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ARTICLE INFO ABSTRACT

Keywords: Recent growing evidence suggests a role for intestinal microbiome and metabolites in patients’
Pancreaticoduodenectomy postoperative recovery. Therefore, there is a need to gain insight into the impact of pan-
Intestinal microbiome creaticoduodenectomy for periampullary carcinoma on microbiome and metabolites and the
Metabolites s . . s o .

Choli potential impact of their changes on patients’ condition. Based on 16S rDNA gene sequencing and

oline . . . . . .

Prevotella untargeted metabolomic analysis, we found that the diversity and abundance of intestinal

Prognosis microbiome were significantly higher in patients preoperatively than postoperatively, and the
level of intestinal probiotics was significantly lower after surgery compared with preoperatively.
In addition, the choline metabolism level was increased and the amino acid metabolism level was
decreased after surgery. A total of 53 differential microbiome and 52 differential metabolites
were detected, and the differential metabolites were mapped to approximately 60 different KEGG
metabolic pathways, of which 13 KEGG metabolic pathways had a differential metabolite number
greater than 5. A total of 88 colony-metabolite pairs with significant positive correlation and 69
colony-metabolite pairs with significant negative correlation were identified. Our results reveal
alterations in intestinal microbiome after pancreaticoduodenectomy, suggesting its association
with postoperative complications. Moreover, the elevated choline metabolism level in post-
operative patients may predict their poorer prognosis. At the same time, the decreased abundance
of such probiotic bacteria as Prevotella spp. in the postoperative intestine of patients will affect
the amino acid metabolism of the organism to some extent.

1. Introduction

Currently, intestinal microbiome and metabolites are thought to have a role in disease onset, progression, and postoperative re-
covery [1-3]. A study of the gut mucosal microbiota showed that microbiota structure was associated with disease recurrence or
remission [4]. Several studies have also demonstrated that there is a link between intestinal microbiome and metabolites and post-
operative outcomes [5,6]. For example, changes in microbiome and metabolites in gastric cancer patients following gastrectomy have
been associated with an increased risk of developing heterochronic colorectal cancer [7,8]. These findings suggest that understanding
postoperative changes in intestinal microbiome and metabolites will potentially improve the diagnosis and treatment of diseases and
improve patient prognosis.

Pancreatic head cancer, jugular cancer, lower bile duct cancer and duodenal cancer are collectively called periampullary carcinoma
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[9]1, which is highly malignant, fast developing, and easy to spread, and there are no obvious symptoms in the early stage, so most
patients have already reached advanced stage when they are diagnosed [10], among which pancreatic head cancer is the most serious
[11]. This is mainly due to the early infiltration of pancreatic head cancer into the surrounding blood vessels, tissues and organs, and
can metastasize along the nerves and lymph, so the mortality rate of patients is extremely high [12], and the median survival period is
only 6 months [13], according to statistics, pancreatic cancer may become the second leading cause of cancer death in the world by
2030 [14]. Current cancer treatment usually includes preoperative neoadjuvant therapy, radical surgical resection and postoperative
radiotherapy. Neoadjuvant treatment for periampullary cancer may improve the survival rate of patients, but there is no consensus on
the specific treatment plan, while postoperative radiotherapy is less effective for its treatment, therefore radical surgical resection is
still the most effective means for patients to obtain long-term survival [15].

Pancreaticoduodenectomy, as the primary surgical treatment for periampullary cancer, generally involves resection of pancreatic
head, duodenum, distal stomach, gallbladder, and common bile duct, as well as the associated surrounding tissues and organs if they
have been invaded, and the most critical factor determining patient survival is whether the tumor is completely removed [16].
However, the effect of pancreaticoduodenectomy on intestinal microbiome and metabolites and the potential impact of its changes on
the patient’s condition are not known.

