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Abstract

Aim: To explore how bariatric surgery (BS) modified the obesity-associated gut

microbiome, the host metabolome, and their interactions in obese Korean patients.

Materials and Methods: Stool and fasting blood samples were obtained before and

1, 3, 6, and 12 months after BS from 52 patients enrolled in the Korean Obesity Sur-

gical Treatment Study. We analysed the gut microbiome by 16S rRNA gene sequenc-

ing and the serum metabolome, including bile acids, by nuclear magnetic resonance

spectroscopy and ultrahigh-performance liquid chromatography/triple quadrupole

mass spectrometry.

Results: Stool metagenomics showed that 27 microbiota were enriched and 14 micro-

biota were reduced after BS, whereas the abundances and diversity of observed features

were increased. The levels of branched-chain amino acids and metabolites of energy

metabolism in serum were decreased after surgery, whereas the levels of metabolites

related to microbial metabolism, including dimethyl sulphone, glycine, and secondary bile

acids, were increased in the serum samples. In addition, we found notable mutual associ-

ations among metabolites and gut microbiome changes attributed to BS.

Conclusions: Changes in the gut microbiome community and systemic levels of

amino acids and sugars were directly derived from anatomical changes in the gastro-

intestinal tract after BS. We hypothesized that the observed increases in

microbiome-related serum metabolites were a result of complex and indirect changes

derived from BS. Ethnic-specific environmental or genetic factors could affect

Korean-specific postmetabolic modification in obese patients who undergo BS.
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1 | INTRODUCTION

Obesity has been a worldwide problem for a long time and is treated

as a pivotal risk factor for metabolic diseases such as diabetes, hyper-

tension, dyslipidaemia, and cardiovascular diseases.1 Several interven-

tions, including diet control, exercise, and drug treatment, have been

used to improve obesity, but these interventions are known to be of

little help and not sustainable over the long term.2 By contrast, bariat-

ric surgery (BS) has been considered one of the most effective treat-

ments to improve obesity and its complications.3

BS has been reported to modulate the gut microbiota, which is

a major environmental factor influencing host metabolism in obe-

sity. For this reason, several studies have attempted to explore the

impact of BS on alterations in the gut microbiome,4 host metabo-

lism, and their associations.5 Ilhan et al. investigated the correla-

tions between gut microbiota and stool metabolites, including

amino acid fermentation and degradation products, branched-

chain fatty acids, and secondary bile acids (BAs), after gastric

bypass surgery.6

Although the stool metabolome is directly linked to the gut

microbiome compared to the circulating metabolome, the circulating

metabolome reflects systemic metabolism related to pathological

metabolic disorders and improvements in host metabolism attrib-

uted to a differential microbiome after BS.7 In recent years, there

have been ongoing efforts to understand the correlations between

host serum or plasma metabolites and the gut microbiota. For

instance, associations between gut microbial species and serum

metabolites in obese Han Chinese individuals have been reported to

differ from those in their lean counterparts.8 Additionally, a previous

study reported that the gut microbiome partially mediated circulat-

ing metabolic improvement after BS in American and Spanish

patients.9

However, studies on the associations between the microbiome

and various circulating metabolites through global profiling in BS are

still lacking, especially for Korean obese patients. Although the tradi-

tional East Asian diet is largely composed of carbohydrate sources,

relative fat consumption compared with total energy consumption

rose rapidly in Korea from 7.2% in 1969 to 19.0% in 1998.10 How-

ever, the low prevalence of obesity in Korea among Organisation for

Economic Cooperation and Development countries could still be

attributed to an ethnic-specific lifestyle and diet pattern characterized

by a carbohydrate-rich and animal protein-poor diet.11 Furthermore,

the Korean diet differs in its impact on the gut microbiome and host

metabolism compared with Western or other Asian diets.12 Thus, to

appreciate BS-associated Korean-specific responses, it is necessary to

evaluate metabolic and microbial changes in Korean individuals

after BS.

Here, we aimed to identify alterations in the gut microbiome and

a wide range of systemic metabolomes, including circulating metabo-

lites and BAs, following BS in an obese Korean population; also, the

notable associations between the altered gut microbiota and serum

metabolites were identified through the integration of metagenomic

and metabolomic approaches.

