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Abstract: Purpose: To evaluate the feasibility of modified binding pancreatogastrostomy (MBPA) by comparing it
with traditional pancreatogastrostomy (TPA) and to determine the surgical effects on the intestinal microecology.
Methods: The surgical effects on the intestinal microecology of female Bama minipigs (n = 20) were determined by
measuring the expressions of the intestinal microbial proteins in the gastric juice, gastric mucosa, and feces before
and after MBPA and TPA. We then constructed an integrated interaction network based on the metabolomics and
16S amplicon data, the microbiota, the metabolites, and the associated pathways. Results: The average time re-
quired for anastomosis was significantly lower after MBPA than after TPA, but the breaking force did not significantly
differ between them. We identified 25 and 51 differentially expressed metabolites and microbiota, respectively.
An interaction network was constructed using 16 metabolites (including pyruvic and lactic acids), 27 microbiota
(including Ruminococcaceae_UCG-00) and six pathways (including pyruvate metabolism). Conclusion: Anastomosis
might be achieved sooner and with less pancreatic leakage using MBPA compared with TPA. Pancreatogastrostomy
inhibits Ruminococcaceae activity, leading to increased expressions of pyruvic and lactic acids in the gut.
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Introduction

A pancreatic fistula (PF) is a serious complica-
tion that follows acute and chronic pancreatitis
and abdominal surgery, especially pancreatic
and trauma surgery [1]. A traditional pancreato-
gastrostomy (TPA) is considered clinically safe,
and it can prevent PF occurrence [2]. It is con-
ducted to anastomose the pancreatic stump
with the posterior wall of the stomach during
a pylorus-preserving pancreatoduodenectomy
[3]. However, TPA is complicated, and anasto-
mosis takes a long time [4]. Therefore, tradi-
tional surgical methods need to be upgraded to
improve the clinical effectiveness and feasibili-
ty of TPA [5].

Novel surgical techniques, such as anastomo-
sis based on a laparoscopic intracorporeal pan-
creaticogastrostomy, are breakthroughs that
improve TPAin clinical practice [5]. Laparoscopic

central pancreatectomy combined with pancre-
aticogastrostomy might be feasible [6]. These
modified anastomotic procedures are safer
and more reliable and lower the rate of postop-
erative PFs [7]. However, all surgical procedur-
es inevitably involve a breach in the epithelial
barrier that is colonized by microorganisms,
and the influences of different surgical
approaches vary on the microbiota [8]. Under
normal conditions, the intestinal microbiota
provides resistance to pathogens [9]. Major
intestinal reconstruction alters the intestinal
microbiota, which might contribute to some of
the benefits of these procedures, but it might
also contribute to postsurgical complications
[10]. In other words, evaluating new surgical
procedures depends not only on their conve-
nience and direct effects, but also on their influ-
ence on the intestinal flora. Thus, a molecular
and functional understanding of the responses
of the gastrointestinal tract to alterations in its
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microbiota are necessary for improving surgical
safety and further reducing complications [11].

Therefore, we developed a modified binding
pancreatogastrostomy (MBPA) in experimental
animal models and then compared its surgical
effects with those of TPA. The effects of pan-
creatogastrostomy on the intestinal microecol-
ogy were analyzed by measuring the expres-
sion of the intestinal microecological proteins
in the gastric juice, gastric mucosa, and feces
before and after surgery. We aimed to deter-
mine the clinical feasibility and effects of MBPA,
as well as the influence of pancreatogastrosto-
my on intestinal microecology.

Materials and methods
Animal information

Twenty female Bama minipigs (Sus scrofa
domestica; average weight: 30.65 kg; License
No. scxk (Su) 2011-0002; Taizhou Taihe
Biotechnology Co., Ltd., Beijing, China) were
fed a standard diet and housed in a standard
environment. The local ethics committee
approved the study, and all the experiments
proceeded according to the Guide for the Care
and Use of Laboratory Animals established by
Zhejiang University of Traditional Chinese
Medicine (Approval No: ZSLL-2015-88).

