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Background: Cirrhosis is a common chronic liver disease characterized by irreversible

diffuse liver damage. Intestinal microbiome dysbiosis and metabolite dysfunction

contribute to the development of cirrhosis. Lactitol (4-β-D-galactopyranosyl-D-glucitol)

was previously reported to promote the growth of intestinal Bifidobacteria. However, the

effect of lactitol on the intestinal microbiome and fecal short-chain fatty acids (SCFAs) and

bile acids (BAs) and the interactions among these factors in cirrhotic patients pre- and

post-lactitol treatment remain poorly understood.

Methods: Here, using shotgun metagenomics and targeted metabolomics methods.

Results: we found that health-promoting lactic acid bacteria, including Bifidobacterium

longum, B.pseudocatenulatum, and Lactobacillus salivarius, were increased after

lactitol intervention, and significant decrease of pathogen Klebsiella pneumonia and

associated antibiotic resistant genes /virulence factors. Functionally, pathways including

Pseudomonas aeruginosa biofilm formation, endotoxin biosynthesis, and horizontal

transfer of pathogenic genes were decreased in cirrhotic patients after 4-week lactitol

intervention compared with before treatment.

Conclusion: We identified lactitol-associated metagenomic changes, and provide

insight into the understanding of the roles of lactitol in modulating gut microbiome in

cirrhotic patients.

Keywords: cirrhosis, lactitol, microbiome, short-chain fatty acids, bile acids, shotgun metagenomics, targeted

metabolomics

INTRODUCTION

Cirrhosis is a common chronic liver disease characterized by irreversible diffuse liver damage. It is
an important risk factor for hepatocellular carcinoma and hepatic decompensation development.
The early diagnosis and treatment of cirrhotic patients are essential to achieve the best outcomes.
Antiviral drug treatments fail to effectively prevent the progression to liver cirrhosis or its
associated complications, which suggests that hepatitis virus replication is not the only driving
force of cirrhosis development in China (1, 2). The intestinal microbiota was demonstrated to
be associated with the pathogenesis and progression of liver diseases, including alcoholic liver
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disease (3), nonalcoholic fatty liver disease, non-alcoholic
steatohepatitis (4), total parenteral nutrition/intestinal failure-
related liver disease (5), and primary sclerosing cholangitis (PSC)
(6). Moreover, there are direct interactions between metabolites
produced by the gut microbiota and cirrhosis (7). In particular,
the intestinal microbiota is a topic of high interest because an
increasing number of researchers have focused their efforts on
the potential roles of intestinal microbiota-targeted therapies in
ameliorating the progression of liver disease (8, 9). Furthermore,
it has been suggested that therapies targeting the intestinal
microbiome (10) are pivotal for the treatment of liver fibrosis
and cirrhosis.

Lactitol (4-beta-D-galactopyranosyl-D-glucitol), as
a prebiotic, can be metabolized by intestinal bacteria
to lactic acid and other natural acids. The efficacy of
lactitol in the treatment of constipation and hepatic
encephalopathy has been evaluated in various clinical
trials (11–14). Lactitol supplementation can effectively
increase the abundance of beneficial intestinal bacterial
communities, such as Bifidobacterium and Lactobacillus.
Moreover, lactitol decreased the levels of plasma endotoxin
compared with other standard medical treatments, such
as antibiotics (15). Although other alterations in the
interactions between the microbiota and metabolites after
the oral administration of lactitol have not been clearly
and comprehensively elucidated, lactitol is widely used
in the clinic treatment of portal-systemic encephalopathy
to reduce liver injury through regulating the intestinal
microbial community and decreasing gut-derived endotoxemia
(12, 13). Therefore, it is important to understand the
physiological mechanisms of the intestinal microbiome and
metabolites associated with lactitol supplementation, and
identify microbiome involved in benefiting patients and
clinical outcomes.

In this study, we provided insight into benefits of
lactitol to cirrhotic disease by profiling of intestinal
microbiome and metabolites of cirrhotic patients before
and after 4 weeks lactitol treatment. Compared with
healthy individuals, we examined the correlation between
the microbiome and metabolites and found shifts of
the abundance of microbial antibiotic-resistant genes
(ARGs), virulence factor genes (VFGs) in microbiome, and
metabolites including short-chain fatty acids (SCFAs) and bile
acids (BAs).

PATIENTS AND METHODS

Subjects and Study Design
Subjects with histologically confirmed liver cirrhosis and a body
mass index (BMI) < 25.78 kg/m2 were classified as the lactitol
group (LC). Clinical, metabolic biochemical, and epidemiological
characteristics are described in Supplementary Table 1. This
study was performed in accordance with the ethical guidelines
of the 1975 Declaration of Helsinki for the participation of
human subjects and approved by the Ethics Committee of the
First Affiliated Hospital, School of Medicine, Zhejiang University
(reference number: 2017HL668-1). Written informed consent

and questionnaires were obtained from all study subjects at the
time of enrolment. The inclusion and exclusion criteria were
presented in Supplementary File 1. Finally, the study included
24 patients and 29 healthy controls (HCs). The details of
these subjects are presented in Table 1. In the patient group,
lactitol was administered orally at a dose of 5 g three times
a day, and samples were collected after 4 weeks of treatment
and subjected to intestinal microbiome metagenomics and
metabolomics analyses.

