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Roux-en-Y reconstruction alleviates radical
gastrectomy-induced colitis via down-regulation
of the butyrate/NLRP3 signaling pathway
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Summary
Background Different methods for digestive tract reconstruction have a complex impact on the nutritional status of
gastric cancer (GC) patients after radical gastrectomy. Previous studies reported that Roux-en-Y (R-Y) reconstruction
resulted in obvious weight reduction and improvement in type 2 diabetes in obese patients. We investigated the
relationship between R-Y reconstruction, gut microbiota, and the NLRP3 inflammasome in GC patients with poor
basic nutrition.

Methods Changes in the gut microbiota after radical gastrectomy accomplished by different methods of digestive tract
reconstruction were investigated via fecal microbiota transplantation. The underlying mechanisms were also explored
by analyzing the role of the microbiota, butyrate, and the NLRP3 inflammasome in the colon tissues of colitis model
mice and GC patients after radical gastrectomy.

Findings R-Y reconstruction effectively relieved intestinal inflammation and facilitated nutrient absorption. 16S rRNA
analysis revealed that gavage transplantation with the fecal microbiota of R-Y reconstruction patients could reverse
dysbacteriosis triggered by radical gastrectomy and elevate the relative abundance of some short-chain fatty acid
(SCFA)-producing bacteria. Subsequently, butyrate negatively regulated the NLRP3-mediated inflammatory
signaling pathway to inhibit the activation of macrophages and the secretion of pro-inflammatory mediators such
as caspase-1 and interleukin (IL)-1β, decreasing the level of intestinal inflammation and promoting nutrient
absorption.

Interpretation R-Y reconstruction induced colonization with SCFA-producing bacteria to alleviate radical gastrectomy-
induced colitis by down-regulating the NLRP3 signaling pathway. This can be a new strategy and theoretical basis for
the management of the postoperative nutritional status of GC patients.
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Introduction
Gastric cancer (GC) is a malignancy of the digestive tract
that occurs with high incidence, accounting for
approximately 10% of all cancer-related deaths world-
wide.1,2 Digestive tract reconstruction is one of the main
factors affecting the nutritional status and quality of life
of patients after gastrectomy. However, there is rare
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consensus among studies on the impact of different
digestive tract reconstruction methods.3–5 As an impor-
tant factor affecting the survival prognosis and quality of
life of the patients, the effects of digestive tract recon-
struction on the homeostasis of the intestinal microen-
vironment and intestinal nutrient absorption represent
complex biological processes.
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Research in context

Evidence before this study
Compared to B-I and B-II, R-Y reconstruction preserves the
normal anatomical structure and can prevent bile reflux.
Changes in the structure of the digestive tract are closely
related to alterations in gut microbiota abundance. The gut
microbiota regulates short-chain fatty acid metabolism and
affects intestinal inflammation levels. However, for patients
with poor basic nutritional status, the effect of the selected
digestive tract reconstruction method on nutrient absorption
after radical gastrectomy is not clear.

Added value of this study
Here, we reported that R-Y reconstruction alleviated intestinal
inflammation by increasing the abundance of butyrate-
producing bacteria, inhibiting the NLRP3 inflammasome by
butyrate production, and ultimately maintaining
postoperative nutrient absorption in patients with poor basic

nutrition. R-Y reconstruction could be a qualified selection
that regulates gut microbiota to exert anti-inflammatory
effects and provides the microbial metabolite butyrate for GC
patients with poor basic nutrition.

Implications of all the available evidence
Our results not only demonstrated that R-Y reconstruction
affected the composition of intestinal microbiota and
increased the butyrate content, but they also emphasize that
butyrate inhibited NLRP3-related intestinal inflammation,
maintained intestinal homeostasis and the integrity of the
intestinal wall structure, and facilitated nutrition absorption.
Given that gastric cancers are usually diagnosed at an
advanced stage in patients with poor basic nutrition, our
results provide a qualified reconstruction method to improve
the clinical management and outcomes of the patients.
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The Billroth-I (B-I), Billroth-II (B-II), and Roux-en-Y
(R-Y) reconstruction methods are considered to be reli-
able choices for digestive tract reconstruction after
radical treatment for distal GC. Although a few studies
have compared the effects of various digestive tract
reconstruction methods on the clinical indicators of
patients after surgery, the results varied greatly.3,5,6

Different reconstruction methods lead to differences
in the locations where food and secreted bile contact the
intestinal mucosa. Anatomical changes caused by
different gastrointestinal reconstruction methods may
have different effects on intestinal hormone levels.7–9 In
patients with GC accompanied by type 2 diabetes,
related clinical indicators were improved in 27.8% of the
patients who received R-Y reconstruction and 5.9% of
those who received B-II reconstruction, and their body
mass index (BMI) values were correspondingly reduced,
although the improvement rate was lower than that of
obese patients undergoing gastric reduction surgery as
described in previous studies.9,10

Previous studies have focused on the role of digestive
tract reconstruction in weight reduction and improve-
ments in type 2 diabetes in obese patients with high
BMIs.11,12 However, the preoperative basic nutritional
status is poor in some patients with advanced GC. Few
studies have focused on the nutritional status of patients
undergoing digestive tract reconstruction after radical
gastrectomy, and the mechanism underlying the post-
operative recovery stage remains to be elucidated.
NLRP3, in the NOD-like receptor family member, is a
cytoplasmic protein complex which facilitates the
secretion of inflammatory cytokines IL-1β and IL-18.13

Recent evidence demonstrated that nutrient absorption
disorder was closely correlated with NLRP3 inflamma-
some activation in the gut.14 The NLRP3 inflammasome
is well-characterized by its ability to control the activa-
tion of caspase-1.15,16 It is mainly composed of a sensor
protein, pro-inflammatory caspase-1, and adaptor pro-
tein apoptosis-related spot-like protein.17,18 It is also
responsible for proteolytic maturation and the secretion
of pro-inflammatory cytokines IL-1β and IL-18.19,20 As a
vital innate immune sensor, NLRP3 inflammasome
stimulation was responsible for wear particles inducing
an immune response in human macrophages.21 Thus,
the downregulation of the NLRP3 inflammasome by
selected digestive tract reconstruction methods may
represent a potential treatment for improving the
nutritional status of GC patients after surgery.