2 | SUBJECTS AND METHODS

2.1 | Study population

The population of the current study was a part of the BS group

enrolled in the Korean Obesity Surgical Treatment Study (KOBESS),13

a prospective, multicentre, single-arm, observational cohort study of

obese Korean patients. KOBESS was performed at five university hos-

pitals from August 2016 to April 2019. Obese patients were eligible if

they had a body mass index (BMI) of 35 kg/m2 or higher or a BMI of

30.0-34.9 kg/m2 with obesity-related co-morbidities, such as diabe-

tes, hypertension, or hyperlipidaemia. The patients underwent Roux-

en-Y gastric bypass (RYGB) or sleeve gastrectomy (SG) based on their

medical condition, including the risk of gastric cancer, reflux esophagi-

tis, and mental health status, as determined by interviews with investi-

gators. Twenty-two patients underwent RYGB, and 30 patients

underwent SG. The nutritional status of each patient was assessed by

professional dieticians before the surgery and monitored on follow-up

visits after the surgery. The patients were asked to record their daily

food intake, based upon which they were advised to adjust eating

habits and diet to adapt to the new gastrointestinal physiology. Nutri-

tional deficits, such as vitamin B12 deficiencies, were also monitored

and managed by professional dieticians. Anthropometric data (height,

sex, age, weight, and systolic and diastolic blood pressures) and stool

and fasting blood samples were obtained before and 1, 3, 6, and

12 months after the surgery from the eligible patients (N = 52). The

difference in clinical outcomes between individuals who underwent

two distinct operations was not detected in the KOBESS research.14

Interindividual variations in metabolomics data related to meals or

physical health are generally acknowledged.15 For this reason, we also

collected serum samples from each patient after they had fasted.

Unfortunately, only a portion of the subjects had linked faeces and

serum samples. Stool samples were collected from 31 patients, serum sam-

ples were collected from 38 patients, and both stool and serum samples

were collected from 17 patients and were further used for the correlation

analysis. This study was registered at ClinicalTrials.gov (NCT03100292) and

approved by the Institutional Review Board of each centre (Approval num-

ber for the coordinating investigator: INHA 2016-06-015).

2.2 | Metagenomic analysis

The quality of the raw sequence reads was analysed using FastQC.16

Illumina adapter sequences of the paired-end reads were removed

using Cutadapt version 2.2.17 Then the trimmed sequences were

processed using the QIIME 2 202.8 release.

2.3 | Global profiling analysis by nuclear magnetic
resonance

For nuclear magnetic resonance (NMR) analysis, 130 μl of serum sam-

ple was diluted with 500 μl of saline solution (0.9% sodium chloride in
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deuterium oxide) and transferred to 5-mm NMR tubes. 1H-NMR

spectra of sera were acquired by an Advance III HD 800 MHz NMR

spectrometer (Bruker BioSpin, Ettlingen, Germany) with a Bruker

5-mm CPTCI Z-GRD probe. For all spectra of each serum, 256 tran-

sients were collected using a water-suppressed Carr–Purcell–

Meiboom–Gill spin-echo pulse sequence. The internal reference was

trimethylsilylpropanoic acid, and the experimental methodology

followed that of earlier studies.18

2.4 | BA targeted analysis

For BA analysis using ultrahigh-performance liquid chromatography/

triple quadrupole mass spectrometry (UPLC/TQ-MS), 20 μl of serum

sample was extracted using 80 μl of methanol in a 96-well plate, and

50 μl of supernatant was diluted with 50 μl of 20% methanol (v/v)

containing 40 nM internal standard mixture. Targeted analysis of

serum BAs was performed on a Waters ACQUITY UPLC I-Class PLUS

and a Xevo TQ-XS Triple Quadrupole MS system (Waters) in multiple

reaction monitoring modes.

2.5 | Integration of microbiome and
metabolomics data

Partial correlation analysis was carried out to evaluate the relationship

between changes in metabolites and the microbiome using SPSS soft-

ware, version 15.0. The measured values for each metabolite and the

microbiota were adjusted by individual age and sex. We only evalu-

ated invariant and intrinsic traits as possible confounding factors

because some variables closely connected or associated with obesity

could be the result of the surgical operation. Additionally, because

correlation coefficient-based network analysis of microbiome analysis

frequently uses relative levels of species or optional taxonomic units,

our delta changes in relative abundances of the microbiome could be

useful in our study.19,20 Although the delta change might be a result

of an increase in taxa or the extinction of other microorganisms, this

delta change in relative intensity was employed in another article,21

and our results help to clarify our understanding of surgical microbiota

influences. Network analysis of the data obtained from correlation

analysis was performed by measuring stress centrality using Cyto-

scape v. 3.8.0. All data are expressed as the median and interquartile

range and considered statistically significant at P less than .05.

3 | RESULTS

3.1 | General characteristics

Among the 52 patients in our study, metagenomics profiles from the

stool samples of 31 participants (group 1), metabolomics profiles from

the serum samples of 38 participants (group 2), and both profiles from

the paired stool and serum samples of 17 participants, were obtained.