Experimental design

We flipped a coin to randomly assign the pigs
to groups that underwent anastomosis using
TPA or MBPA. The pigs were fasted for 1 day,
then they were all anesthetized using an intra-
venous injection of diazepam (0.2 mg/kg) +
fentanyl (10 pg/kg) + ketamine (2 mg/kg) +
scoline (3 mg/kg), and their pancreases were
exposed. We severed a large pancreatic lobe
near the duodenum. The proximal part was
ligated, and the distal pancreatic duct was
inserted into a pancreatic duct support tube
(Terumo Corp., Tokyo, Japan) and anastomos-
ed to the adjacent gastric wall at the incision
site. Specifically, a similarly sized opening was
made on the side of the great curvature of the
stomachs of the TPA group using 3-0 (or 4-0)
Prolene sutures (Johnson & Johnson, New
Brunswick, NJ, USA). The pancreatic stump was
then placed in the gastric cavity. The entire gas-
tric wall layer and the pancreatic parenchyma
were continuously sutured with Prolene from
the posterior to the anterior wall of the anasto-
motic stoma. A support tube was placed in the
pancreatic duct, and three stitches of the gas-
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tric serosa and pancreatic parenchyma were
intermittently strengthened after one circle of
suturing. We used 3-0 Prolene to suture an
embedding line at the incision of the great cur-
vature of the stomach in the MBPA group. We
then placed the broken end of the pancreas in
the gastric cavity and the pancreatic duct sup-
port tube in the pancreatic duct, fixed the posi-
tion of the anastomosis, and tightened the
embedding line to fix the pancreas and com-
plete the pancreatogastric anastomosis.
Thereafter, a drainage tube was placed under
the anastomosis. All the pigs were fasted for 2
days without antibiotics, and the same surgeon
performed all the procedures.

Identification of the experimental indicators

We detected the postoperative pancreatic leak-
age by collecting blood samples from the pos-
terior ear veins of all the pigs before the anes-
thesia. The baseline serum amylase values
were measured in the drainage fluid on postop-
erative days (POD) 3, 5, and 7. Postoperative
pancreatic leakage was considered when the
serum amylase content was 3-fold the base
value in the drainage fluid. Moreover, the time
required to achieve total anastomosis was con-
sidered to be from the incision of the gastric
wall to complete anastomosis. We tested the
mechanical anastomotic stoma in all the pigs,
which were sacrificed 2 weeks after the surgi-
cal procedure. Large tissues of the anastomot-
ic opening were cut and fixed on the pancreatic
side. The gastric wall was pulled using a tensi-
ometer. Finally, the amount of force required to
disconnect the anastomotic opening was deter-
mined, by tensiometry, to be the breaking force.

Specimen collection

Among the nine pig that received MBPA, one
pig with postoperative abdominal abscess and
two pigs with absence of preoperative fecal
samples were excluded from the subsequent
omics analysis. The microbiota data were ana-
lyzed in the pre-(class 1) and post-(class 2)
operative MBPA fecal samples (n = 12 sam-
ples per class) collected from the 6 pig intes-
tines. The fecal samples (0.2 + 0.02 g) were
quickly collected into fecal cups without pollu-
tion into an ice box, and then immediately
placed in sterile Eppendorf tubes with sterile
cotton swabs, and stored at -80°C. The stom-
ach fluid samples (classes 1 and 2, n = 12
samples per class) were extracted from the
drainage tubes using a sterile needle tube.
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Metabolic enrichment analysis

The annotations of these metabolites were
matched to their Kyoto Encyclopedia of Genes
and Genome (KEGG) identities using the
MetaboAnalyst database [12]. The KEGG path-
ways that were significantly enriched in the
different metabolites were explored using
MBROLE software (version: 2.0) [13] at P <
0.05. The enrichment was visualized using R
software.

Analysis of the differential microbiota based
on the 16s data

The original operational taxonomic unit (OTU)
data were normalized using the trimmed mean
of M values (TMM) method of the edgeR [14]
package in R, followed by a differential analy-
sis. The original OTU table was extracted
according to the door and genus information,
and the OTUs that were not annotated to the
phylum/genus or that were unclassified were
deleted. After extraction, the OTUs with the
same door/genus were summed as the expres-
sion abundance of the door/genus, and the dif-
ferential microbiota at the phylum/genus levels
were obtained.

Interactions among the differential microbiota

Based on the relative abundance of the genera,
a correlation coefficient matrix of the genus
level was calculated using igraph (version:
1.2.2) and psych (version: 1.8.4) in R. Finally,
based on the interaction model of co-occur-
rence or the co-exclusion of microbes in the
microbiota, any possible cooperation or compe-
tition between the different microbial commu-
nities was inferred.

Prediction of the differential metabolic func-
tions

We predicted 16S functions by automatically
annotating the OTU abundance table and the
original 16S representative sequence using
PICRUSt2 [15]. We then further predicted the
community function according to the composi-
tions of the abundant species. We evaluated
the significance of the abundance difference
pathways based on the information from the
KEGG database and the abundance of the
OTUs and identified a significant pathway
between the groups.
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Analysis of the 16S amplicon and the metabo-
lomic integration

The common functions of the differential OUT
and differential metabolites were considered to
be co-pathways that were affected by the intes-
tinal flora and associated with the disease. We
analyzed the significantly correlated differential
flora at the genus level and the metabolites,
and an association network of the flora and the
differential metabolites was constructed using
Cytoscape software.