In this study, we investigated whether R-Y recon-
struction could reprogram the gut microbiota in patients
eating a normal diet and increase the concentration of
short-chain fatty acids (SCFAs). Then, we examined
whether R-Y reconstruction inhibited the NLRP3-
mediated inflammatory signaling pathway by promot-
ing butyrate secretion. Finally, we explored its effects on
alleviating intestinal inflammation and blocking the
process of colitis induced by radical gastrectomy. The
results may provide a theoretical basis for selecting the
digestive tract reconstruction method for GC patients
with different nutritional status.
Methods
Study population
All patients included in this study underwent laparo-
scopic distal gastrectomy at the First Affiliated Hospital
of Soochow University between January 2016 and
February 2019. Patients with radical distal gastrectomy
underwent one of the three different methods for
digestive tract reconstruction. (1) B-I reconstruction:
www.thelancet.com Vol 86 December, 2022
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The duodenum and remnant stomach were anasto-
mosed via hand-sewing or a circular stapler. (2) B-II
reconstruction: A small opening was made in the
jejunum, 15 cm from the Treitz ligament on the anti-
mesenteric margin and the posterior gastric wall. A
linear stapler was inserted into the opening to perform
gastrojejunostomy. Then, the common opening was
closed using absorbable barbed wire. (3) R-Y recon-
struction: The jejunum was cut off at a distance of
15 cm from the Treitz ligament, the anastomosis coin-
cided with the remnant and the distal jejunum, and the
proximal and distal ends of the jejunum were anasto-
mosed at a distance of approximately 40 cm below the
gastro-jejunal anastomotic site.

The following inclusion criteria were applied: (1)
pathologically confirmed gastric cancer, (2) complete
preoperative CT imaging data and laboratory data, (3)
TNM stage II–III, and (4) preoperative gastroscopy and
CT confirmed that the tumor was located in the middle
and lower part of the stomach, which was estimated to
meet the requirements of a distal radical resection
margin. The exclusion criteria were: (1) preoperative
chemotherapy or radiotherapy, (2) lack of relevant clin-
ical indicators, (3) any other malignant tumors or
neurodegenerative disorders, (4) history of gastrointes-
tinal surgery, (5) history of inflammatory bowel disease,
and (6) patients with serious heart or lung disease or
other serious organ dysfunction. Two experienced sur-
geons participated independently in collecting,
recording, and reviewing the clinical characteristics.

Pre-experimental findings suggested that mean BMI
change rate in R-Y, B-I, and B-II reconstructions from
baseline to one year after surgery was −0.040, −0.100,
and −0.100, respectively, assuming a standard deviation
of 0.07. The difference test was used to estimate the
sample size with 90% test power and a 5% significance
level. Accounting for a 20% drop-out rate and 1:1:1
allocation ratio, the total number of patients required
per group was 34 (approximately 102 in total). An
approximately similar number of patients who met the
inclusion criteria were continuously included in this
study, and stool samples were collected based on the
estimated sample size.

Preoperative stool samples were collected from the
patients, and the method of digestive tract reconstruc-
tion after radical gastrectomy was recorded. Stool sam-
ples were also collected from the patients preoperatively
and one year after surgery. When we collected the pa-
tient’s feces, the patient laid a clean paper on a dispos-
able bedpan and defecated on it. A sterile spoon or a
sterile cotton swab was used to dig out the internal part
of the stool that did not contact the air or the paper. A
portion the size of a soybean was removed and put into a
sterile sample tube, an information label was applied
and the sample was stored in liquid nitrogen. We
excluded the patients’ condition of constipation or
diarrhea to avoid affecting the results. One hundred and
www.thelancet.com Vol 86 December, 2022
six patients were enrolled in this study and all of the
patients provided written informed consent. The related
information on the patients is shown in Supplementary
Table S1–S3.
Establishment of the colitis mouse model
Specific pathogen-free-grade male C57BL/6 mice (aged
4–6 weeks, Shanghai Institutes for Biological Sciences)
were fed sterile food and water and maintained in sterile
isolators. The mice were randomly assigned to each
group. To meet the 3R principle and the calculation of
sample size, the sample size calculation was performed
after doing a pilot study with 6 C57BL/6 mice per group.
Based on the outcome of this pilot study, we calculated
number of mice per group at confidence interval of 95%
and power of 90% to get a P-value less than 0.05.22–24 The
predicted number of mice to be kept in each group was
calculated, n = 6. Ciprofloxacin (0.2 g/L) and metroni-
dazole (1 g/L) were added to drinking water for intesti-
nal pretreatment for 2 weeks. Then, the mice were given
drinking water containing 2.5% dextran sulfate sodium
(DSS) to construct the enteritis model.

