 
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ortal vein plasma differed between the groups (Supplementary

ables S1 and S2). 

hanges in liver metabolism under BD 

Overall, 124 metabolites were identified in JiaLib TM ; 34

etabolic enzymes were detected via KEGG metabolic path-

ays, and 147 metabolites were unidentified. PCA, PLS-DA, and
348 
PLS-DA were used to reveal the overall metabolic profile sim-

larities and dissimilarities between the groups. First, an unsu-

ervised PCA model demonstrated that each sample could be

learly divided, and no abnormal samples were rejected. Sam-

le clusters were distant between the two groups, although two

ham group samples became closer to the BD-group cluster (Sup-

lementary Figure S1A). PLS-DA and OPLS-DA showed more

istinct separation (Supplementary Figure S1B, S1C). Permuta-
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Table 3 

The key metabolic pathways and involved upregulated and downregulated metabolites revealed by MPEA. 

Pathway name (BD vs. Sham) P . hyper Up Down 

Galactose metabolism 6.1 × 10 − 5 ∗ Galactitol; d -glucose; glycerol; d -galactose; 𝛼-lactose; myo-inositol; sorbitol 

Neomycin, kanamycin, and gentamicin biosynthesis 1.6 × 10 − 3 ∗ d -Glucose; glucose 6-phosphate 

Pentose and glucuronate interconversions 5.0 × 10 − 3 ∗ d -Ribulose 5-phosphate d -Xylose; d -glucuronic acid; d -xylitol 

Biosynthesis of unsaturated fatty acids 2.4 × 10 − 2 ∗ Oleic acid; palmitic acid; linoleic acid; stearic acid 

Starch and sucrose metabolism 3.4 × 10 − 2 ∗ d -Glucose; d -maltose; glucose 6-phosphate 

Glyoxylate and dicarboxylate metabolism 3.4 × 10 − 2 ∗ Glycolic acid; l ‑serine; pyruvic acid; l -glutamine 

Ascorbate and aldarate metabolism 4.0 × 10 − 2 ∗ d -Glucuronic acid; myoinositol 

Phenylalanine metabolism 8.0 × 10 − 2 † l -Phenylalanine Hippuric acid 

BD: Brain death; MPEA: Metabolic pathway enrichment analysis. 
∗ P ≤ 0.05. 
† 0.05 < P ≤ 0.10. 
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ion testing was used to assess the validity of the classification

odel, and Q2 was − 0.204 on the Y-axis, confirming the model’s

alidity (Supplementary Figure S1D). 

etabolic details and related pathway dissimilarities 

Differential metabolites were assessed using multivariate

tatistics with OPLS-DA model values; univariate statistics were

ssessed using Student’s t -test or the Mann-Whitney U test. Sixty-

ve metabolites differed between the two groups: 52 were de-

reased, and 13 were increased in the BD group. Among these 65

ifferential metabolites, 20 were carbohydrates, 14 were amino

cids, and 8 were organic acids, accounted for 64.6% (Supple-

entary Table S3). Among the decreased metabolites in the

D group, glycerol, sorbitol, allose, d -galactose, and glycerol-

-phosphate (three of which are carbohydrates) showed the

argest differences. Among the increased metabolites in the BD

roup, l - 𝛼-aminobutyric acid, 2-hydroxybutyric acid, the d -

ibulose-5-phosphate/ d -ribose ratio, hypotaurine, and glutaric

cid/sarcosine (three of which are amino acids) showed the

argest differences. MPEA revealed eight key metabolic path-

ays ( Table 3 ), with galactose metabolism being the most

ignificant, followed by neomycin, kanamycin and gentam-

cin biosynthesis, and pentose and glucuronate interconver-

ions. The upregulated and downregulated metabolites are also

hown. 

iscussion 

Most clinical BDs are caused by head trauma, infarction,

r hemorrhaging. Studies have revealed that these three forms

f brain injury lead to different types of microbiota dysbiosis

ia different mechanisms. [ 19 ] However, the worst form of bod-

ly damage resulting from BD is a harsh physiological process

haracterized by “catecholamine storms, ”[ 20 ] which can cause

arked changes at the genus level. In the present study, micro-

iota dysbiosis occurred at the family and genus levels 9 h after

D. Peptostreptococcaceae, which predominates in the ileum,

as been positively associated with primary BA production. [ 21 ] 

acteroidaceae is the core microbe in the rat cecum and is re-

ponsible for producing amino acids, neurotransmitters, and SC-

As, as well as BA biotransformation. [ 22 ] The core microbes in

he rat colon are Lachnospiraceae and Ruminococcaceae, specif-

cally Lachnospiraceae_ND3007_group , which produces butyric

cid, [ 23 ] and Ruminococcaceae_UCG-007 , which has been posi-

ively correlated with elevated acetate, butyrate, and total SCFA
349 
oncentrations. [ 24 ] Papillibacter belongs to Clostridium cluster IV

