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Abstract \

Background: We aimed to investigate the long-term effects of metabolic profiles and microbiota status in patients after upper
gastrointestinal (Gl) surgery and lower Gl surgery and compared them with a control group.

Methods: In this cross-sectional study, we analyzed the occurrence of metabolic syndrome (MS) in 10 patients who underwent
curative total gastrectomy with Roux-en-Y esophagojejunostomy (RYEJ) anastomosis, 11 patients who underwent curative partial
colectomy with right hemicolectomy (RH), and 33 age- and sex-matched controls. Fecal samples were also analyzed by a next-
generation sequencing method.

Results: Compared with the control group, the occurrence of MS was significantly lower among patients who underwent total gas-
trectomy with RYEJ than the controls over the long-term follow-up (>8 years; p < 0.05). Patients who received RH only had a trend
of higher serum fasting glucose (o = 0.10). The diversity of the gut microbiota significantly decreased after RH in comparison with the
control group and RYEJ group, respectively (o < 0.05). Principal component analysis revealed significant differences between the
control, RYEJ, and RH groups (p < 0.001). At the genus level, the ratio of Prevotella to Bacteroides (P/B) was significantly higher in the
RYEJ group than in the control group, whereas the P/B ratio was significantly lower in the RH group than in the control group (o < 0.05).
Conclusion: Early gastric cancer patients who received total gastrectomy with RYEJ had a lower occurrence of MS than the
controls, while early colorectal cancer patients who received RH were associated with a higher serum fasting glucose than the
controls during long-term follow-up. In parallel with the metabolic differences, the P/B ratio was also significantly altered in patients
after upper and lower Gl surgery.
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previous study also demonstrated a lower occurrence of metabolic
syndrome (MS) in early gastric cancer patients after subtotal gas-
trectomy during long-term follow-up periods.* Nevertheless, the
research on the metabolic effects of the distal gut is very limited.
Some characteristics of insulin resistance were found in patients
after total colectomy.>® The gut microbiota was recently found to
play important roles in the development of metabolic diseases.” The
composition of the microbiome changes along the GI tract, with

1. INTRODUCTION

The gastrointestinal (GI) tract plays an important role in meta-
bolic control and nutritional homeostasis.! Bariatric/metabolic
procedures that modify the structure and function of the proxi-
mal gut have widely been demonstrated to have a beneficial effect
on obesity and type II diabetes mellitus (DM).>? Furthermore, our
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major populations in different locations performing various func-
tions. As a result, upper and lower GI surgery may provide experi-
mental tools to explore the metabolic physiology of the GI tract.
Moreover, this approach could enhance our understanding of met-
abolic regulation and help identify novel therapeutic targets. Thus,
we aimed to investigate the long-term effects of metabolic profiles
and microbiota status in early gastric cancer patients after curative
total gastrectomy and early colorectal cancer (CRC) patients after
curative colectomy in comparison to a control group.

2. METHODS

2.1. Study population

In this cross-sectional study, we collected anthropometric, labo-
ratory data, and stool specimens from patients in our outpatient
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clinics. The upper GI surgery group comprised patients who had
early gastric cancer and had undergone curative total gastrec-
tomy with Roux-en-Y esophagojejunostomy (RYE]) anastomosis
more than 7 years before the analysis at Taipei Veterans General
Hospital between 2003 and 2007. Overall, the mean time inter-
val between surgery and data collection was 8.75 years. Early
gastric cancer is defined by the Japanese Research Society for
Gastric Cancer as cancer in which the tumor cells invade only
the mucosal and submucosal layers.® The lower GI surgery study
group comprised patients who had undergone curative right
hemicolectomy (RH) for primary nondisseminated CRC for
more than 7 years before the analysis at Taipei Veterans General
Hospital between 2003 and 2007. Their mean time interval
between surgery and data collection was also 8.75 years.