To generate DSS-induced colitis model mice, the
mice were fed 2.5% DSS for 5 consecutive days and then
changed to normal water for another 5 days. Body
weight, stool consistency (0, normal; 2, loose feces; 4,
diarrhea), and hematochezia (0, occult blood negative; 2,
occult blood positive; 4, gross bloody stool) were daily
measured and recorded as previously described.25 Mice
were euthanized by cervical dislocation on day 10, and
the colon length and spleen weight were measured.
Tissue samples were frozen in liquid nitrogen or fixed
in 10% formalin for further analysis. The entire colon
was stained with hematoxylin and eosin (H&E) and
Alcian blue. Colon inflammation, area, hyperplasia, and
dysplasia of the mucosa and submucosa were observed
by H&E staining. Acidic mucus-containing goblet cells
were identified by Alcian blue staining. The results were
evaluated by two authors who were blinded to each
other.19
Fecal microbiota transplantation (FMT)
Fecal samples (200 mg) obtained from patients one year
after B-I, B-II, and R-Y reconstruction were mixed
thoroughly with 5 mL of phosphate-buffered saline
(PBS) under anaerobic conditions. After centrifugation
at 600 rpm for 3 min, the supernatant was collected and
200 μL was used to transplant fecal bacteria into the
mice by gavage every day.
Immunohistochemical and immunofluorescence
staining
The colon contents were emptied from the proximal to
the distal end and the intestine was cut lengthwise and
soaked in 10% formalin for 24 h. The tissues were
3
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embedded in paraffin and 5-μm sections were cut for
immunohistochemical staining as previously
described.26 They were also incubated with indicated
primary antibodies followed by Alexa Fluor 488-
conjugated secondary antibodies for immunofluores-
cence staining.27 The slides were then washed 3 times
and stained with DAPI (4′,6-diamidino-2-phenylindole).
The images were taken with a Nikon ECLIPSE Ni mi-
croscope equipped with a color camera and were pro-
cessed by ImageJ software.28 Five randomly selected
regions were analyzed per sample.
Fatty acid detection by GC–MS
Stool samples from mice were collected and analyzed
SCFA levels. Fecal samples from the ileocecal region of
mice were collected during the same time period and
stored in liquid nitrogen until SCFA analysis was per-
formed. A standard curve of fatty acid methyl esters
(1000 g/mL) was prepared in n-hexane at concentrations
of 1, 5, 10, 25, 50, 100, 250, 500 and 1000 mL. Each
sample (50 mg) was mixed with 2 mL of a 1% sulfuric
acid-methanol solution, mixed thoroughly for 1 min,
and placed in a water bath at 80 ◦C. After 30 min of
methylation, 1 mL of n-hexane was added for extraction,
and the sample was washed with 5 mL of pure water.
The supernatant (500 μL) was added to 100 mg of
anhydrous sodium sulfate to remove excess water and
internal label was added to the supernatant for testing.
After gas chromatography–mass spectroscopy (GC–MS)
detection, the samples were quantitatively analyzed by
referring to the standard curve.26,29
16S rRNA sequencing
The 16S rRNA sequencing community map was iden-
tified by the Illumina HiSeq sequencing V4 region
(insertion size of 300 bp; read length of 250 bp). Se-
quences were reaggregated with 97% sequence consis-
tency, and chimeras were removed by UPARSE. For
each representative sequence, the GreenGene database
was used to label its classification information. The
changes in bacterial abundance were analyzed, and the
bacteria with great differences were selected as
candidates.
Detection of macrophage cell activation
The RAW264.7 macrophage cell line (from the Amer-
ican Type Culture Collection) was treated for 8 h with
acetate, propionate, and butyrate (1 mM). The expres-
sion of PE-INOS (inducible nitric oxide synthase) was
detected by flow cytometry to assess M1 macrophage
polarization. RAW264.7 cells were also treated for 8 h
with a combination of SCFAs (1 mM) and lipopolysac-
charide (LPS, 100 ng/mL), and M1 polarization was
investigated as previously described.28 The cell lines
used in this study were previously authenticated.
Protein extraction and Western blot analysis
Total proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride (PVDF) mem-
branes, which were blocked with 5% non-fat milk and
incubated sequentially with the indicated primary anti-
bodies and horseradish peroxidase-conjugated second-
ary antibodies. The proteins were visualized by
chemiluminescence and signals were quantified by
ImageJ software. The antibodies used in this study are
listed in Supplementary Table S4.
Ethics statement
This study was conducted in accordance with the stan-
dards of the Declaration of Helsinki and current ethical
guidelines and was approved by the Institutional Ethics
Committee of the First Affiliated Hospital of Soochow
University (reference number: 2020086). All partici-
pants provided written informed consent to participate
in the study. All animal experimental procedures were
approved by the Animal Ethics Committee of the First
Affiliated Hospital of Soochow University according to
the ARRIVE guidelines 2.0 (reference number:
2021110).30
Statistical methods
All numerical data were verified by the assumption of
normality using Shapro-Wilk test. Data normally
distributed are presented as the mean ± SEM or SD of at
least three independent experiments, while data not
normally distributed are described by the median, and
25th and 75th percentiles. The student’s t-test (unpaired,
two-tailed), Mann–Whitney U test (unpaired, two-tailed),
one-way analysis of variance (ANOVA), and the
Kruskal–Wallis test were used to compare means be-
tween the groups. Bonferroni’s correction was used to
correct for multiple testing. Categorical data were
analyzed by chi-squared or Fisher’s exact tests.

Spearman’s correlation analysis was used to examine
the correlations between the prognostic nutritional in-
dex (PNI) value and the rate of change in BMIs. Prin-
cipal coordinates analysis (PCoA) was used to perform
the cluster analysis of patients with R-Y, B-I, and B-II
digestive tract reconstructions, and PCoA subgroup
analysis based on preoperative BMI values was per-
formed. Permutational multivariate analysis of variance
(PERMANOVA) was applied to analyze different nutri-
tional statuses between the three groups.

Propensity score matching patients were categorized
into three groups based on digestive tract re-
constructions. Patients in groups were matched using
the propensity score method. The propensity score for
an individual was calculated according to demographics
information. Shannon and Simpson alpha-diversity in-
dexes were calculated to estimate microbial diversity
www.thelancet.com Vol 86 December, 2022
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between the R-Y and control groups. Effect size esti-
mation, tests of biological consistency, and class com-
parison were determined by linear discriminant analysis
effect size (LEfSe) analysis. A P-value of <0.05 was
considered statistically significant. Statistical analyses
were performed using SPSS 25.0 software (SPSS Inc.,
Chicago, IL, USA), GraphPad Prism 8 (San Diego, CA,
USA), and R programs (version 4.1.3, https://cran.r-
project.org/web/packages.html).
Role of the funding source
The funder of the study had no role in the study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
R-Y reconstruction improves postoperative
nutritional status in patients with poor basic
nutrition
In total, 106 patients who underwent laparoscopic
radical gastrectomy for distal GC were included in this
study. These patients were comprised of 38 patients
with B-I type gastrointestinal reconstruction, 37 patients
with B-II type, and 31 patients with R-Y type
(Supplementary Tables S1–S3). The imaging-related
nutritional indicators skeletal muscle index (SMI),
visceral fat index (VFI), and subcutaneous fat index
(SFI) were tracked and analyzed (Fig. 1A). The results
revealed an obvious reduction in BMI one year after
surgery in all patients. There were no significant dif-
ferences in nutritional indicators, such as BMI, SMI,
VFI, and SFI, between the groups (P > 0.05, Fig. 1B).
Similar to the effects in obese patients with a BMI
greater than 35 in previous studies, R-Y reconstruction
after radical gastrectomy had a significant effect on
reducing weight and alleviating type 2 diabetes in obese
GC patients.9,10 Therefore, we analyzed the patients in
each group with a preoperative BMI below the median
value to further explore this phenomenon. Interestingly,
and in contrast to previous studies, the BMI and SMI of
patients with poor basic nutrition who underwent R-Y
reconstruction were better than those of patients in the
B-I and B-II groups one year after surgery (P < 0.05,
Fig. 1C).