Statistical analysis

Significantly different metabolites and the
related information between classes 1 and 2
were obtained based on the orthogonal pro-
jections to the latent structures using discrimi-
nant analysis (OPLS-DA) and t-tests. The vari-
able importance in the projection (VIP) of
OPLS-DA > 1 and P < 0.1 (t-test) were estab-
lished as cut-off values for metabolite investi-
gations. The differential analysis of OTU and
the differential metabolic functions were ana-
lyzed using the quasi-likelihood (QL) F-test
method of edgeR, and the adjusted P < 0.05
was considered the cut-off value. The correla-
tions among the differential microbiota and the
correlations among the differential flora and
metabolites were calculated using Pearson cor-
relation analyses. P < 0.05 and |r|] > 0.8 were
used as cut-off values to screen the significant-
ly correlated microbial communities, and the
significantly correlated differential flora and the
metabolites.

Results

Comparison of the experimental indicators be-
tween TPA and MBPA

Nine and 11 pigs underwent MBPA and TPA,
respectively. The pancreatic duct could not be
accessed in one pig in each group. The aver-
age time required for anastomosis was signifi-
cantly shorter in the MBPA than in the TPA
group (8.44 + 3.54 vs. 17.00 + 6.42 min; P <
0.01). However, an intraperitoneal abscess was
found during autopsy in one pig from the MBPA
group at 2 weeks after the surgery, and one pig
in the TPA group died on POD 3. The breaking
force did not significantly differ between the
MBPA and TPA groups (17.24 + 5.64 vs. 18.56
+ 7.00 cattle, P = 0.659; Supplementary Table
1). Furthermore, the incidence of postoperative
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Figure 2. Correlation heatmap of the differential microbiota at the genus
level. Red, blue, and yellow blocks, respectively, represent microbiota that
are upregulated, downregulated, and not significantly different.

pancreatic leakage was significantly higher in
the TPA (n = 4 [36.36%]) than in the MBPA
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Figure 1. Differential metabolite-enriched KEGG pathways. X-axis, number of metabolites (rich factor); Y-axis, name
of each pathway. Circles, ratio of metabolites enriched in the pathway. Larger nodes indicate higher metabolite
ratios. Smaller p values indicate more statistical significance.

group (n = 0 [0%]) P = 0.003;
Supplementary Table 2).

Differential metabolites and
the associated pathway
analysis

We investigated 25 differen-
tial metabolites among the
samples from the two groups.
The findings of the KEGG
pathway enrichment analyses
showed that these differential
metabolites were mainly en-
riched in 17 pathways (P <
0.05) and included vitamin
B6, pyruvate, and butanoate
metabolism (Figure 1).

Differential microbiota inves-
tigation

Among the 112 differentially
expressed OTUs, 59 and 53
were up- and downregulated,
respectively. Moreover, am-
ong the 51 differential micro-
biota, 18 and 33 were up-
and downregulated, respec-
tively, at the genus level.

Figure 2 shows a correlation heatmap of the
differential microbiota at the genus level.
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Si

Figure 3. An interaction network constructed based on the upregulated and downregulated differential microbiota
at the genus level. The red and green circles indicate upregulated and downregulated differential microbiota, re-
spectively. The red and blue lines between the two nodes indicate positive and negative interactions among the

microbiota, respectively.

Interaction network and pathway analysis of
the differential microbiota

We constructed an interaction network from
the findings of the differential microbiota at the
genus level. The results revealed 36 nodes and
63 interactions in the network (Figure 3). An
investigation of the metabolic pathways using
Picrust2 uncovered 52 pathways, including
folate biosynthesis, a two-component system,
and bacterial chemotaxis, which were enriched
by differential microbiota (Figure 4).

Investigation of the amplicon and metabolome
integration

The results of the VENN plots of the 52 and 17
differential pathways in the 16S amplicon and
metabolome analyses revealed six co-path-
ways, including the citrate cycle (TCA cycle),
valine-leucine and isoleucine biosynthesis,
pyruvate, glyoxylate and dicarboxylate metabo-
lism, butanoate metabolism, and vitamin B6
metabolism (Supplementary Figure 1). Based
on the results of the amplicon and metabolome
analyses, our integration network consisted of
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16 metabolites (including pyruvic acid, lactic
acid, and alpha-ketoglutaric acid), 27 differen-
tial microbiotas at the genus level (Trepone-
ma_2, Prevotellaceae_NK3B31_group, Pre-
votella, Collinsella, Ruminococcaceae_V9ID-
2013_group, and Ruminococcaceae_UCG-
002), and 60 interactions (Figure 5). Figure 6
shows interactions among the differential
microbiota and metabolites, and the associat-
ed pathways. The results revealed sever-
al microbiota-metabolite-pathway interactions,
such as the Ruminococcaceae-lactic acid-pyru-
vate metabolism and the Ruminococcaceae-
pyruvic acid-pyruvate metabolism.