Patients with the following conditions were excluded: (1) age
<20 years;, (2) other underlying malignancies; (3) pre- and post-
operative chemotherapy or chemoradiotherapy for gastric can-
cer or CRC; 4) recurrent or uncured gastric cancer or CRC after
curative surgery; (5) moderate to severe cardiovascular, pulmo-
nary, hepatic, or renal disease; (6) DM or MS before receiving
gastric or colonic surgery or 8.75 years before enrolling in the
control group; and (7) patients who had received proton pump
inhibitors, histamine-2 receptor antagonists, nonsteroidal anti-
inflammatory drugs, antibiotics, or probiotics within 1 month
of sample collection.

Subjects matched in terms of age, gender, and time of follow-
up without GI tract surgery were also enrolled as the control
group. The same exclusion criteria as in the study groups were
applied. Comprehensive oral explanations were carried out, and
signed informed consent was obtained from all study subjects.
Anthropometric measurements were obtained by experienced
nursing staff (body mass index [BMI], waist circumference,
and blood pressure). This study complies with the standards of
the Declaration of Helsinki and current ethical guidelines and
has been approved by the hospital’s institutional review board
(2016-07-008B).

2.2. Stool bacterial genomic DNA extraction and
polymerase chain reaction amplification
Fresh stool samples were collected, and bacterial genomic
microbial DNA was extracted using a QITAamp DNA Stool Mini
Kit (Qiagene, MD, USA) according to the manufacturer’s proto-
cols.* Briefly, tissue samples (180-220 mg) yielded 5 to 100 pg of
genomic DNA for direct use in 16S rRNA gene sequencing. The
amount and quality of isolated genomic DNA were determined
with a NanoDrop ND-1000 (Thermo Scientific, Wilmington,
DE, USA). Genomic DNA was stored at —80°C before 16S
rRNA sequencing.

A 1-pL sample of DNA (10 pg-500ng) was used as a template in
a polymerase chain reaction (PCR) reaction for bacteria 16S rRNA
variable region V3 to V4. The primer set for the reaction was cho-
sen with 341F_V3_illumina (5’-CCTACGGGNGGCWGCAG-3")
and 805R_V4_illumina (5-GACTACHVGGGTATCTAATCC -3").#
The PCR consisted of an initial denaturation at 94°C for 2 min-
utes, 30 cycles of 92°C for 20 seconds, 55°C for 30 seconds, and
68°C for 1 minute for amplification, followed by 68°C for 1
minute to finish the replication on all templates and storage at
4°C. Dual-indexes (barcodes) were used for each sample before
sequencing, and NGS was performed Illumina MiSeq Desktop
Sequencer according to the standard protocol (Illumina Inc., San
Diego, CA, USA).

2.3. Sequence processing and statistical analysis

Raw sequencing fastqc files were quality filtered and analyzed
using QIIME2 version 2018.06.° We used the DADA2 software
package wrapped in QIIME2 for dereplicating, denoising, and
chimera removal to generate the Amplicon Sequencing Variant
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(ASV) group.'® Alpha and beta-diversity analyses were performed
using the built-in core analysis pipeline of QIIME2, including the
Chao 1 richness estimator, Shannon diversity index (SI), Faith’s
Phylogenetic Diversity (PD), and UniFrac distance metrics.

The alpha diversity of the groups of patients was compared
using the Kruskal-Wallis test. A permutational multivariate
analysis of variance test was used to analyze the statistical differ-
ences in beta diversity with QIIME2. Principal coordinate analy-
ses were performed based on the unweighted UniFrac distance
in QIIME2, and p values <0.05 were considered significant.

To identify the taxonomy compositions, the ASVs were
aligned and assigned to each taxonomic level using VSEARCH
against Greengenes 13.5 using 99% similarity.!! To find which
taxa were most likely to explain the differences between clini-
cal groupings, the samples’ microbiota profiles generated in
QIIME2 were reformatted for input into LDA effect size (LEfSe)
via the Huttenhower Lab Galaxy Server.'? This algorithm per-
forms nonparametric statistical testing to determine whether
individual taxa differ between clinical groups and ranks dif-
ferentially abundant taxa by their linear discriminant analysis
(LDA) log-score.'® Bar plots were used to illustrate differentially
abundant taxa that were statistically significant using an alpha
of 0.05 and exceeded an LDA log-score of at least =3

All statistical analyses other than the gut microbiota profile
analyses were performed using the software SPSS (version 17.0;
SPSS Inc., Chicago, IL, USA). Demographic data are expressed
as the frequency (percentage) or as the mean = standard devia-
tion. Continuous variables were compared using a Student’s
t-test, while categorical data were compared using a chi-square
test and Yates’ correction or Fisher’s exact test as appropriate. A
two-sided p < 0.05 was considered statistically significant.