In addition, in the analysis of the clinical indicators
one year after surgery, there were no significant differ-
ences in hemoglobin (Hb), low-density lipoprotein
(LDL), lymphocyte count, the neutrophil-to-lymphocyte
ratio (NLR), or total cholesterol (TC) levels between the
groups in both the overall analysis and the subgroup
analysis of patients with preoperative BMIs below the
median (P > 0.05). In the overall analysis, albumin
(ALB), high-density lipoprotein (HDL), and the PNI in
the R-Y group were higher than those in the B-I group
(P < 0.05), whereas there were no differences in these
www.thelancet.com Vol 86 December, 2022
indicators between the R-Y group and the B-II group
(P > 0.05). In patients with preoperative BMIs below the
median, the PNI in the R-Y group was also higher than
that of the B-I group (P < 0.05), although there was no
significant difference between the R-Y group and the B-
II group (P > 0.05, Supplementary Figure S1A). This
suggests that the nutrition-related indicators ALB and
PNI were superior in patients in the R-Y group
compared to those in the B-I group, although there was
no significant difference between the indicators in the
R-Y and B-II groups.

Cluster analysis of the R-Y, B-I, and B-II digestive
tract reconstruction patients was performed according
to the rates of changes in the BMI, SMI, VIF, and SFI
before and one year after surgery. For all included pa-
tients, there were no significant differences in principal
coordinates (PC)1 and the PC2 axis between each group
(P > 0.05), and the PERMANOVA analysis showed no
significant differences between the three groups
(P > 0.05, Fig. 1D). However, in the subgroup analysis of
patients with preoperative BMI values below the me-
dian, there was a significant difference between the R-Y
group and the B-I and B-II groups in the PC1 axis
(P = 0.001 and P = 0.037, respectively), and the PER-
MANOVA analysis showed a statistically significant
difference between the three groups (P = 0.012, Fig. 1E).
We performed further cluster analysis based on the age
and sex of the patients and performed subgroup analysis
based on preoperative BMI values. The subgroup anal-
ysis showed that in patients with preoperative BMI
values below the median, there was a significant dif-
ference in the rate of change in the BMI between elderly
and young patients (P = 0.014, Supplementary
Figure S1B). However, when the patients were group-
ed according to sex, no significant differences were
found in the overall analysis and the subgroup analysis
of patients with BMI values below the median (P > 0.05,
Supplementary Figure S1C).

PNI predicts surgical risk, postoperative complica-
tions, and long-term prognosis by reflecting the pa-
tient’s nutritional and immune statuses. The PNI is
used to assess the nutritional status of GC patients and
predict surgical risks and postoperative complications.
However, few studies have been conducted on the cor-
relation between the PNI and the nutritional prognosis
of patients with radical gastrectomy. In this study, the
correlation between PNI index values before and one
year after surgery and the rate of change in the BMI
during this period were analyzed. Postoperative PNI was
positively correlated with the rate of change in the BMI
(r2 = 0.038, P = 0.044, Fig. 1F). In the subgroup analysis
of patients with preoperative BMI values below the
median, the postoperative PNI value was positively
correlated with the rate of change in the BMI (r2 = 0.088,
P = 0.032, Fig. 1G), whereas there was no correlation in
the subgroup analysis of patients with BMIs equal to or
greater than the median (r2 = 0.011, P = 0.441, Fig. 1H).
5

https://cran.r-project.org/web/packages.html
https://cran.r-project.org/web/packages.html
www.thelancet.com/digital-health


Fig. 1: Postoperative nutritional status of patients with different digestive tract reconstruction methods after radical gastrectomy.
(A) Comparison of SMI, SFI, and VFI values preoperatively and one year after surgery. (B) Rates of changes in the SMI, SFI, VFI, and BMI before
and one year after surgery in the B-I, B-II, and R-Y reconstruction groups. (C) Subgroup analysis of patients in each group with preoperative
basic BMI values below the median. The rates of changes in the SMI, SFI, VFI, and BMI of patients in different digestive tract reconstruction
groups before and one year after surgery. (D) Cluster analysis of the SMI, SFI, VFI, and BMI according to different digestive tract reconstruction
methods. The axes represent the two most informative principal coordinates (PCs) of the PCoA analysis, with marginal boxplots describing the
distribution in the different groups. The dots in different colors represent the variables analyzed. A pairwise test was used to compare PC1 or
PC2 values between the groups, and P-values are shown beside the marginal boxplots. The results of the PERMANOVA to compare dissimilar
indexes among the samples are shown in the lower-left corner of the figure. (E) Cluster analysis of preoperative BMIs below the median in each
group and combined SMI, SFI, VFI, and BMI values according to different digestive tract reconstruction methods was performed. (F) Correlation
between the PNI one year after surgery and the rate of change in BMI during this period. (G and H) Subgroup analysis of the correlation
between the PNI one year after surgery and the rate of change in BMI during this period for preoperative BMI values below the median (G) and
greater to or equal to the median (H).
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Furthermore, the analysis of preoperative PNI values
and the rate of change in BMIs indicated that there was
no significant correlation between preoperative PNI
values and the rate of change in BMIs in either the
overall analysis or the subgroup analysis according to
preoperative basic BMI values (P > 0.05, Supplementary
Figure S1D–F).
Gut microbiota composition is altered by different
digestive tract reconstruction techniques after
radical gastrectomy
In the groups of patients who underwent radical gas-
trectomy with B-I, B-II, and R-Y digestive tract re-
constructions in this study, six patients in each group
were selected after propensity score matching (1:1:1) in
GC patients with a preoperative BMI below the median
according to the demographics before surgery. Fecal
samples before surgery and one year after surgery were
analyzed by 16S-rRNA sequencing. In the sequencing
analysis of fecal samples collected one year after sur-
gery, the Shannon and Simpson indexes of patients in
the R-Y group were significantly higher than those in
the B-I and B-II groups (P < 0.05, Fig. 2A and B). Bray–
Curtis distance-based PCoA analysis indicated that the
clustering of gut microbiota in the R-Y group was
significantly different from that in the B-I and B-II
groups (Fig. 2C). Compared to the control group, the
relative abundances of Bacteroides, Clostridium, and
Ruminococcus were significantly enriched in the R-Y
group (P < 0.05, Fig. 2D). And Bacteroides, Clostridium,
and Ruminococcus were closely associated with the
secretion of SCFAs.27,31,32