Discussion

Although TPA is the classical surgical technique
for treating PF, its complex process and its long
anastomosis duration hinder its routine clinical
use. Here, we introduced a modified procedure
(MBPA) in animal models and compared the
clinical effects and postoperative enteral
microbiota with those of TPA. The results
showed a significantly shorter average elapsed
time to anastomosis in the MBPA than in the
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Figure 4. The findings of the differential microbiota enriched KEGG pathway analysis. X-axis, l0gFC; Y-axis, pathways.
The circles represent the ratios of the metabolites enriched in the pathways. Larger nodes represent higher metabo-
lite ratios. Smaller p values represent more statistically significant results.

TPA group, and the breaking force did not sig-
nificantly differ between them. Moreover, 25
differential metabolites and 51 differential
microbiota at the genus level were revealed in
the samples before and after the pancreato-
gastrostomies. We then constructed an inter-
action network using 16 metabolites (including
pyruvic and lactic acids), 27 differential micro-
biota at the genus level (including Rumin-
ococcaceae_UCG-00), and six pathways
(including pyruvic metabolism).

Pancreatic anastomotic leakage is a persis-
tent problem after a pancreaticoduodenecto-
my, especially when the pancreas is soft and
nonfibrotic [16]. Although TPA can prevent the
occurrence of PFs [17] and has been shown to
be safe and effective, most anastomotic meth-
ods require many sutures or complicated oper-
ations [18]. One modified pancreatogastrosto-
my technique that combines one binding purse-
string and two transfixing mattress sutures
between the pancreatic stump and the posteri-
or gastric wall showed that all the fistulas were
resolved without further intervention [19].
However, the advent of laparoscopy and other
technologies has led to the gradual replace-
ment of traditional surgical methods by mini-
mally- or non-invasive surgeries [20]. A laparo-
scopic, one-anastomosis gastric bypass is clini-
cally safer and more effective than the classic
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method because the procedure is simpler and
shorter [21]. Therefore, simplifying the surgery
and decreasing the incidence of pancreatic
leakage are targets for adapting TPA to more
modern procedures such as laparoscopy. Here,
we simplified the process of TPA by embedd-
ing a purse line layer in the gastric wall and
tightening the purse line after the pancreatic
stump was included. The results showed a sig-
nificantly shorter average duration to achieve
anastomosis in the MBPA than in the TPA group,
and that breaking force did not significantly dif-
fer between the two groups. Thus, we found
that MBPA significantly shortened the amount
of time needed for anastomosis, reduced the
incidence of pancreatic leakage, and simplified
the procedure, thus providing information
about its application in laparoscopic surgery.

Human gastrointestinal tract microbiota con-
tains various complex populations of many bac-
terial species, along with a few fungi, protozoa,
and archaea [22]. The intestinal microbiota
environment significantly varies after surgery
[23]. The intestinal “microbiome” shifts to a
“pathobiome” that governs the course and out-
come of sepsis after a surgical injury [24].
Ruminococcaceae is a family of bacteria in the
class Clostridia, which inhabits the human gut
[25]. It is the most abundant bacterial family in
the mammalian gut and is associated with the

Am J Transl Res 2021;13(9):10288-10297
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maintenance of gut health [26]. A pyrose- sis of the differential microbiota, the differen-

quencing study of an animal model revealed
Ruminococcaceae microbial communities all
along the gastrointestinal tract [27]. Lactic
and pyruvic acids are two common metabolites
involved in the normal metabolism of Rumin-
ococcaceae [25, 28]. High concentrations of
postoperative and intraoperative lactic acid are
associated with prognosis after surgery [29].
The serum pyruvic acid expression levels can
serve as markers for cancer detection [30].
Here, low levels of Ruminococcaceae were
expressed in pig microbiota before and after
pancreatogastrostomies. Our correlation analy-
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tial metabolites, and the associated pathways
showed that Ruminococcaceae-lactic acid-
pyruvate metabolism and Ruminococcaceae-
pyruvic acid-pyruvate metabolism were micro-
biota-metabolite-pathway interactions in our
network. Thus, we speculated that pancreato-
gastrostomy might inhibit the activity of
Ruminococcaceae and lead to a high abun-
dance of pyruvic and lactic acids in the pyruvic
acid metabolism pathway.