Therefore, we performed 16S rDNA gene sequencing and untargeted metabolomic analysis on preoperative and postoperative
faecal samples from patients (n = 20). The aim of this study was to gain a comprehensive understanding of the effects of pan-
creaticoduodenectomy on intestinal microbiome and metabolites with the aim of improving the nutritional status and follow-up ex-
amination of postoperative patients.

2. Materials and methods
2.1. Study subjects and stool sample collection

Twenty patients who were hospitalized in the general surgery department of the 900th Hospital of the Joint Security Forces of the
Chinese People’s Liberation Army from February 2021 to October 2021 and underwent pancreaticoduodenectomy were screened
(Table 1).

Inclusion criteria: surgical treatment modality was pancreaticoduodenectomy; pathologically confirmed diagnosis of peri-pot belly
cancer; no chemotherapy or radiotherapy or immunotherapy before surgery; no probiotic or prebiotic taking habit.

Exclusion criteria: suffering from other systemic malignancies; previous history of gastrointestinal surgery; suffering from other
gastrointestinal diseases; receiving antibiotic treatment within 1 month.

Fisher’s exact test was used for comparisons between groups of categorical variables, and t-test was used for comparisons between
groups of numerical variables.

Table 1

General information of patients.
characteristics Male (n = 15) Female (n = 5) pvalue
Tumor location, n (%) 0.808
Pancreas 8 (40 %) 3(15%)
Duodenum 3 (15 %) 0 (0 %)
Bile ducts 4 (20 %) 2 (10 %)
Jaundice, n (%) 0.260
+ 9 (45 %) 5 (25 %)
- 6 (30 %) 0 (0 %)
Diabetes, n (%) 1.000
+ 2 (10 %) 1(5%)
- 13 (65 %) 4 (20 %)
Hypertension, n (%) 0.290
+ 4 (20 %) 3 (15 %)
- 11 (55 %) 2 (10 %)
T stage, n (%) 0.530
T1 5 (25 %) 1(5%)
T2 3 (15 %) 3 (15 %)
T3 5 (25 %) 15 %)
T4 2 (10 %) 0 (0 %)
N stage, n (%) 0.300
NO 9 (45 %) 4 (20 %)
N1 5 (25 %) 0 (0 %)
N2 1(5 %) 1(5%)
Stage, n (%) 0.817
Stage I 7 (35 %) 3 (15 %)
Stage II 2 (10 %) 16%)
Stage III 6 (30 %) 1 (5 %)
Age, mean + sd 64.333 + 5.7155 59.6 + 15.06 0.527
BMI, mean =+ sd 22.44 + 3.4636 22.28 + 4.1919 0.933
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Faecal sampling time: 3 days before surgery and 7-10 days after surgery. Fresh faecal was collected with a sterile spoon, and the
faecal in the middle medial part was strictly scooped as the sample; after the sample was taken, it was put into a sterile preservation
tube, the cap was screwed tightly, and the sample was kept in an anaerobic environment and quickly stored at —80 °C. Grouping:
preoperative stools were group Q and postoperative stools were group H.

2.2. DNA extraction and 16S rDNA amplicon sequencing

The DNA of the samples was extracted using the Magnetic Soil And Stool DNA Kit (TIANGEN) according to the manufacturer’s
instructions. DNA was amplified by using the 341F-806R primer set (341F [CCTAYGGGRBGCASCAG] and 806R [GGAC-
TACNNGGGGTATCTAAT]), which targeted the V3-V4 region of the bacterial 16S rDNA gene. PCR products were purified with the
AxyPrepDNA Gel Extraction Kit (AXYGEN). Referring to the preliminary quantitative results of electrophoresis, the PCR amplified
recovered products were detected and quantified with QuantiFluor™ -ST Blue Fluorescence Quantification System (Promega), and
mixed according to the sequencing amount required for each sample in the appropriate proportions. Library construction was per-
formed using NEB Next® Ultra™DNA Library Prep Kit. The constructed libraries were QC’d by Agilent Bioanalyzer 2100 and Qubit,
and then sequenced by Illumina NovaSeq PE250 after the libraries passed the QC.