Biological Specimen Collection and DNA
Extraction
Well-formed stools were collected in sterile bags, refrigerated,
and then taken directly to the lab. The samples were then
divided into 200-mg aliquots, frozen rapidly in liquid nitrogen
and stored at −80◦ until DNA extraction. Three blood samples
were collected in tubes (two tubes without additives and one
EDTA-containing tube) labeled with the subject’s study number
and delivered immediately to our clinical diagnostics laboratory
for routine blood tests biochemical parameter measurements,
and serum collection. Serum samples were divided into 100-µL
aliquots and stored at −80◦C until BA quantification. Samples
(including stools and peripheral blood samples) were collected
from cirrhotic patients at two time points: enrolment and 4 weeks
after lactitol treatment (5 g, three times a day). HCs provided
their samples only once at the time of enrollment.

Fecal DNA was extracted from the fecal pellets with a
QIAGEN DNeasy PowerSoil Kit (ref. no.12888, Germany) in
accordance with the manufacturer’s instructions. The DNA
samples were quantified with a Qubit dsDNA HS Assay Kit
(Invitrogen, Q32854), normalized to 20 ng/L, and stored at
−80◦C until sequencing library preparation.

Metagenomic Sequencing and Analysis
For this assay, 10 L of DNA were fragmented by sonication to
a size of 350 bp using an Ultrasonic 5-cell crusher (Covaris
LE220R-plus, USA). An NEB Nextr UltraTM DNA library Prep
Kit for Illumina (NEB, USA) was used to generate the DNA
sequencing library, and an attribute sequence index code was
added to each fecal DNA sample. The library quality was assessed
using the Qubitr 2.0 Fluorometer (Life Technologies, CA, USA)
and Agilent Bioanalyzer 2100 system. Sequencing was performed
on an Illumina Novaseq 6000 platform (Illumina) using NovaSeq
6000 Reagent Kits v1.5 (Illumina, USA) in accordance with the
manufacturer’s instructions. Finally, 150-bp paired-end reads
were generated, and the raw sequencing data were submitted to
the National Microbiology Data Center. The accession number is
NMDC10017859.

Raw sequencing reads were quality-
controlled with KneadData (version 0.6.1,
https://bitbucket.org/biobakery/kneaddata). Briefly, low-quality
bases were trimmed from the 3′ end of reads with Trimmomatic
(version 0.36) (16), and then trimmed reads <50 nucleotides
in length were discarded. Host (human) contaminant reads
were identified and removed by mapping against the human
genome (hg19) with Bowtie 2 (17). Quality-filtered reads
were taxonomically profiled using MetaPhlAn2 (version 2.2.0)
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(18) against the ChocoPhlAn database, and community-level
functional metabolic pathways were identified using HUMAnN2
(19) against the UniRef90 protein reference database with default
settings. The resulting taxonomic and pathway abundance files
from all samples were joined and normalized to the relative
abundance. Merged data were unstratified, and LEfSe (20) was
used to identify differentially abundant features, as described
above.

To explore the metagenomic information of the intestinal
microbiota, all quality-filtered reads from samples were co-
assembled using MEGAHIT (v.1.0.3) (21), and potential genes
were predicted over the assembled contigs by Prokka (22). Genes
with a length greater than or equal to 100 bp were retained.
All predicted genes were combined and clustered using CD HIT
(23) into a non-redundant gene set by setting the similarity
threshold to 95%, and the relative abundance of unique genes was
calculated using SALMON (24). Then, the predicted genes were
annotated using eggNOG 4.5 (25), and Clusters of Orthologous
Group (COG) (26) profiles were generated. Furthermore, all
protein predictions were searched against the CARD database
using resistance gene identifier software (27) and the VFDB
database (28) using DIAMOND (29). Additional details are
presented in Supplementary File 1.

BA Quantification
Samples (20 mg for each fecal sample and 50 µL for each blood
sample) were extracted with 200 µL methanol after being ground
with a ball mill, and the proteins were precipitated at −20◦.
The extracts were evaporated to dryness and reconstituted
in 100 µL 50% methanol (V/V) for further LC-MS analysis
using an LC-ESI-MS/MS system (UHPLC, ExionLCTM AD;
MS, Applied Biosystems 6500 Triple Quadrupole). Details
were presented in Supplementary File 1. The standards,
including cholic acid-d4, lithocholic acid-d4, glycolithocholic
acid-d4, glycochenodeoxycholic acid-d4, taurocholic acid-
d4, tauroursodeoxycholic acid-d5, glycodeoxycholic acid-d4,
chenodeoxycholic acid-d4, deoxycholic acid-d4, and 2-chloro-L-
phenylalanine, were purchased from Olchemim Ltd. (Olomouc,
Czech Republic) and Sigma (St. Louis, MO, USA). A set of
diluted standards (1000 µg/mL, 100 µg/mL, 10 µg/mL, 1
µg/mL, 0.1 µg/mL, and 0.01 µg/mL) was prepared with MeOH
before analysis. BA concentrations were depicted as nanograms
per gram (ng/g) of feces in fecal samples and nanograms per
milliliter (ng/mL) of blood in blood samples. Data analysis was
performed with MetWare (http://www.metware.cn/) based on
the AB SciexQTRAP 6500 LC-MS/MS platform.