Mammals have a diverse and very active micro-
bial community that closely correlates with dis-
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ease when imbalanced [31]. For example,
microbial communities and their metabolites
are not only required for immune homeostasis,
they also affect the host's susceptibility to
various diseases [32]. Crosstalk between the
microbial community and the host partly
depends on the metabolite secretions. Meta-
bolites in the host serve as signaling molecules
and substrates for metabolic reactions; this
provides a snapshot in times of extremely com-
plicated host physiology [31, 32]. We estab-
lished a network to investigate the interactions
among the differential microbiota and the dif-
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ferential metabolites and found six pathways in
common. We speculate that these differential
microbial and metabolites influence the post-
surgical outcomes by regulating these path-
ways. However, our results require further
verification. The gut microbiota plays an impor-
tant role in modulating the host response to
surgery, immunotherapy, and other interven-
tions. Ecological changes (for instance, immune
response fluctuation) can trigger structural and
functional alterations of the local microbial
community. Such alterations might in turn
change the crosstalk between the resident
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microbiota and the host from symbiosis to
dysbiosis [33]. Since gastrointestinal surgery
inevitably involves a breach of the epithelial
barrier that is colonized by microbes, preopera-
tive intestinal disinfection is carried out to
decrease the likelihood of complications
caused by infections. However, the present
methods of intestinal disinfection vary consid-
erably among institutions and countries, and
little is known about the mechanism of action,
the impact on the intestinal flora, or the over-
all effectiveness of the disinfectants [34].
Therefore, possible mechanisms through which
MBPA can induce changes in the microbiota
and the metabolites should be investigated in
the future. The feasibility and effects of MBPA
and its influence on the microbial community
and the metabolites were evaluated in animal
models. However, the clinical applications
should be further confirmed using clinical
samples.

In conclusion, MBPA significantly shortens the
time to the completion of anastomosis, reduc-
es the incidence of pancreatic leakage, and
simplifies the procedure, thus providing infor-
mation about its use in laparoscopic surgery.
Moreover, pancreatogastrostomies might inhib-
it the activity of Ruminococcaceae, leading to
high expressions of pyruvic and lactic acids in
the pyruvic acid metabolism pathway.
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The feasibility of MBPA in vivo

Supplementary Table 1. The anastomotic time, breaking force and postoperative complication infor-
mation for the pigs in the TPA and MBPA

Number Operation method Anastomosis time Breaking force Remarks
1 MBPA 5 18.27

2 TPA 12 D3 death
3 TPA 8 16.71

4 TPA 10 22.16

5 MBPA 9 713

6 MBPA 14 12.38

7 MBPA 13 19.53

8 TPA 26 36.62

9 MBPA 11 21.11

10 TPA 12 19.17

11 TPA 27 12.12

12 MBPA 8 26.05 Abdominal abscess
13 TPA 17 16.38

14 MBPA 6 20.71

15 MBPA 5 16.89

16 MBPA 5 131

17 TPA 14 13.74

18 TPA 22 18.29

19 TPA 21 13.41

20 TPA 18 17.03

Notes: TPA, traditional pancreaticogastric anastomosis; MBPA, modified binding pancreaticogastric anastomosis; D3, 3 days
after the operation.

Supplementary Table 2. The ratios of the amylase and pancreatic leakage in the MBPA and TPA

Number Preoperative  Postoperative D3  Postoperative D5 Postoperative D7 Pancreatic leakage

1 1497 1269 1348 n
2 799 y
3 875 10254 2046 y
4 418 1280 y
5 2113 3927 n
6 1746 539 1488 152 n
7 3485 2088 349 n
8 2149 1900 1492 n
9 1086 1209 223 125 n
10 1857 2268 451 256 n
11 2001 1500 204 n
12 5480 9260 29 n
13 2685 4065 50 n
14 2036 1473 74 n
15 1556 1547 287 n
16 2218 1576 227 n
17 1445 1990 1421 n
18 1270 3828 y
19 656 392 n
20 974 1619 1034 n

Notes: TPA, traditional pancreaticogastric anastomosis; MBPA, modified binding pancreaticogastric anastomosis; D3, 3 days
after the operation; D5, 5 days after the operation; D7, 3 days after the operation; y, postoperative pancreatic leakage; n, non-
postoperative pancreatic leakage.
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Gut Microbiota Metabolomics

Supplementary Figure 1. The co-pathways between the 52 differential pathways in the 16S amplicons and the 17
differential pathways in metabolome.