Different from the alterations in gut microbiota after
surgery, there was no significant difference in the
Shannon and Simpson index values of fecal samples in
the three groups before surgery (P > 0.05,
Supplementary Figure S2A–B). Bray–Curtis distance-
based PCoA analysis also suggested no obvious differ-
ences in the gut microbiota clustering of the three
groups (Supplementary Figure S2C). The analysis of
SCFAs-producing microbiota, including Bifidobacterium,
Bacteroides, Clostridium, Eubacterium, and Ruminococcus,
revealed no significant differences between the three
groups before surgery (Supplementary Figure S2D). Gut
microbiota alterations in the R-Y, B-I, and B-II groups
indicated that compared to B-I and B-II reconstructions,
R-Y reconstruction had the potential effect to elevate the
abundance of SCFA-producing microbiota.

We also performed a LEfSe analysis of the fecal 16S
rRNA gene sequencing data (Fig. 2E and F). In the fecal
samples collected one year after surgery, the taxonomic
cladogram obtained from this analysis highlighted sig-
nificant enrichment in several taxa, mostly Clostridium
and Ruminococcus, in the R-Y group compared to the B-I
and B-II group (P < 0.05, Fig. 2F).
www.thelancet.com Vol 86 December, 2022
Colonization with microbiota from R-Y
reconstruction inhibits the development of colitis
in mice
Based on the above analysis of clinical data, R-Y recon-
struction was beneficial to maintaining postoperative
nutrition-related indicators in GC patients with poor
basic nutritional status. R-Y reconstruction maintains
the physiological structure of the digestive tract, which
may maintain the homeostasis of the gut microbiota and
the intestinal microenvironment.33,34 Hence, we hy-
pothesized that gastrointestinal reconstruction induces
alterations in the gut microbiota to regulate intestinal
inflammation and absorption functions. To determine
the role of the microbiota in GC patients with R-Y
reconstruction, we investigated the effect of FMT in
mice and found that R-Y FMT effectively maintained the
nutritional status of mice and reversed weight de-
teriorations caused by DSS (P < 0.001, Fig. 3A).

Intestinal inflammation activity was then assessed
based on stool consistency, gross rectal bleeding, colon
length, and spleen weight. As shown in Fig. 3B–F,
compared to the DSS control group, neither B-I FMT
nor B-II FMT mice showed obvious differences in in-
testinal inflammation (P > 0.05). R-Y FMT decreased the
inflammation caused by DSS (P < 0.05). Then, H&E
staining was performed on the entire colon of mice to
evaluate the intestinal gland structure, and Alcian blue
staining was performed to assess the morphology of the
goblet cells. The mice were histologically graded ac-
cording to the staining results (Fig. 3G). Compared to
the mice in the other groups, mice in the R-Y group had
lower histological scores, indicating lower intestinal
inflammation, better intestinal mucosal glandular
structure synthesis, less immune cell infiltration, and a
reduced range of influences (Fig. 3H). Finally, the effect
of R-Y FMT on intestinal inflammation was further
evaluated by continuous feeding with 3.5% DSS.25 As
shown in Fig. 3I, R-Y FMT mice revealed a better sur-
vival time than mice in the control group (P < 0.05).