SCFA Quantification
Stool SCFAs were measured using a gas chromatography-mass
spectrometry (GC-MS; Gas chromatograph (type 7890A, Agilent,
USA) equipped with a mass selective detector (type 5975C,
Agilent, USA). The measurement details were described in our
previous study (30) and Supplementary File 1. The standards,
including acetate-d3, propionate-d5, butyrate-d7, valerate-d9,
isobutyric acid, 2-methylbutyric acid, and 3-methylbutyric acid
(isovaleric acid), were purchased from Sigma (St. Louis, MO,
USA). A set of diluted standards was prepared (1,000µg/mL, 100

µg/mL, 10 µg/mL, 1 µg/mL, 0.1 µg/mL, and 0.01 µg/mL) with
ethyl acetate before analysis. Data analysis was performed with
ChemStation (Agilent, CA, USA, v E.02.02.1432) and Chroma
TOF software (LECO, St. Joseph, MI, USA, v 4.34). SCFA
concentrations in fecal samples were reported in milligrams per
gram (mg/g) of feces.

Statistical Analysis
All statistical analyses were performed using R software. Data
are presented as the mean ± standard error of the mean
(SEM). The Kruskal-Wallis sum test was used for comparisons
between groups when appropriate. Bray-Curtis distance was
calculated as the beta diversity measurement using the vegan
package. The PERMANOVA test with the adonis function was
used to calculate the community structure differences. Principal
coordinate analysis was carried out to visualize the Bray-Curtis
dissimilarity among samples for microbial species (Hellinger
transformed). The different treatments were fitted as centroids
onto the ordination plots (31). Different genes were identified
using the DESeq2 package with the cutoff threshold of adjusted
P < 0.05 and the absolute value of log2 fold change (log2 FC)
> 1. KEGG enrichment analyses (http://www.genome.jp/kegg)
were performed using different genes as the foreground genes
and all genes as the background. Discriminatory metabolites
between groups were determined by VIP ≥ 1 and fold change
≥ 2 or ≤ 0.5. VIP values were extracted from OPLS-DA
results, which included score plots and permutation plots
generated using R package MetaboAnalystR. The data were
log-transformed (log2) and mean-centered before OPLS-DA.
To avoid overfitting, a permutation test (200 permutations)
was performed. Significantly enriched KEGG pathways were
identified for the differentially expressed genes identified above
with the FDR multiple testing-corrected P < 0.05. All figures
were created using the ggplot2 and DEseq2 packages. P < 0.05
or BH-adjusted P < 0.05 was considered statistically significant.

RESULTS

Baseline Characteristics of Subjects
Table 1 presents the detailed characteristics of each group,
including clinical, metabolic, biochemical, and histological
profiles. The levels of albumin, globulin and platelet in subjects
with liver cirrhosis were lower than in the HC group. All clinical
parameters including MELD showed no difference between pre-
and post-lactitol treatment groups. During lactitol therapy, none
of the patients experienced abdominal pain, bloating, diarrhea
and other uncomfortable clinical manifestations.

Compositional Alterations in the Gut
Microbiome
Each sample was sequenced at an average 12G depth of
data and contained 3,199,274 non-redundant ORFs. A total
of 387 bacterial species were identified across all subjects
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TABLE 1 | Subject characteristics.

Characteristics Group HC Group LC_pre Group LC_post P-value

N=29 (%) N=24 (%) LC_pre vs HC LC_post vs HC LC_ post vs LC_ pre

Gender Female 8 (27.58) 7 (29.17) 0.840 0.840 –

Male 21 (72.42) 17 (70.83)

Age 50.77±6.76 51.58 ± 10.95 0.751 0.751 –

BMI (kg/m2) 21.58 ± 3.05 22.30 ± 2.74 0.370 0.370 –

ALT (5-40U/L) 25.23 ± 10.46 26.83 ± 12.23 31.08 ± 18.11 0.678 0.132 0.297

AST (8-40U/L) 24.97 ± 6.52 34.54 ± 14.55 34.83 ± 14.98 0.007 0.005 0.936

Albumin (35-55g/L) 45.34 ± 2.71 41.96 ± 4.68 43.24 ± 4.85 0.012 0.196 0.744

Globulin (20-35g/L) 26.27 ± 2.98 30.31 ± 5.43 29.98 ± 5.15 0.009 0.012 0.995

TB (0-21mg/dL) 11.37 ± 5.29 25.08 ± 14.70 24.87 ± 11.82 <0.001 <0.001 1.000

PLT(83-303*109/L) 233.83 ± 49.99 84.71 ± 56.69 85.08 ± 57.44 <0.001 <0.001 1.000

Crea(59-104mg/dL) 73.50 ± 11.96 69.54 ± 11.97 66.42 ± 11.31 0.232 0.034 0.370

INR – 1.18 ± 0.14 1.17 ± 0.11 – – 1.000

MELD – 5.37 ± 0.34 5.34 ± 0.30 – – 0.984

The data were depicted as Mean ± SD. Continuous variables with a normal distribution were assessed using two-tailed independent sample t tests, whereas the data that did not fit a

normal distribution were assessed using a non-parametric Mann-Whitney test.