2.3. Sequencing data analysis

Sequence analyses were performed using QIIME software [17], including the extraction of operational taxonomic units (OTUs), «
diversity analysis, § diversity analysis, linear discriminant analysis coupled with effect size (LDA Effect Size, LEfSe), and STAMP
variance analysis, etc. o diversity analyses included ACE, Chaol, Observed_Species, Shannon, Simpson, and Coverage. p diversity
analyses included Unweighted Pair-group Method with Arithmetic Mean (UPGMA), Principal Co-ordinates Analysis (PCoA), Principal
Component Analysis (PCA), Non-Metric Multi-Dimensional Scaling (NMDS), and UniFrac analysis [18]. Differences in functionality
between samples or subgroups were analyzed using PICRUSt software. Differences in species diversity between groups were analyzed
for significance by t-test and adonis test. LDA and Welch’s t-test were used to identify bacterial species with significant differences in
abundance between groups and for functional prediction.

2.4. Metabolomics data collection

After the sample was thawed slowly at 4 °C, an appropriate amount of sample was added to pre-cooled methanol/acetonitrile/
water solution (2:2:1, v/v), vortexed and mixed, sonicated at low temperature for 30 min, and then centrifuged at 14,000 g at 4 °C for
20 min, and the supernatant was taken and vacuum-dried, and then 100 pL of acetonitrile and water solution (acetonitrile:water = 1:1,
v/v) was added to re-dissolve it for mass spectrometry analysis. For mass spectrometry analysis, 100 pL of aqueous acetonitrile solution
(acetonitrile:water = 1:1, v/v) was added and redissolved, vortexed, and centrifuged at 14,000 g for 15 min. The samples were
separated on an Agilent 1290 Infinity LC ultra-high performance liquid chromatography system (UHPLC, AGILENT, USA) with a HILIC
column; the column temperature was 25 °C; the flow rate was 0.5 mL/min; the injection volume was 2 pL; and the mobile phases were
composed of A (PH = 9.5): water + 25 mM ammonium acetate + 25 mM ammonia, and B: acetonitrile. The gradient elution program
was as follows: 0-0.5 min, 95 % B; 0.5-7 min, B varied linearly from 95 % to 65 %; 7-8 min, B varied linearly from 65 % to 40 %; 8-9
min, B was maintained at 40 %; 9-9.1 min, B varied linearly from 40 % to 95 %; 9.1-12 min, B was maintained at 95 %; throughout the
analysis, B was maintained at 95 %. B was maintained at 95 % for 9.1-12 min; the samples were placed in the autosampler at 4 °C
during the whole analysis. The samples were analyzed in a 4 °C autosampler throughout the analysis. To avoid the influence of
fluctuations in the instrumental detection signal, the samples were analyzed continuously in a randomized order. An AB Triple TOF
6600 mass spectrometer was used to collect the primary and secondary spectra of the samples, and the ESI source conditions after
HILIC chromatographic separation were as follows: Ion Source Gasl (Gasl): 60, lon Source Gas2 (Gas2): 60, Curtain gas (CUR): 30,
source Temperature: 600 °C, IonSapary Voltage Floating (ISVF) £5500 V (positive and negative modes); TOF MS scan m/z range:
60-1000 Da, product ion scan m/z range: 25-1000 Da, TOF MS scan accumulation time 0.20 s scan accumulation time 0.20 s/spectra,
product ion scan accumulation time 0.05 s/spectra; the secondary mass spectra were obtained by information dependent acquisition
(IDA), and the high sensitivity mode was used. The secondary mass spectra were obtained by information dependent acquisition (IDA)
and adopted the high sensitivity mode, Declustering potential (DP): +60 V (positive and negative modes), Collision Energy: 35 + 15
eV, and the IDA settings were as follows Exclude isotopes within 4 Da, Candidate ions to Exclude isotopes within 4 Da, Candidate ions
to monitor per cycle: 10 [19].