3. RESULTS

3.1. Metabolic status in patients post upper and lower
Gl surgery

From January 2003 to December 2007, there were 674 patients
with gastric cancer who visited the outpatient clinics or were
hospitalized our general surgery ward. At the time of enrollment
for this study, there were 473 patients who had passed away, 25
patients who were lost follow-up, 13 patients with other malig-
nancy, 8 patients with recurrent gastric cancer, 26 patients with
DM or MS, and 18 patients with incomplete clinical or labo-
ratory data when gastric cancer was diagnosed. Furthermore,
the excluded patients comprised 27 patients with underly-
ing severe comorbidity, 6 patients who had taken medications
mentioned in the exclusion criteria, 20 patients who refused to
participate, 16 patients who received subtotal gastrectomy with
B-1, 19 patients who received subtotal gastrectomy with B-II,
and 13 patients received subtotal gastrectomy with Roux-en-Y
anastomosis, only 10 patients with total gastrectomy with RYE]
enrolled for this study.

There were 777 patients with CRC who visited the outpatient
clinics or were hospitalized in our colorectal surgery ward from
January 2003 to December 2007. At the time of enrollment for
this study, there were 513 patients who had passed away, 43
patients who were lost to follow-up, 12 patients with another
malignancy, 21 patients with recurrent CRC, 30 patients with
DM or MS, and 22 patients with incomplete clinical or labo-
ratory data when CRC was diagnosed. The excluded patients
comprised 37 patients with underlying severe comorbidity, 13
patients taking indicated medications, 46 patients who refused
to participate, 10 patients who received left hemicolectomy, and
19 patients who received low anterior resection. We enrolled the
remaining 11 patients who received RH in this study.

To investigate the long-term effects of upper and lower GI sur-
gery on the metabolic profile and gut microbiota, we analyzed
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Anthropometric and laboratory data between patients with total
gastrectomy with RYEJ, RH, and controls

Control Patients Patients

subjects with RYEJ with RH

n=32 n=10 n=11
Age y/o 64.3+9.3 66.4 +8.2 66.1+7.3
Sex (M:F) 11.21 7:3 5:6
Body mass index 243 +3.7 20.8 +1.8* 23.7+33
Waist, cm 86.0+10.2 78.9+10.1 86.0+8.8
Systolic BP, mm Hg 122 +17 123+ 22 124 +19
Diastolic BP, mm Hg 77+ 11 76 +13 78 +12
HDL-cholesterol, mg/dL 53+13 52+7 57 £15
Total cholesterol, mg/dL 197 =27 169 + 27* 189 + 22
Triglyceride, mg/dL 133+78 78 + 28* 100 + 42
Serum glucose, mg/dL 96 +17 97 +13 106 + 22
HbA1c 58+0.7 58+0.8 6.0+05
Metabolic syndrome (+/-) 13:19 0:10* 5:6

BP = blood pressure; HbA1c = hemoglobin A1c; HDL = high density lipoprotein; RH = right hemi-
colectomy; RYEJ = Roux-en-Y esophagojejunostomy.
*p < 0.05 when compared with the control group.

anthropometric, laboratory, and fecal microbiome data from 10
patients who had undergone total gastrectomy with RYE], 11
patients with RH, and 32 controls who were matched in terms
of age, sex, and follow-up time. Compared with the control
group, patients who had undergone RYE] had lower BMI, total
cholesterol levels, serum TGs, and MS occurrence (p < 0.05)
(Table). Compared with the control group, patients who received
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RH only had a trend of higher serum fasting glucose and higher
hemoglobin Alc (HbA1lc¢) (p < 0.10) (Table).