and classified into 122 genera (>99% in each sample;
Supplementary Materials 1A,B) for subsequent analysis.

Although no significant differences were observed in α and β

bacterial community diversities between patients andHCs or pre-
/post-lactitol treatment groups (Supplementary Figures 1A–F;
all P > 0.05), significant differences in abundances of bacterial
taxa were found in the intestinal microbiota of the three
groups. Detailed overviews of the dominant bacterial profiles
in each group were illustrated at the genus and species level
(Supplementary Figures 2A,B). Among these 20 dominant
genera, Bifidobacterium, Veillonella, Enterobacter, Sutterella,
Haemophilus, and Aggregatibacter were found to be enriched
in LC-post group, whereas Klebsiella and Pseudoflavonifractor
were enriched in the LC-pre group, and Prevotella, Roseburia,
Parvimonas, Butyrivibrio, Methanobrevibacter, and Clostridiales
XIII_incertae_sedis_noname were enriched in HCs (all LDA
scores (log10) > 2 and P < 0.05, using the LefSe approach;
Figure 1A). At the species level, Adlercreutzia_equolifaciens
(lactitol-decreased) and Veillonella_atypica (lactitol-increased)
were found to be further deepened the discrepancy in
their abundance after 4 weeks of lactitol supplementation
(Figure 1B, by Kruskal–Wallis test along with the Bonferroni
correction); Furthermore, the effects of lactitol treatment
on Haemophilus_parainfluenzae, Ruminococcus_obeum,
and Eubacterium_ventriosum were minimal, and the shifts
in the other species that were significantly discriminatory
between the LC-pre vs. HC groups tended to be similar
to the level of those in HCs, including three increased
species (Prevotella_copri, Streptococcus_australis, and
Granulicatella_unclassified) and two decreased species
(Klebsiella_pneumoniae and V. dispar) (Figure 1C). Species
that showed no difference in abundance between LC-pre and HC
groups exhibited a significant difference in abundance between
LC-post and HC groups, including five increased species
(Bacteroides_ovatus, Bifidobacterium_pseudocatenulatum,

B. longum, Lactobacillus_salivarius, and
Rothi_mucilaginosa (Figure 1D) and three decreased
species (Peptostreptococcaceae_noname_unclassified,
Roseburia_inulinivorans and Eubacterium_rectale (Figure 1E).
Additionally, we found some health-beneficial species enriched
in the LC-post group (including B. ovatus, B. pseudocatenulatum,
B. longum, Lactobacillus_salivarius, L. fermentium, and L. oris),
while some opportunistic pathogen enriched in the LC-pre
group (including B. massiliensis, K. pneumoniae, R. onavus,
R. torques and V. dispar) (all LDA scores (log10) > 2 and P <

0.05; Figure 1F). Phylogenic trees based on single-nucleotide
polymorphisms were constructed for these discriminatory
species, and two distinct clusters were formed for most cirrhotic
patients and HCs based on the genome of K. pneumoniae (P <

0.001, Fisher’s exact test; Figure 1G). Interestingly, there was a
significant shift in the genotypes of K. pneumoniae strains as 10
LC-post patient strains were clustered together with HC strains,
suggesting that liver cirrhotic patients are colonized by different
K. pneumonia strains compared with HCs, which were partially
changed by lactitol treatment.

Lactitol Treatment Modulated Microbial
Functional Genes
Metagenomic analysis revealed a total of 469 functional
metabolic pathways from all fecal samples. A scatter plot
based on principal coordinate analysis obtained from the
Bray–Curtis distance matrix of functional metabolic pathways
showed significant differences among LC-pre, LC-post, and HC

groups (P < 0.001; Figure 2A). Subsequently, the differences

in the top 50 abundant functional metabolic pathways were
tested between LC-pre and HC groups and between LC-post

and HC groups by the Wilcox test. Among the significantly
differentially abundant biological processes between LC-pre
and HC groups (P < 0.05), six pathways were upregulated
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FIGURE 1 | Comparison of intestinal microbial communities in cirrhotic patients before (LC-pre, green) and after (LC-post, blue) lactitol intervention and healthy

controls (HCs, red). (A) LEfSe and LDA based on divergent genera between the three groups, which identified the most differentially abundant genera between the

three groups. LDA scores of red bars represented genera enriched in HCs, the green represented the LC-pre group, and the blue represented the LC-post group.