2.5. Metabolomics data analysis

The raw data in Wiff format were converted to mzXML format by ProteoWizard, and then XCMS software was used for peak
alignment, retention time correction and extraction of peak areas. After the data were imported into SIMCA 14.1 software package,
univariate and multidimensional statistical analyses were performed. Univariate statistical analyses included Fold Change Analysis (FC
Analysis), T-test. Multidimensional statistical analysis included PCA, Partial Least Squares Discriminant Analysis (PLS-DA), and
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) to show differences between groups, and the parameters R2Y and
Q? were used to assess the robustness and predictive ability of the model. Variable-importance projection (VIP) values exceeding 1.0
were selected as a proxy for changing metabolites, and then the remaining variables were assessed using t-tests. In addition, metabolic
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Fig. 1. Species composition analysis. A UPGMA cluster tree and community structure histogram based on Weighted Unifrac distance. B UPGMA
cluster tree and community structure histogram based on Unweighted Unifrac distance.
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pathways were searched using the KEGG (http://www.genome.jp/kegg/) database and the COG (https://www.ncbi.nlm.nih.gov/
research/cog/) database [20].

2.6. Flora-metabolite correlation analysis

The correlation coefficients between the screened significantly different flora and significantly different metabolites in the
experimental samples were analyzed by using Spearman statistics and combined with hierarchical clustering and scatter plot analysis
in R language.

2.7. Statistical analyses

Data comparing the two groups were analyzed using t-test (SPSS 26). Clinical characterization was done using Fisher’s exact test
and Welch t’ test where appropriate, p-value less than 0.05 was considered statistically significant.
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3. Results
3.1. Differential microbiome detection

Clean reads of all samples were clustered and sequences were clustered into OTUs with 97 % agreement, and then the represen-
tative sequences of OTUs were annotated with species. The results showed a total of 692 OTUs in both groups, 554 unique to group Q
and 146 unique to group H. The species composition of the samples was analyzed using community structure component maps and
UPGMA clustering trees (Fig. 1A and B), and it was found that there were significantly different species and clustering between the
same groups in the two groups, implying that there were significant differences in the intestinal flora of patients before and after
pancreaticoduodenectomy. To assess the differences in bacterial diversity between the two groups, we performed a diversity analysis
(Fig. 2A-F), which showed that the diversity and richness of the intestinal flora in group Q was significantly higher than that in group
H. We next assessed the compositional variability of the flora between groups using p-diversity analysis (Fig. 2G-L), and the results
suggested that the two groups of samples differed in the overall flora structure. The significance of the differences in community
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structure between groups was further tested and the results showed significant differences between groups (adonis: R2 = 0.144, P <
0.05).

We next applied LEfSe analysis and STAMP difference analysis to screen for species that differed between groups (LDA >2, P <
0.05). The results showed that group Q was enriched in Bacteroides, Prevotella, Faecalibacterium, and Subdoligranulum; while group
H was enriched in klebsiella and Lachnoclostridium (Supplemental Fig. 1). Further functional prediction and differential functional
analysis of the samples showed significant differences in functional entries such as membrane transport, glucose metabolism, energy
metabolism, amino acid metabolism, and cellular signaling between the groups (Fig. 3A-D).

3.2. Differential metabolite detection
In this part of the experiment, we identified 405 metabolites in positive ion mode and 169 metabolites in negative ion mode and

categorized the statistics according to their chemical classification attribution information (Fig. 4A). All metabolites detected in
positive and negative ion modes were first analyzed for differences based on univariate analysis. Differential metabolites with FC > 1.5
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or FC < 0.67, p < 0.05, were visualized using volcano plots (Fig. 4B and C). We next used multidimensional statistical analysis to reflect
the differences between groups at the overall level as well as to reflect the variability within groups. The results showed a clear
clustering between individual samples of the same group and a more pronounced gap between the two groups, which can be
considered as a difference in the overall metabolite structure between the two groups (Fig. 4D-I).