3.2. Statistical summaries of sequencing results

After 16S rRNA gene sequencing and quality filtering, 2.6
million reads from a total of 3.4 million pair-end reads were
obtained, which corresponded to a mean of 65 + 19 thousand
reads per sample.

3.3. Richness and diversity of gut microbiota

The gut microbiota richness was estimated using Chao 1
(Fig. 1A). Compared with the control group, both the RYE]
and RH groups showed no difference in bacterial richness at the
genera level (Chao 1, p = 0.40). SI and Faith’s PD were used to
evaluate the ecological diversity of microbiota from each sample
(Fig. 1B, C). Compared with the control group, both the RYE]
and RH groups showed no difference in SI at the genera level
(SL, p = 0.39). However, compared with the control group, the
RH group showed a lower Faith’s PD index (p = 0.001), whereas
the RYE] group showed no difference in Faith’s PD at the genera
level (Faith’s PD, p = 0.39)

3.4. Long-term effects on gut microbiota composition

We visualized the changes in overall gut microbial genera com-
position using a principal component analysis (PCA) of the log-
transformed relative abundances (Fig. 2). The results showed a
clear separation between the control group and the RYE] and
RH groups. Compared with the control group, PCA revealed
significant differences in bacterial genera abundance in the RYE]
group (p < 0.001, Monte-Carlo simulation; Fig. 2) and RH
group (p < 0.001, Monte-Carlo simulation; Fig. 2).
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Fig. 1 Richness and diversity of gut microbiota in the total gastrectomy with Roux-en-Y esophagojejunostomy (RYEJ) anastomosis, right hemicolectomy (RH),
and control groups. A, No significant difference among RYEJ, RH, and control group in Chao1. B, No significant difference among RYEJ, RH, and control group
in Shannon diversity index. C, The RH group with lower bacterial diversity, as estimated by the Faith’s Phylogenetic Diversity (Faith’s PD) when compared with the
control group and RYEJ group, respectively (p < 0.05). The boxes (containing 50% of all values) show the median (horizontal line across the middle of the box)
and the interquartile range, whereas the spots represent the 10th and the 90th percentiles.
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Fig. 2 Principal component (PC) analysis of bacterial genera abundance. PC analysis score plot based on unweighted UniFrac metrics showed a clear separation
between control group, and those after total gastrectomy with Roux-en-Y esophagojejunostomy (RYEJ) anastomosis or right hemicolectomy (RH). Compared with
the control (C) group, RYEJ group and RH group revealed significant differences in bacterial genera abundance, respectively (p all <0.001, Monte-Carlo simulation).

The four major phyla in the microbiota of the RYE], RH, and
control groups were Bacteroidetes, Firmicutes, Proteobacteria, and
Fusobacteria (Fig. 3A). RYE] patients had a higher proportion of
Proteobacteria than the controls (17.8% vs 10.1%, p < 0.05). RH
patients had a lower proportion of Firmicutes (23.3% vs 39.4%,
p < 0.05) and a higher proportion of Fusobacteria than the con-
trols (7% vs 5%, p < 0.05).

The dominant class represented >0.2% of the obtained gut
microbiota sequences (Fig. 3B). Compared with the control group,
the class Gammaproteobacteria (belonging to Proteobacteria) was
significantly higher in the RYE] group (15.2% vs 7%, p < 0.05).
The bacterial class Fusobacteria (Fusobacteria) was significantly
higher in the RH group than in the control group (7% vs 5%,
p < 0.05). Moreover, compared with the control group, the
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Fig. 3 Relative abundances of phylum and classes across three groups. A, Relative abundances of phylum across total gastrectomy with Roux-en-Y
esophagojejunostomy (RYEJ) anastomosis, right hemicolectomy (RH), and control (C) groups. B, Relative abundances of classes across RYEJ, RH, and C

groups.
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Fig. 4 Known genera abundance reported by LDA effect size (LEfSe) in the bacterial community. A, Known genera reported by LEfSe in the bacterial community,
comparison between total gastrectomy with Roux-en-Y esophagojejunostomy (RYEJ) anastomosis and control (C) groups. B, Known genera reported by LEfSe

in the bacterial community, comparison between right hemicolectomy (RH) and C.

bacterial class Clostridia (Firmicutes) was significantly lower
in the RH group (23% vs 38%, p < 0.05). The bacterial class
Deltaproteobacteria (Proteobacteria) was significantly lower in
the RH group than in the control group (0.2% vs 0.8%, p < 0.05).