(B–E) Statistical analysis of differentially abundant species by a non-parametric Kruskal–Wallis test with the Bonferroni correction between the three groups. The box

plots indicated the median and 25th to 75th percentiles. (F) LEfSe and LDA based on divergent species between the three groups. (G) Strain-level analysis of

K. pneumoniae based on SNPs using the fecal metagenome of subjects in the three groups. LEfSe, Linear discriminant analysis Effect Size; LDA, linear

discriminant analysis.

(including guanosine ribonucleotide de novo biosynthesis,
queuosine biosynthesis, methylerythritol phosphate pathway I,
urate biosynthesis/inosine 5′-phosphate degradation, glycolysis
III, and thiamin formation from pyrithiamine and oxythiamine)
(Figures 2B–G), two showed minimal alterations (peptidoglycan
biosynthesis III and superpathway of branched amino acid
biosynthesis) (Figures 2H,I), and the alterations in the rest were
similar to the levels observed in HCs (including superpathway
of guanosine nucleotides de novo biosynthesis I, superpathway
of guanosine nucleotides de novo biosynthesis II and purine
ribonucleoside degradation after 4-week lactitol intervention)
(Figures 2J–L). the differential abundance of the dominant
KEGG Orthologs (KOs) among LC-post, LC-pre and HCs was

observed using Heatmap of KOs analysis (Figure 3A). Further
characterization of the functionalities of KOs in metagenomes
of patients pre- actitol treatment by comparison with HCs, of
note is that LPS biosynthesis, homologous recombination and
mismatch repair (vital for horizontal transfer of pathogenic
genes), and Pseudomonas aeruginosa biofilm formation (vital for
translocation infection) were enriched in metagenomes of LC-
pre (Figure 3B, Supplementary Material 2A), which is different
from LC-post vs. HCs (Figure 3C, Supplementary Material 2B).
Additionally, we also assigned the significant detection gene
to the Cluster of Orthologous Groups (COG) database for
microbialfunction analysis, and distribution and differences
in relative abundances of COG categories were showed in
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FIGURE 2 | Functional pathways of the gut microbiome in cirrhotic patients before (LC-pre, green) and after (LC-post, blue) lactitol intervention and healthy controls

(HCs, red). The pathways were annotated by HUMAnN2. (A) Beta diversity analyses of the Bray–Curtis similarity index scores of microbial pathways between the three

groups, and statistical significance was measured using adonis analysis. Ellipses show 95% confidence intervals, and the different colors of ellipses represent different

groups. (B–L) Wilcox test of the top 50 microbial metabolic pathways between groups. Data were shown as box plots with the median and 25th to 75th percentiles.

Benjamini–Hochberg correction was further applied to adjust derived p-values. Only pathways with p-values under a threshold of 0.05 were considered as significant.

Supplementary Figures 3A–R. Importantly, the count of
COG categories of Defense mechanisms were increased
significantly in LC-post when compared with LC-pre
(Supplementary Figure 3I). We also found that the differentially
expressed carbohydrate-active enzymes (CAZy) between
the three groups mainly included glycoside hydrolases
(GHs), glycosyltransferases (GTs), polysaccharide lyases
(PLs), carbohydrate esterases (CEs), and carbohydrate-
binding modules (CBMs) (Supplementary Figures 4A–C,

Foldchange > 2 and P < 0.05 after adjusting for the
Bonferroni correction).

We also profiled particular genes related to antibiotic
resistance and known pathogenic factors in the gut
microbiome data by comparison with CARD, and VFDB
databases, and 218 ARGs, and 1560 VFGs were derived
(Supplementary Materials 3A, B). In terms of ARGs, matching
against the CARD database revealed a significantly higher
number of ARGs in both LC-pre and LC-post groups than the
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FIGURE 3 | KEGG pathway enrichment analyses. (A) Heatmap analysis shows the difference among the cirrhotic patients before (LC-pre) and after (LC-post) lactitol

intervention and healthy controls (HCs). (B) the number of differential KEGG metabolism level 3 from LC-pre vs. HCs. (C) Abundance of differential KEGG metabolism

level 3 from LC-post vs. HCs. KEGG, Kyoto Encyclopedia of Genes and Genomes.