The above results indicated that FMT with the
intestinal microbiota of GC patients with R-Y recon-
struction could alleviate digestive tract inflammation
in mice, and the effect in the R-Y FMT group was
superior to that in the B-I and B-II FMT groups. M1/
M2 polarization of macrophages plays an important
role in intestinal inflammation.28,35 To assess whether
the effect of R-Y FMT was associated with M1/M2
macrophage polarization in mice colon tissue, we
performed immunofluorescence staining for the
colocalization of the macrophage marker F4/80 with
the M1 macrophage marker NOS2 (Fig. 4A) or the
M2 macrophage marker ARG1 (Fig. 4B). The results
showed that F4/80+NOS2+ macrophages were mark-
edly reduced in the R-Y FMT group, but the abun-
dance of F4/80+ARG1+ macrophages was not
obviously changed in the colon tissues.
7
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Fig. 2: Alterations in gut microbiota and different digestive tract reconstruction methods. (A and B) 16S-rRNA sequencing analysis of fecal
samples from GC patients with R-Y, B-I, and B-II digestive tract reconstructions one year after surgery. Shannon (A) and Simpson (B) indexes
were analyzed in each group; n = 6. (C) PCoA plot of the R-Y, B-I, and B-II groups based on Bray–Curtis distance; n = 6. (D) Relative abundance of
SCFA-producing microbes in fecal samples; n = 6. (E and F) LEfSe analysis of gut microbiota alterations caused by gastrectomy and digestive
tract reconstruction. Each group was analyzed before surgery (E) and after surgery (F); n = 6. Error bars represent the mean ± SEM. *P < 0.05.
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Fig. 3: Fecal transplantation with microbiota from patients with R-Y reconstruction relieves inflammation-driven colitis. (A–C) Weight change,
stool consistency, and rectal bleeding score in mock, DSS control, R-Y FMT, B-I FMT, and B-II FMT mice following 2.5% DSS or H2O treatment;
n = 6. (D) Differences in the whole colon in each group. (E) Total colon length in mice in each group; n = 6. (F) Spleen weight in mice in each
group; n = 6. (G) H&E staining and Alcian blue staining in each group. (H) Histological scores (based on the assessment of intestinal mucosa and
submucosal glandular structure disorder, distortion and the absence of crypt structures, the degree of immune cell infiltration, and affected
area); n = 6. (I) Kaplan–Meier survival analysis of DSS control and R-Y FMT mice treated with 3.5% DSS; n = 10. Scale bars = 50 μm. Error bars
represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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R-Y reconstruction reverses disordered gut
microbiota and enriches SCFA-producing bacteria
abundance
Compared to the B-I and B-II FMT groups, mice
with R-Y FMT showed decreased inflammation levels
and the inhibition of M1 macrophage polarization in
colon tissues. Since previous studies reported the
function of gut microbiota and its metabolites during
www.thelancet.com Vol 86 December, 2022
FMT, we also explored the underlying mechanisms
of the effect by assessing alterations in microbiota
and SCFA secretion in R-Y FMT mice.29,36 Compared
to the controls, the R-Y FMT model showed signifi-
cantly elevated SCFA content in the colon, especially
that of butyrate (P < 0.01, Fig. 5A and B). This
suggests that R-Y FMT may promote the secretion of
SCFAs.
9
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Fig. 4: F4/80+NOS2+ macrophages were decreased in R-Y FMT mice with DSS-treated colons. Representative images of immunofluorescence
staining for (A) macrophage marker, F4/80 (green); M1 marker, NOS2 (red); and F4/80+NOS2+ cells (yellow, merge). (B) Macrophage marker,
F4/80 (green); M2 marker, ARG1 (red); and F4/80+ARG1+ cells (yellow, merge). Cell nuclei, DAPI (blue). Representative merged images of at least
three per group. Scale bars = 100 μm.
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After confirming that the benefits of R-Y FMT were
associated with SCFA secretion, we further determined
the overall alteration in gut microbiota caused by R-Y
reconstruction by analyzing the 16S-rRNA gene se-
quences of microbial samples collected from the feces of
mice in the R-Y FMT and DSS control groups. Ac-
cording to the sequencing analysis, the Shannon and
Simpson index values of patients in the R-Y group were
significantly higher than those in the DSS control group
(P < 0.01, P < 0.01, Fig. 5C and D). Bray–Curtis distance-
based PCoA showed different clustering of gut micro-
biota communities between the R-Y FMT and DSS
control groups (Fig. 5E). Then, we further performed a
LEfSe analysis to evaluate effect size estimation, test
biological consistency, and class comparison
(Supplementary Figure S3). Compared to the control
group, the relative abundance of Bifidobacterium, Clos-
tridium and Ruminococcus were significantly enriched in
the R-Y FMT group (P < 0.01, Fig. 5F). Moreover, these
organisms were closely associated with the secretion of
SCFAs.27,31,32 Hence, the microbiota increased in abun-
dance and played an anti-inflammatory role by secreting
SCFAs to promote nutrient absorption in mice.