Combining the data from the above two analytical methods, the differential metabolites were further screened (VIP >1, P < 0.05)
and made into bar charts, which showed that the main differential metabolites were: benzenoids, lipids and lipid-like molecules,
nucleosides nucleotides and analogues, organic acids and derivatives, organic oxygen compounds, organoheterocyclic compounds,
phenylpropanoids and polyketides (Fig. SA and B and Supplemental Tables 1 and 2). The screened significantly different metabolites
were further analyzed. These metabolites were mapped to approximately 60 different KEGG metabolic pathways, with 13 KEGG
metabolic pathways having a number of differential metabolites greater than five (Fig. 5C and D).

3.3. Differential microbe-metabolite correlation analysis

The data measured in the above two parts of the experiment were used as the basis for the subsequent analysis. We found 88
significantly positively correlated and 69 negatively correlated microbe-metabolite pairs (P < 0.05, 0.5 < IRl <1), calculated by
Spearman analysis (Fig. 6). Further analysis of these microbe-metabolite pairs revealed that klebsiella showed an elevated trend with
tocopheryl acetate, a-linolenic acid, and 9-oxoode in the postoperative period (Fig. 7A). In contrast, Prevotella with r-aspartate,
epsilon-caprolactone, and tyr-met all showed a decreasing trend in the postoperative period (Fig. 7A).

4. Discussion

Gastrointestinal reconstruction after pancreaticoduodenectomy fundamentally alters oxygen utilization, intestinal pH, and food
transit time, thus also altering the microbes and metabolites of the gut.

By a diversity analysis (Fig. 2A-F), we learned that the diversity and abundance of the flora in group Q was significantly higher than
that in group H. This may have occurred due to partial inhibition of the flora by antibiotics as a result of the patients’ postoperative
antibiotic use, and the low abundance of intestinal flora may have led to postoperative complications [21]. Further screening for
species that differed between groups, we found a variety of interesting genera (Supplemental Fig. 1).

Related studies have shown that klebsiella is a common cause of healthcare-associated infections and that patients are often
infected by intestinal colonizing strains [22,23]. And the risk of infection depends on the amount of klebsiella in the gut, independent
of the type of klebsiella [24,25], but there is a class of genes that increase the intestinal fitness of the microbiome and thus the intestinal
abundance of the microbiome [26], and klebsiella with such genes are likely to cause the greatest risk of infection in patients. The
significantly elevated klebsiella in the intestine of patients after pancreaticoduodenectomy and its important role in the stool of
postoperative patients greatly increases the incidence of postoperative infections with colonized strains of intestinal bacteria.

Lachnoclostridium is a new species identified from the human intestinal microbiota in recent years [27]. Related studies have
demonstrated that Lachnoclostridium may be a novel faecal marker that can be used for the diagnosis of colorectal adenomas and
cancers [28,29]. In our trial, patients had significantly elevated Lachnoclostridium postoperatively, and we have reason to believe that
this would lead to an increased chance of colorectal adenomas and cancers in patients after surgery.

Bifidobacterium has functions such as promoting the digestion and absorption of nutrients and enhancing human resistance [30].
Foods containing Bifidobacterium such as yogurt and cheese can form biofilms in the human intestine to prevent the adhesion and
invasion of pathogenic bacteria, and Bifidobacterium can induce apoptosis and inhibit the invasiveness of cancer cells, which helps the
body fight against cancer [31]. Prevotella is considered the next generation of probiotics, which can effectively inhibit the colonization
and growth of pathogenic microorganisms through the interaction of the immune system and microbiota, while also promoting glucose
metabolism and regulating heart function [32]. Bacteroides is a dominant genus in the human intestinal flora, accounting for
approximately 25 % of the overall microorganisms [33]. They can establish a long-term stable symbiotic relationship with their hosts
and produce a variety of metabolites that can control the development of disease [34]. For example, propionates can prevent the
development of gastrointestinal tumors by inducing apoptosis of tumor cells [35]. Butyrate plays an important role in maintaining and
protecting intestinal barrier function [36].