HC group (Figure 4A). In contrast, mapping VFGs against the
VFDB database showed a significant increase in the number of
VFGs in patients compared with HCs, but the number of VFGs
tended to be reduced in the LC-post group and was similar
to that in the HCs (Figure 4B). Specifically, compared with
HCs, patients in the LC-pre group were characterized by 32
(20% of total 160 ARGs) cirrhosis-enriched ARGs, 119 (7.6%
of total 1560 VFGs) cirrhosis-enriched VFGs, 4 (2.5% of total
160 ARGs) cirrhosis-depleted ARGs, and 42 (2.7% of total 1560
VFGs) cirrhosis-depleted VFGs (Figure 4C, Fold change> 2 and
adjusted P < 0.01). After 2 months of lactitol supplementation,
we found 7 (4.3% of total 160 ARGs) lactitol-upregulated ARGs,
44 (2.8% of total 1560 VFGs) lactitol-upregulated VFGs, 15
(9.37% of total 160 ARGs) lactitol-downregulated ARGs, and
80 (5.13% of total 1560 VFGs) lactitol-downregulated VFGs
in the microbiome of the LC-post group (Figure 4D, Fold
change > 2 and adjusted P < 0.01). Among these lactitol-
susceptibility ARGs, we found that 22% of ARGs belonged to
Klebsiella, 19.6% to Escherichia, 16% to Enterobacteriaceae, and
8.3% to Enterobacter. Additionally, 17.3% of VFGs belonged
to Klebsiella, 12.4% to Escherichia, 8.1% to Salmonella, and
5.9% to Pseudomonas. Network analysis between ARGs and
bacterial abundances mainly generated three different covarying
clusters: (1) P. copri (enriched in HCs) significantly positively
correlated with tet37, (2) En. cloacae (enriched in LC-post) with
acrA and MIR-3, and 3) K. pneumonia (enriched in LC-pre)
with SHV-161, KpnH, oqxA, KpnG, acrA, FosA6, UhpT, and
FosA5 (Figure 4E, P < 0.05). Additionally, network analysis
between VFGs and bacterial abundances mainly generated six
different covarying clusters, especially for the K. pneumonia

(enriched in LC-pre) cluster, which was significantly positively
associated with 16 virulence factors, such as AHA-1846,
exeB, mrkA, and lefB, vagw/ecpD (Figure 4F, P < 0.05).
Importantly, these ARGs and VFGs that were correlated to
K. pneumonia were significantly decreased after the 4-week
lactitol intervention.

Altered Fecal Metabolites After Lactitol
Consumption
To investigate the functional consequences and causes of
microbiome shifts, we further performed metabolome analysis
of SCFAs and BAs in fecal samples and BAs in serum.
The overall metabolic signatures of LC-post patients were
significantly different from those of HCs but similar to those
of LC-pre patients (Supplementary Figure 5, P < 0.01). The
fecal SCFA profiles of the LC-pre group displayed increases in
pentanoic and acetic acids and decreases in butyric, propionic,
2-methylpropionic, and 2_methylbutyric acids compared with
the HCs (Figure 5A). Lactitol treatment further reduced
2_methylpropionic, propionic acid, and butyric acid and fecal
pentanoate but had a minimal effect on 2_methybutyric
and acetic acid. Overall, co-occurrence analysis showed that
discriminatory bacterial species were strongly correlated with
the fecal SCFAs (Figure 5B). Within the fecal SCFA and
bacteria correlation profile, differential bacterial species mainly
generated two different covarying clusters: (1) a cluster of
2-methylpropionic acid, propionic acid, and butyric acid
significantly positively associated with bacteria mainly enriched
in HCs (except four species: one enriched in LC-post and
three in LC-pre) and (2) acetic acid with species enriched in
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FIGURE 4 | Comparison of fecal ARGs and VFGs in subjects of cirrhotic patients before (LC-pre, green) and after (LC-post, blue) lactitol intervention and healthy

controls (HCs, red), and correlation analysis between discriminatory genes and bacteria. (A) comparison of ARGs enrichment between the three groups. (B)

Comparison of VFG enrichment between the three groups. (C) Heatmap of differential ARGs. (D) Heatmap of differential VFGs. (E) Correlation between ARGs and

bacteria. (F) Correlation between VFGs and bacteria. Wilcoxon rank-sum test with a significance level of P < 0.05. ARGs, antibiotics resistance genes; VFGs,

virulence factor genes.

the LC-post group (except for two species enriched in group
LC-pre) (32).

We also observed similar trends for both discriminatory
serum and fecal BA profiles in LC-pre vs. HC groups and
LC-post vs. HC groups but different trends for the most
discriminatory BAs in fecal and serum samples in cirrhotic
patients compared with HCs (Figure 6A). Lactitol intervention
reduced some BAs, especially F-TCA, F-TβMCA, and F-TCDCA
(Supplementary Material 4, VIP>1 and log2FD>1 or<-1.), but
without statistical significance (P > 0.05). We also explored
the potential correlations between discriminatory bacterial
species and fecal BAs among the three groups. No significant
positive associations were observed between three slightly

increased fecal BAs, including F-GCDCA, F-GCA, and F-
CA, in lactitol intervention groups and discriminatory species
enriched in the LC-post group (Figures 6B,C). Additionally,
F-LCA, F-12_KLCA, F-GLCA, F-DCA, and F-GDCA were
positively significantly associated with two species (belonging to
Paraprevotella) enriched in the LC-post group and 11 species
(mainly belonging to Bacteroides and Prevotella) enriched in HCs
and negatively significantly associated with eight species (mainly
belonging to Veillonella) enriched in the LC-pre group. We
also found that F-CA, F-CDCA, F-UDCA, and their conjugated
BAs were positively significantly correlated with five species
(three belonging to Streptococcus, one to Parvimonas, and one to
Granulicatella) enriched in HCs (Figure 6C).
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FIGURE 5 | Effect of lactitol on fecal SCFAs. (A) Heatmap of fecal SCFAs. (B) Correlation between fecal SCFAs and discriminatory species. SCFAs, short chain fatty

acids; LC-pre (green), cirrhotic patients before lactitol intervention; LC-post (blue), cirrhotic patients before after lactitol intervention; HCs (red), healthy controls. *p <

0.05, **p < 0.01, ***p < 0.001.