We also investigated the effects of SCFAs on M1
macrophage polarization in vitro in the RAW264.7
macrophage cell line treated with acetate, propionate,
and butyrate (1 mM) for 8 h (Fig. 5G, Supplementary
Figure S4A). The results revealed that the macrophage
M1 polarization in the acetate, propionate and butyrate-
treated groups was moderately lower than that in the
control group. To further explore the effect of SCFAs on
the pro-inflammatory process of macrophages, LPS was
used to induce RAW264.7 M1 polarization.
RAW264.7 cells were treated with different SCFAs
(1 mM) along with LPS (100 ng/mL for 8 h) stimulation.
The results indicated that SCFAs, especially butyrate,
significantly inhibited the M1 polarization of macro-
phages (Fig. 5H, Supplementary Figure S4B).
Butyrate restricts inflammation to improve
nutrition absorption
Previous results indicated that butyrate secretion in R-Y
FMT mice was greatly increased, and butyrate inhibited
macrophage M1 polarization in vitro. To further confirm
the effect of butyrate on colon inflammation in vivo,
butyrate was added to the drinking water. In the in vivo
experiments, butyrate treatment delayed reductions in
weight compared to the DSS controls (P < 0.05, Fig. 6A).
Intestinal inflammatory activity was also assessed by
www.thelancet.com Vol 86 December, 2022
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Fig. 5: The benefits of R-Y FMT were correlated with gut microbiota. (A) Heatmap of fecal SCFA concentrations; n = 5. (B) Differences in fecal
butyrate concentrations between the DSS control and R-Y FMT mice; n = 5. (C and D) 16S-rRNA sequencing analysis of fecal samples from DSS
control and R-Y FMT mice. Shannon and Simpson index analysis in each group. (E) PCoA plot from the DSS control and R-Y FMT mice groups
based on the Bray–Curtis distance; n = 5. (F) Relative abundance of SCFA-producing microbes in mice feces; n = 5. (G) M1 macrophage po-
larization in the RAW264.7 macrophage cell line after butyrate treatment for 8 h. (H) Cells were treated with butyrate and LPS for 8 h to
evaluate M1 macrophage polarization. Scale bars = 100 μm. The results are expressed as the mean ± SEM. **P < 0.01.
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stool consistency, gross rectal bleeding, colon length,
and spleen weight. Compared to the DSS control
group, butyrate improved stool consistency and
reversed gross rectal bleeding caused by DSS
(P < 0.05, Fig. 6B and C). Although spleen weight was
decreased by butyrate treatment (P < 0.05), colon
lengths were not significantly different between the
butyrate and control groups (P > 0.05, Fig. 6D–F).
According to the results of H&E and Alcian blue
www.thelancet.com Vol 86 December, 2022
staining and the histological score, butyrate eased in-
testinal inflammation to some extent, which may have
contributed to the better nutrient levels in the mice in
the butyrate group (Fig. 6G and H). Interestingly,
although butyrate alleviated intestinal inflammation
and reversed the trend toward weight loss caused by
DSS, there was no significant difference in survival
time between the butyrate-treated and control groups
in mice treated with 3.5% DSS (P > 0.05, Fig. 6I).
11
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Fig. 6: Butyrate protects mice against colitis. (A–C) Mice in the butyrate group were given drinking water containing 2% butyrate. Weight
change, stool consistency, and rectal bleeding scores in mock, DSS control, and butyrate mice following 2.5% DSS or H2O treatment; n = 6. (D)
Differences in the whole colon in each group. (E) Total colon length in the mice in each group; n = 6. (F) Spleen weight of mice in each group;
n = 6. (G) H&E staining and Alcian blue staining. (H) Histological scores in each group; n = 6. (I) Kaplan–Meier survival analysis of DSS controls
and butyrate-treated mice given 3.5% DSS; n = 10. Scale bars = 100 μm. Error bars represent the mean ± SEM. ns, no significance; *P < 0.05;
**P < 0.01.
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R-Y FMT inhibits the NLRP3 signaling pathway by
promoting butyrate secretion
The expression of NLRP3, an important regulatory
target of the inflammatory pathway and pro-
inflammatory mediators, was evaluated in the colons
of mice treated with R-Y FMT or butyrate. The results
showed a similar trend, that R-Y FMT or butyrate could
efficiently block the activation of the NLRP3 inflamma-
some (P < 0.05, Fig. 7A–D). In addition, according to the
mean density values, R-Y FMT and butyrate-treated
mice showed the expression of caspase-1 and IL-1β,
parameters of NLRP3 inflammasome activation, in co-
lon tissues. We also found the same phenomena in mice
colons using Western blotting. The NLRP3 expression
level was obviously reduced in the colon tissues of R-Y
FMT and the butyrate-treated DSS mouse model
(P < 0.01, Fig. 7E and F). Down-regulation of the NLRP3
inflammasome was associated with butyrate secretion
promoted by bacterial transplantation from GC patients
with R-Y reconstruction. We also detected the relative
protein expression of caspase-1 and IL-1β in the colon
tissues. Importantly, compared to the control group, the
treatment groups showed lower levels of cleaved
caspase-1 (P20) and mature IL-1β (P17) (P < 0.05,
Fig. 7E and F).
Discussion
With the standardization and popularization of radical
gastrectomy, B-I, B-II, and R-Y reconstructions have
been widely used after distal gastrectomy. Comparative
studies have confirmed that compared to B-I and B-II, R-
Y reconstruction preserves the normal anatomical
structure and can prevent bile reflux.3 In patients with
GC accompanied by type 2 diabetes mellitus, the clinical
indicators of R-Y and B-II reconstruction were improved
www.thelancet.com Vol 86 December, 2022
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Fig. 7: R-Y FMT and butyrate inhibit NLRP3-associated pro-inflammatory mediator expression. (A) Representative immunohistochemical
staining of NLRP3, and immunofluorescence staining of caspase-1 and IL-1β in colon specimens. (B) Quantification of NLRP3 expression using
integrated optical density/specimen area (IOD/area); n = 6. (C and D) Quantification of caspase-1 and IL-1β in colon specimens using mean
density (integrated density/specimen area); n = 6. (E) The expression levels of NLRP3, cleaved caspase-1 (P20), and mature IL-1β (P17) were
detected in the colon tissues of R-Y FMT mice and the butyrate-treated mice colitis model. (F) The bands were quantified (n = 3). Scale
bars = 100 μm. Error bars represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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by 27.8% and 5.9%, respectively, after radical gastrec-
tomy, and the BMI was reduced accordingly.9 These
studies suggest that R-Y had better efficacy in alleviating
morbid obesity and improving diabetes, especially for
obese patients with a high BMI before surgery.

Although the purposes of bariatric and gastric cancer
surgery are completely different, there are some
anatomical and technical similarities between the two
procedures. However, for partial GC patients with poor
nutritional status before surgery, the influence of
digestive tract reconstruction on postoperative nutri-
tional status is uncertain, and the relevant mechanism is
still unclear.3,37,38 Interestingly, in our study, GC patients
with poor basic nutritional status receiving R-Y
www.thelancet.com Vol 86 December, 2022
reconstruction after radical gastrectomy had a better
BMI and SMI than patients who underwent B-I and B-II
reconstructions. This finding is not completely consis-
tent with those of studies on gastric constriction in
obese patients or radical resection in GC patients.37,39

Recently, intestinal microbiota was linked to a variety
of disease progressions.40–43 We hypothesized that in-
testinal microbiota was involved in the improvement in
postoperative nutritional status by R-Y reconstruction.
With the advent of genomic sequencing and microbiota
identification techniques, intestinal biodiversity has
become increasingly clarified.44,45 The intestinal micro-
biota has been shown to be closely related to the
maintenance of health, and alterations in the microbiota
13
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are associated with the development of many diseases.
The main functions of the microbiota include regulating
the host intestinal immune inflammatory responses,
synthesizing a variety of biologically important small
molecules and proteins, and regulating nutrient meta-
bolism and absorption.19 To explore the effect of intes-
tinal microbiota changes in mice, we constructed a
mouse intestinal inflammation model, and FMT was
performed with feces collected from GC patients with B-
I, B-II, and R-Y reconstructions one year after radical
surgery. The results showed that the total colon length
of the mice in the R-Y FMT group was longer and the
spleen weight was lower than those in the other two
groups. Moreover, the comprehensive structure of the
intestinal glands was better, and macrophage infiltration
was significantly reduced. F4/80+NOS2+ macrophages
were also decreased in the colons of R-Y FMT mice
treated with DSS, as shown by immunofluorescence
staining. The findings suggest that the fecal bacteria in
the R-Y group patients alleviated digestive tract inflam-
mation in mice after transplantation. The 16S-rRNA
sequencing analysis revealed that the relative abundance
of SCFA-producing microbes in mice feces in the R-Y
reconstruction group was significantly greater than that
in the DSS control group. This finding may be closely
related to the intestinal inflammation level.46,47