nd is a butyrate-producing bacterium. [ 25 ] Romboutsia belongs

o Peptostreptococcaceae. Barnesiella , [ 26 ] Faecalibacterium , [ 27 ] 

nd Erysipelotrichaceae_UCG_004 

[ 28 ] ferment carbohydrates into

CFAs in the colon. The gastrointestinal tract mainly releases

oradrenaline via the autonomic nervous system, and in-

estinal bacteria have receptors that sense variations in host

oradrenaline. [ 19 , 29 ] Thus, we speculate that noradrenaline vari-

tion may be the main cause of microbiota dysbiosis during BD;

owever, this requires further research. 

Nearly all of the microbial genera that showed changes in

esponse to BD in our model rats were involved in SCFA and/or

A biosynthesis. However, 9 h after inducing BD, measurements

f the three main SCFAs and the BA spectrum were unchanged

n the intestinal contents and portal vein plasma. We further ex-

anded the search scope to test the production of 132 additional

o-metabolites and still found no changes. This may have been

ecause our rat model was difficult to sustain beyond 9 h. [ 30 ] 

lthough microbiota dysbiosis occurred, the 𝛼-diversity indexes

id not significantly differ and few genera were changed, in-

icating that 9 h was insufficient to yield changes in metabo-

ites. Marginally significant differences began to show at the

lass level, and changes in more genera might be expected over

onger time periods. Further studies using primate models or

linical samples may clarify this. 

Our liver metabolomic results showed an overall deteriora-

ion in metabolic function, with nearly 80.0% of the differen-

ial metabolites showing decreased levels in the liver at 9 h

ost-BD, the highest proportion of which (30.8%) were carbohy-

rates. These results differ from the metabolic changes observed

t 4 h post-BD. We speculate that the continuous shortage in

nergy supply was increasingly aggravated over time, consis-

ent with previous findings that mitochondrial dysfunction was

he most significant ultrastructural alteration in BD due to im-

aired hepatic sinusoidal perfusion. [ 31 ] This was also confirmed

y the increases in toxic and stress-response metabolites in the

D-group livers. These metabolites included l - 𝛼-aminobutyric

cid, which is toxic [ 32 ] ; 2-hydroxybutyric acid, which is associ-

ted with disrupted mitochondrial energy metabolism and in-

reased oxidative stress [ 33 ] ; and the d -ribulose-5-phosphate/ d -

ibose ratio, which is important for maintaining redox home-

stasis via the non-oxidative pentose-phosphate pathway. [ 34 ] 

he galactose metabolism pathway is also associated with en-

rgy, and the liver is the most important organ in galac-

ose metabolism. Seven metabolites are involved in galac-

ose metabolism, and all were decreased in the BD-group liv-
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rs. The most important pathway for using galactose is the

eloir pathway, in which the first step is the conversion of

alactose to 𝛼- d -galactose from its 𝛽-anomer via the action

f galactose mutarotase. Deficiency of 𝛼- d -galactose leads to

estrained glycolysis capacity and less glucose production. [ 35 ] 

alactose can also be converted to sorbitol, glucose, and my-

inositol via 𝛼-galactosidase enzymolysis. Decreases in these

hree metabolites in the BD-group livers were likely due to 𝛼-

alactosidase enzymolysis deficiency, which similarly occurs in

everal malignancies. [ 18 ] Other significantly altered pathways in

he BD-group livers exhibited metabolic hypofunction caused by

ecreased metabolites. Glucuronate metabolic disorder weak-

ns detoxification functions [ 36 ] and fatty acid and starch

etabolism, which are vital for maintaining normal cell orga-

ization and biological functions. [ 37 , 38 ] Repeated involvement

f glucose and glucose-6-phosphate in three pathways strength-

ns the core importance of energy metabolism in the liver

uring BD. 

onclusions 

We illustrated the intestinal microbial changes that occur

uring BD using a rat model. Because of the short timeframe,

icrobiota alterations at the family and genus levels were re-

trained, and the genus-level changes were insufficient to induce

hanges in microbial metabolites. Untargeted metabolomics

evealed reduced metabolic functions in rat livers, with two

rominent features. First, differential metabolites and pathways

ere both associated with energy metabolism and second, the

iver was extremely deprived of energy under an extended pe-

iod of BD (9 h). Measures to correct this energy deficiency,

articularly that caused by mitochondrial dysfunction, could be

aluable to graft protection. 
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