DISCUSSION

In this study, we performed the analysis of intestinal microbiome
and metabolome with respect to lactitol-related supplement
in liver cirrhotic patients. We identified species-level bacteria
and metabolites, such as SCFAs and BAs, that were associated
with lactitol administration in cirrhotic patients. Although no
significant differences were found in microbial diversity among
the groups, significant differences in the functional genes of
the intestinal microbiome were found, suggesting that the
effects of lactitol on the intestinal microbiome presented as
alterations in the functionality of the microbiome, rather than
changes in the diversity of microbiota. Particularly, lactitol
treatment resulted in a significant shift of K. pneumoniae
at the strain level as observed that 40% of patients shift
from cirrhotic patient-enriched strain clusters to HC-enriched
strain clusters.

Dysbiosis in gut microbiome composition is reported to
correlate with cirrhosis severity (33), particularly associated with
systemic inflammation and bacterial translocation (34). The
changes observed in opportunistic pathogens in cirrhotic patients
and HCs involve different strain K. pneumonia, which has
been reported as cirrhosis associated species in previous studies
(33, 35). We additionally found species enriched in cirrhotic
patients, including Eu. rectale, R. intestinalis, R. hominis, V.
atypical, R. gnavus, and L. salivarius, which were consistent with
previous research (35). Our data then showed that 4 weeks of
lactitol supplementation lead to decrease of cirrhosis-enriched
species including pathogenic K. pneumonia (36) and V. dispar
(37, 38), and increase of some health-beneficial species including
B. longum, B. pseudocatenulatum, L. salivarius and B. ovatus (39).
Previous studies have also demonstrated that lactitol increased
the abundance of the first two species in the gut (11). Of particular
note, B. dentium, an opportunistic pathogen enriched in cirrhotic
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FIGURE 6 | Effect of lactitol on fecal and serum BAs. (A) Discriminatory BA levels (Foldchange > 2) and associated P values for LC-pre vs. HC, LC-post vs. HCs, and

LC-pre vs. LC-post. (B) Heatmap of fecal BAs. (C) Correlation between fecal BAs and discriminatory species. BAs, bile acids; LC-pre (green), cirrhotic patients before

lactitol intervention; LC-post (blue), cirrhotic patients before after lactitol intervention; HCs (red), healthy controls. Benjamini–Hochberg correction was further applied

to adjust derived p-values. Only pathways with p-values under a threshold of 0.05 were considered as significant. *p < 0.05, **p < 0.01, ***p < 0.001.

patients (35), was also found to be enriched in the patients in this
study, and reduced in abundance after lactitol supplementation.

We discovered that the lactitol supplement-modulated
pathways include pathways associated with metabolic and
liver function improvements, such as increased folate
biosynthesis, propanoate metabolism, purine metabolism,
pentose/glucuronate interconversions etc., and decreased
lipopolysaccharide (LPS) and biofilm, endotoxin biosynthesis.
Particularly, the alterations of functional pathways after 2-
month lactitol supplement became more similar to that of
HC. Therefore, we conclude that lactitol intervention could
improve outcomes in cirrhosis-related intestinal microbiome
dysbiosis, extending the observations from the previous
study (40). Shifts in the abundance of these bacteria were
correlated with alterations in functional pathways and some
pathogenic genes, including ARGs and VFGs. For example,
eight key ARGs and 18 key VFGs was identified to be associated
with K. pneumonia, and decreased significantly after lactitol
sumplemention. We postulate that the strain-level shift in K.
pneumoniae contributed to these marked alterations in ARGs
and VFGs as a result of lactitol treatment. Intestinal VFGs were
suggested to influence host immune homeostasis (41) and be
associated with disease severity (42). Of note, we found that
alterations in the composition of lactitol-treated VFGs were
correlated with the strain-level changes in K.pneumonia, which
accounted for shifts in the highest proportion of differentiated
VFGs in the gut microbiome of patients in LC-pre vs. LC-post
groups. Lower VFG levels in K. pneumonia suggested weak

invasiveness and reduced pathogenicity of the pathogen in
lactitol-treated patients. Considering the probiotic properties
of B. longum and B. pseudocatenulatum, a high abundance
of both species in the LC-post group could also indicate an
improvement in gut dysbiosis and therapeutic outcomes for
hepatic cirrhosis.