In patients with digestive tract reconstruction after
radical gastrectomy, changes in the structure of the
digestive tract, the abundance and proportion of intes-
tinal microbiota, and its influence on fatty acid meta-
bolism and further intestinal homeostasis is a complex
biological process affected by multiple factors.12,48 It is
still unclear whether SCFAs, as important metabolites
of intestinal microbiota, regulate immune cells in this
process to reduce excessive immune responses caused
by changes in colonic symbionts and maintain homeo-
stasis in the internal environment. As a product of the
anaerobic fermentation of dietary fiber, SCFAs are
important substances that regulate intestinal immune
responses.19,49 Butyrate is thought to inhibit secondary
reaction genes by recruiting the Mi-2/NuRD inhibitor
complex, which allows Mi-2 to inhibit the chromatin
remodeling of secondary reaction genes. Butyrate in-
hibits these pro-inflammatory mediators at the tran-
scriptional level, resulting in the decreased recruitment
of pol II and S5P to the NOS2, IL-6, and IL-12b pro-
moters. These findings indicate the regulatory effect of
butyrate on immunity.50,51

Changes in the structure of the digestive tract induce
chronic intestinal inflammation, which is an important
factor affecting intestinal nutrient absorption.52–54 To
clarify the regulation of butyrate on intestinal inflam-
mation, and the relationship between intestinal inflam-
mation caused by digestive tract reconstruction and
nutrient absorption, we conducted relevant experiments
in vivo and in vitro. We treated macrophages in vitro with
both butyrate with LPS and the results suggested that
butyrate could effectively inhibit M1 macrophage po-
larization. Weight change, stool consistency, rectal
bleeding scores, and histological scores were observed
in the mock, DSS control, and butyrate groups in the
in vivo experiments. The results indicated that butyrate
could protect mice against colitis and promote nutrition
absorption.

Previous studies indicated that the enhanced
expression of butyrate could significantly decrease
NLRP3 inflammasome formation and activation and
block relevant inflammatory diseases.27,28,55 The NLRP3
inflammasome is a multimeric cytosolic protein com-
plex that promotes the maturation and release of IL-1β
and IL-18 inflammatory cytokines, thus leading to the
development of systemic inflammation.13 After being
activated, NLRP3 recruits the adaptor molecule
apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), which, in turn,
binds to pro-caspase-1, leading to autocatalytic process-
ing and activation.56 NLRP3 has been implicated in a
wide range of diseases, including multiple myeloma,
Alzheimer’s disease, gout, type 2 diabetes, infectious
diseases, systemic inflammation, cardiovascular mor-
tality, and cancer.56,57 The NLRP3 inflammasome also
plays a critical role in regulating the balance of intestinal
homeostasis and maintaining immune responses.58

Previous studies suggested that the deterioration of
colitis was associated with enrichment in butyrate-
producing bacteria and increased levels of cecal buty-
rate.19 Evidence indicates that too much butyrate may
harm the gut by inhibiting the proliferation of colonic
epithelial stem.59 Some studies reported that β-hydrox-
ybutyrate rather than the structurally related SCFAs
butyrate and acetate suppressed the activation of the
NLRP3 inflammasome in intestinal inflammation.55 In
our study, the expression levels of NLRP3, cleaved
caspase-1 (P20), and mature IL-1β (P17) were analyzed
in the colon tissues of R-Y FMT mice and the butyrate-
treated mice colitis model. The results showed that R-Y
FMT inhibited NLRP3-associated pro-inflammatory
mediator expression by promoting butyrate secretion.
Butyrate may negatively regulate the inflammatory
signaling pathway mediated by NLRP3 to inhibit the
secretion of IL-1β and IL-18. The secretion of IL-1β and
IL-18 is strictly regulated by the NLRP3 inflammasome.
Upon NLRP3 inflammasome activation, active caspase-1
(P20) cleaves pro-IL-1β to produce the secretory mature
IL-1β (P17).

Our study also had some limitations. Even though
our analysis was data-driven, it requires further valida-
tion. Future prospective studies, including stricter in-
clusion and exclusion criteria, improved preoperative
cohort demographics, detailed intestinal permeability
and nutritional assessments, advanced and reliable
methods such as the Bristol stool form, and periopera-
tive glycolipid metabolism analysis, can demonstrate
and support our hypothesis.60–62 In addition, our study
www.thelancet.com Vol 86 December, 2022
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Fig. 8: Proposed model and the underlying mechanism by which gastrointestinal reconstruction after radical gastrectomy regulates the
abundance of the gut microbiota to change the concentration of SCFAs, thereby affecting intestinal inflammation and nutrient absorption.
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findings only apply to patients with distal gastrectomy,
and whether this hypothesis is still applicable to patients
with total gastrectomy or proximal gastrectomy remains
to be further demonstrated. Meanwhile, we considered
that the cohort could represent a wider population of
interest to a certain degree. However, individual varia-
tion existed in this cohort, which would result in
generalizability limitations. To further improve the
representative capacity of the study cohort, we will
expand it further, and repeat the analysis in other
populations.

In summary, R-Y reconstruction alleviated intestinal
inflammation by increasing the abundance of butyrate-
producing bacteria and inhibiting the NLRP3 inflam-
masome by the butyrate produced, and ultimately,
maintaining postoperative nutrient absorption in pa-
tients with poor basic nutrition (Fig. 8). Thus, R-Y
reconstruction could be a qualified selection to regulate
the gut microbiota to exert anti-inflammatory effects and
produce the microbial metabolite butyrate for GC pa-
tients with poor basic nutritional status and has good
clinical application potential.
www.thelancet.com Vol 86 December, 2022
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