All of these probiotics showed a decreasing trend after surgery, with a significant decrease in the promotion effect produced by
probiotics, and the microenvironmental disturbances caused by surgery resulted in changes in the dominant intestinal microbiome and
dysbiosis, which further led to a decrease in probiotics and an increase in pathogenic bacteria, which in turn led to various post-
operative complications and aggravation of the disease. Several studies have shown that postoperative administration of probiotics can
help regulate intestinal flora, reduce inflammatory responses, and improve the mucosal barrier in patients with gastrointestinal
malignancies [37-39]. The regulation of intestinal flora improves the postoperative treatment outcome and reduces the incidence of
tumor recurrence. At the same time, we also need to enhance postoperative review monitoring of patients, such as endoscopy, for early
detection of possible colorectal adenomas and cancers.

Metabolically, group H rich in amines, organic acids, and fatty acids (Fig. 5A and B), suggesting that postoperative patients’ in-
testines do not maintain carbohydrate metabolism and a more reducible environment in the intestine well. In addition to this, studies
have shown that gastrointestinal tumor cancer cells exhibit high glutaminase activity and lead to the conversion of glutamine to
glutamate [40]. In our experiment, however, both glutamine and glutamate levels were elevated in the patients after surgery, but the
glutamine elevation was more pronounced, probably due to the reduction of glutaminase activity after tumor resection. If the
glutamine level remained low after surgery, it indicates that the glutaminase activity is high, which may suggest that the tumor was not
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completely resected and the prognosis is poor.

We next examined 13 KEGG metabolic pathways and found that activated choline metabolism is a hallmark of tumorigenesis and
progression (Fig. 5C and D), with elevated levels of choline phosphate and glycerophosphorylcholine found in the majority of cancers
tested to date [41]. Choline, a major component of biofilms, is consumed in large quantities during tumor cell proliferation to supply
cellular needs [42]. In our experiment, the elevated choline metabolism level of the patient after surgery, combined with the char-
acteristics of periampullary carcinoma prone to early metastasis, was considered as early micro-metastases, which became active by
the stimulation of surgery, and it may be used as a potential marker to judge the prognosis of the patient. The faecal metabolome is the
result of the interaction of genetic, environmental and nutritional variables, unlike histological techniques that employ biological
fluids such as serum and urine. Therefore, it may be more effective to use metabolomics that includes faecal to discover biomarkers
[401.

There is also a potential link between intestinal microbiome and metabolites, in this experiment Klebsiella with a tocopheryl
acetate, o-linolenic acid, and 9-oxoode all tended to be elevated postoperatively (Fig. 7A). Klebsiella increases the chance of post-
operative infection [43], while at the same time all of these metabolites have some anti-inflammatory effect [44], and their elevated
levels may be related to the body’s immune response to postoperative inflammation. In contrast, Prevotella, along with r-aspartate,
epsilon-caprolactone, and Tyr-met, showed a decreasing trend in the postoperative period (Fig. 7B), which indicates that the decrease
in the abundance of such probiotics as Prevotella in the intestine will affect the amino acid metabolism in the gut to some extent.

Although our analysis is data-driven, further validation is needed. In addition, our patients’ gastrointestinal reconstructions were
all gastrojejunal anastomotic, so our findings may represent this specific reconstruction. We acknowledge some limitations of our
study, but open new avenues for improving patient prognosis. Overall, our experiment revealed unique and different characteristics of
intestinal microbiome and metabolites in patients before and after pancreaticoduodenectomy.
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