The LEfSe analysis identified a total of 11 known genera,
which were differentially abundant between the RYE] and con-
trol groups (Fig. 4A). Among the seven differentially abundant
genera in the RYE] group, Prevotella and Pyramidobacter repre-
sented the top two genera. There were 11 known genera in total,
which were differentially abundant between the RH and con-
trol groups (Fig. 4B). Among the five genera known to be more
abundant in the RH group, Bacteroides and Fusobacterium rep-
resented the top two genera. Interestingly, the ratio of Prevotella
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to Bacteroides (P/B) was significantly higher in the RYE] group
than in the control group (p < 0.05) (Fig. 5). On the other hand,
the P/B ratio was significantly lower in the RH group than in the
control group (p < 0.05) (Fig. 5).

4. DISCUSSION

To the best of our knowledge, no previous studies have explored
the long-term metabolic changes (at least 8.75 years on average) in
patients after upper and lower GI tract surgery. In our study, early
gastric cancer patients who had undergone total gastrectomy with
RYE] were found to have benefits on metabolic effects, includ-
ing lower BMI, lower serum total cholesterol, and TGs when
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Fig. 5 Prevotella to Bacteroides (P/B) ratio in the Roux-en-Y
esophagojejunostomy (RYEJ) anastomosis, right hemicolectomy (RH), and
control (C) groups. At the genus level, P/B ratio showed significantly higher in
the total gastrectomy with the RYEJ group and significantly lower in the RH
group when compared with the C group. The boxes (containing 50% of all
values) show the median (horizontal line across the middle of the box) and
the interquartile range, whereas the spots represent the 10th and the 90th
percentiles.

compared with the controls. In addition, RYE] patients had sig-
nificantly lower MS occurrence when compared with the controls.

The results were consistent with a recent systemic review and
meta-analysis conducted by Sheng et al,> which revealed evi-
dence that bariatric surgery provides benefits for the long-term
(=5 years) outcomes of diabetes remission, microvascular events,
and macrovascular events among type 2 DM patients compared
with no surgical treatment. Although MS occurrence was not
significantly higher in CRC patients after partial colectomy with
RH, we found metabolic changes including higher fasting serum
glucose and higher serum HbAlc. The results support the evi-
dence that concomitant hyperglycemia and hyperinsulinemia
(the key feature of MS) are the most consistent finding follow-
ing total colectomy.>*!* Moreover, in agreement with a previous
study, our results also imply that the proximal colon may play
an important role in the regulation of glucose metabolism.'

This is the first study in which 16S rRNA amplicon deep
sequencing was applied to investigate the effect of microbiota
status in patients after upper and lower GI surgery. In paral-
lel with the metabolic changes, including higher serum fasting
glucose and higher HbAc, the gut microbial diversity was sig-
nificantly lower in the RH group. Furthermore, in parallel with
the metabolic profile improvements, gut microbial diversity was
significantly higher in the RYE] group than in the RH group.

The relative abundances of the phylum Proteobacteria and
the class Gammaproteobacteria were significantly higher in the
RYE] group. The changes in gut microbiota compositions were
consistent with the changes induced by bariatric bypass, such as
Roux-en-Y gastric bypass (RYGB).'®!” Despite the different indi-
cations and gastric surgical modalities for different underlying
diseases, our results support the concept that local and global
metabolic effects arise after a shift toward Gammaproteobacteria
as a major component of the microbiota after RYGB.®
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The relative abundances of the phylum Firmicutes and the
class Clostridia were significantly lower in the RH group. This
result is consistent with Larsen’s study, which showed that the
proportions of Firmicutes and Clostridia were significantly
reduced in the type II diabetic group compared with the control
group.'” Fusobacteria are aerobic bacteria distributed in the oral
microbiota and can cause periodontal disease.?’