SCFAs, particularly butyrate, have roles in the stimulation
of tight junction and mucous production (43), reduction
in systemic inflammation (44), and mediation of intestinal
hormones (45). Although lactitol promoted the growth of
Bifidobacteria, we did not find increase of fecal SCFAs in liver
cirrhotic patients, which was reported in lactitol-treated healthy
adults in the study by Finney and his colleagues (46). In
fact, lactitol treatment further decreased the concentrations of
intestinal SCFAs, except for 2-methylbutyric acid and acetate
with no significant changes. The phenomena can potentially
be explained by the fact that most species positively related
to fecal 2-methylbutyric acid, methylpropionic acid, propionic
acid, and butyric acid were enriched in the microbiome of
HCs. Cirrhosis is always accompanied by a decreased conversion
of primary to secondary fecal BAs (47). BA metabolism
was found to be associated with BA biosynthesis in the
liver and biotransformation by intestinal microbiota (48). Our
results indicated that most of discriminatory secondary BAs
in feces tended to be decreased in the LC-pre and LC-post
groups compared with HCs. In contrast, the alterations in
discriminatory serum BAs showed opposite trends in both
patient groups vs. HCs. Together, these results suggested
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the presence of hepatocytosis and enterohepatic circulatory
deficiency in cirrhotic patients and were consistent with the
higher total serum BA levels in both patient groups compared
with HCs measured by clinical biochemical tests. Higher BA
(including DCA, LCA, CDCA, and TCDCA) exposure may
lead to cytotoxicity (49) and have cancer-promoting effects
(50). However, both the clinical biochemical tests and BA
mass spectrometry results showed that lactitol treatment had a
minimal influence on serum BAs. Interestingly, lactitol treatment
clearly reduced fecal BAs, especially some taurine conjugates,
including F-TCA, F-TDCA, F-TCDCA, F-TUDCA, and F-
TβMCA, althoughwithout statistical significance. Other previous
studies of probiotic supplementation in humans also reported no
metabolic changes between pre- and post-probiotic intervention
(51). There is undoubtedly a correlation between intestinal
microbiome dysbiosis and metabolic dysregulations (52). The
abundance and diversity of bacteria that perform the various BA
transformations vary widely. We found that bacteria enriched
in HCs were classified into two clusters according to their
relationships with fecal BAs: 13 species for LCA, KLCA, GLCA,
DCA, and GDCA and 6 for the rest of the fecal BAs. However,
those enriched in the LC-post group did not show clear or
significant correlations with fecal BAs, except for two species
belonging to Paraprevotella. Microbiota alterations affect host
signaling but not necessarily BA synthesis (53). The phenomenon
can be explained to a certain extent by the minor fluctuations
in fecal BAs after a 4-week lactitol intervention. BA homeostasis
in the circulation pool is necessary for normal health (48).
For example, LCA and DCA are takeda G protein-coupled
receptor (TGR5) agonists, and TGR5 activation in colonic L
cells is involved in several metabolic activities, including energy
homeostasis, thermogenesis, insulin signaling inflammation, and
BA uptake (54). Restoration of the intestinal BA pool increases
colonic RORγ+ regulatory T cell levels and ameliorates host
susceptibility to inflammation (55). In the current study, the
impact of lactitol on themicrobiomewas evident, and the lactitol-
induced minor fluctuations in BAs theoretically influenced the
course of cirrhotic disease states. Whether the effects of these
changes on the disease are beneficial deserves further follow-
up investigations to monitor disease progression with a larger
number of patients and a multi-center cohort.

To our knowledge, this is the first study to combine
microbiome with targeted metabolome analyses to uncover
the role of lactitol supplementation in regulating the intestinal
microbiome and metabolic dysbiosis in cirrhotic patients,
and our findings extended the results of previous clinical
trials for lactitol. Significant alterations were found in
the microbiome profiles, including bacterial communities,
microbiota-associated pathways, ABGs, and VFGs, in patients
pre- and post-lactitol treatment, but we only identified
minor lactitol-induced changes in BA and SCFA metabolites.
However, one limitation of the current study was that it
is only a single-center study performed in a small cohort.
Therefore, it is necessary to perform future large-scale,
multicenter, randomized, and placebo-controlled trials and
experiments with a lactitol-treated cirrhotic rat model to

further validate the lactitol-induced alterations are associated
with improvements in disease status and the prevention of
cirrhosis progression.

CONCLUSION

The results of the present study indicated that supplement of
lactitol was associated with changes in bacterial abundances
at the strain level were correlated with altered functions of
the microbiome. Our results extended the observations from
previous clinical trials of lactitol by providing evidence on
lactitol-induced improvements in the microbiome of hepatic
cirrhotic patients based on fecal metabolic pathways, ARG
and VFG pools. Given the increasing importance of microbial
resistance to antibiotics, fecal ARGs and VFGs may become the
next research topic of high interest in probiotic or prebiotic
clinical trials because epigenetic signatures have not yet been
shown to predict the therapeutic results of microecological
modulators. Lactitol-induced improvements in clinical outcomes
require further follow-up investigations on to verify the clinical
relevance of microbiome alterations.
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