Minty et al*! showed that dysbiosis of oral microbiota com-
ponents, like the genera Fusobacterium, Porphyromonas, or
Prevotella, was associated with metabolic disorders. In the
present article, the phylum Fusobacteria, class Fusobacteria,
and genus Fusobacterium were significantly higher in sub-
jects with RH. Thus, we speculated that the Fusobacteria may
play an important role in metabolic control. This is consistent
with Sakalauskiene’s study, which showed that the presence
of Fusobacterium nucleatum was more frequent in a diabetic
group than in a healthy group.??

At the genus level, the relative abundances of Streptococcus
and Veillonella were significantly higher in the RYE]J group. In
agreement with a previous study, the possible mechanism might
be the increase of pH after total gastrectomy, which could make
the gastric barrier less stringent for oral microbiota such as
Streptococcus spp. and a few Veillonella spp.>* The LEfSe identi-
fied Prevotella as the most abundant genus in the RYE] group
and Bacteroides as the most abundant one in the RH group.
Interestingly, the P/B ratio was significantly higher in the RYE]
group and significantly lower in the RH group than in the con-
trol group. The P/B ratio is an important biomarker associated
with dietary weight loss.?*

It is known that the intestinal microbial communities are
resilient to change through dietary interventions*" unless there
are extreme changes such as anatomical rearrangements.?® Thus,
we speculated that the P/B ratio might be altered after upper and
lower GI surgery and further resulted in the subsequent meta-
bolic changes in our study. Kovatcheva-Datchary et al* also
found that the improvements in post-prandial blood glucose
and insulin after dietary fiber intake were positively associated
with the abundance of Prevotella. Therefore, future diet-based
intervention studies could be done with the aim of changing gut
microbiota characteristics such as the P/B ratio to gain health
benefits in glucose control after RH.

This study has several limitations. First, the sample size was
limited. Second, in the cross-sectional study, we did not have
metabolic and microbiota data from before and after upper GI/
LGI surgery for comparison. As a result, we cannot clearly dis-
tinguish the status of metabolic and microbiota profiles caused
by upper GI/LGI surgery. However, our team is currently con-
ducting a prospective longitudinal study with data from before
and after upper GI/LGI surgery associated with gut microbiota,
genomic, proteomic, and metabolomic data. Third, we did not
have data about gut hormones such as glucagon-like peptide 1,
metatranscriptomic data, and metabolomic short chain fatty acid
measurements,’’ which may play important roles in the changes
of metabolic profiles in patients who have undergone upper GI/
LGI surgery. Fourth, the gut microbial community would be
sensitive to environmental factors including lifestyles and diet.
Although our study subjects were matched in terms of age, gen-
der, and follow-up time, some phenotype differences were still
unobservable. Fifth, we did not correlate the composition of the
gut microbiota with the clinical parameters after upper GI/LGI
surgery. As a result, it is still infeasible at this moment to draw
any conclusions about the causal relationships of gut microbi-
ota and the metabolic profiles after upper and lower GI surgery.
Finally, patients with recurrent gastric cancer and CRC usually
receive further therapy, such as chemotherapy, which can change
the gut microbiota. The aim of our study was to compare long-
term effects of metabolic profiles and microbiota status after
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upper GI surgery and lower GI surgery to controls rather than
patients with or without tumor recurrence or between stable
and deteriorated metabolic profiles.

In conclusion, early gastric cancer patients had a lower occur-
rence of MS after total gastrectomy with RYE] than the controls
during long-term follow-up. Early CRC patients who underwent
RH were associated with higher serum fasting glucose than
the controls during long-term follow-up. In parallel with the
metabolic differences, gut microbial diversity also significantly
decreased after partial colectomy with RH. Future direct experi-
mental studies (e.g., animal model studies) or fecal microbiota
transplantation studies are needed to show the causal effect of
microbiota on the metabolic regulation and expand our knowl-
edge on the different roles of proximal and distal gut microbiota
in metabolic control.
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