The clinical characteristics of the participants before and 6 months

after BS were also compared (Tables S1 and S2). We could not find

heterogeneity in clinical characteristics between group 1 and group

2. BMIs in group 1 and group 2 significantly decreased after BS from

36.5 to 29.2 kg/m2 (P = .01) and from 37.8 to 27.0 kg/m2 (P < .01),

respectively. We also observed notable improvements in lipid profiles

(total cholesterol, triglyceride, HDL cholesterol, and LDL cholesterol

levels) and markers of liver functions (aspartate transaminase, alanine

aminotransferase, alkaline phosphatase, and γ-glutamyl tran-

speptidase levels) from measurements at 6 months postsurgery. Addi-

tionally, blood glucose levels in group 1 and group 2 dropped to

normal levels (< 100 mg/dl), and most of them became lower than the

cut-off criteria for impaired fasting glucose, a type of prediabetes

defined as fasting glucose levels between 100 and 125 mg/dl

according to the 2019 treatment guideline for diabetes from the

Korean Diabetes Association.22

3.2 | Gut microbiome diversity

To confirm how BS converts the gut microbiome from a pro-obesity

environment to an antiobesity environment, we performed 16S RNA

sequencing. First, we analysed the alpha diversity and beta diversity

among the microbiome in the stool samples of obese patients col-

lected before the surgery and the stool samples of obese patients 1,

3, 6 and 12 months after surgery. We identified the differential diver-

sity among the groups (P = .054), and the abundances of the observed

features tended to increase after BS compared with before surgery

(Figure S1A), whereas evenness showed a jagged tendency after sur-

gery (P = .69) (Figure S1B). The Shannon index was similar among all

time points (P = .52) (Figure S1C). The intercomparison of microbial

composition through beta diversity using two distance measures,

Bray–Curtis and weighted Uni-Frac, showed significantly diverse

microbial compositions dependent on BS (P = .003 for both distances)

(Figure S1D).

3.3 | Changed microbial components after BS

We used MaAsLin2 to run a comparative study to determine which

microbiomes were more numerous at different time intervals. Only

two species were substantially more common at 1 month after sur-

gery than at the other time points (3, 6, and 12 months after surgery),

whereas additional multiple comparisons among all the time points

revealed no significant differences in microbiome abundance (data not

shown). This result suggests that in this research, surgery-induced

microbial changes were maintained within 1 year after the surgery.

Additionally, in linear mixed model analysis to find time-specific

microbiota changes, when we assigned the PREOP (preoperation) as

the reference of the factor variable ‘timepoint’, there was a similar

microbiota profile after the surgery. However, if we assigned 12MO

(12 months after surgery) as the reference for the analysis, then

PREOP and 1MO (1 month after surgery) had distinct patterns when
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compared with the other time points (Figure S2). Because the recu-

peration time following surgery is typically 2 weeks to 1 month,23 the

results from the first month may be influenced by pathological surgical

wounds. As a result of our mixed model results, we anticipated that

the microbiome alteration observed 3 months after surgery would be

maintained for 12 months. Additionally, we conducted linear discrimi-

nant analysis to identify differentially abundant bacterial taxa before

and 1, 3, 6 and 12 months after BS (Extended data 1).

For this reason, the single time point we chose, 6 months after

the surgery, could represent the microbiota changes attributed to

BS. This result implies that the surgically induced microbial alterations

in this study were maintained 1 year after the surgery. As a result, the

single time point we chose, 6 months after surgery, may indicate

microbiome changes related to BS. We performed a paired compari-

son of the microbiome obtained at different time points to further

establish the differential abundance changes in our microbiome data

(at 1, 3, and 12 months after BS). As a result, we discovered the

following common list of differential microbiota between before sur-

gery and 6 months after surgery versus the other three time points

(1, 3, and 12 months after surgery): 1 month (23/27, 85%), 3 months

(24/28, 85.7%), and 12 months (22/24, 91.7%), where (the number of

simultaneously identified differential microbiomes from the analysis

based on each time point were compared with the 6 months after the

surgery/differentially abundant microbiome at each time point, per-

centage %) (Extended data 2).

Specifically, we investigated the microbiome in stool samples

before surgery versus 6 months after surgery, the postoperative time

point at which the serum samples were analysed for metabolic profil-

ing and multiomics data integration. When we compared these two

representative time points, the abundances of the observed features

significantly increased after BS (P = .009) (Figure 1A, middle). Simi-

larly, although not significant (P = .12), the Shannon index for patients

6 months after surgery tended to increase compared with that for

patients before surgery (Figure 1A, right). Beta diversity between

carF-inUdethgieWBray–Curtis distance
(B)

Axis 2 (15.17%)

Axis 1 (15.45%) Axis 1 (24.32%)
Axis 3 (10.52%)Axis 3 (6.915%)

Before After (6mo)

P = .001 P = .001
Axis 2 (9.059%)

Evenness Observed species Shannon index
P = .0027 P = .12P = .78

(A)

Before After (6mo)

F IGURE 1 Changes in gut microbiome diversity. A, Boxplot of alpha diversity in patients before surgery and 6 months after surgery by
evenness, observed features, and Shannon index. The grey dashed lines indicate the pairs connecting subjects before and after surgery. B, The
beta diversity in patients before surgery and 6 months after surgery was compared by Bray–Curtis distance and weighted Uni-Frac. The
significances of alpha and beta diversity were calculated using the Wilcoxon signed-rank test and PERMANOVA with 999 permutations,
respectively
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Coefficients

0 2 4–2–4

Before After (6 mo)

Microbiome
g__Lactobacillus s__ruminis

g__Prevotella s__copri
f__Prevotellaceae g__Prevotella

f__Turicibacteraceae g__Turicibacter
g__Bifidobacterium s__adolescentis

g__Roseburia s__faecis
f__Bifidobacteriaceae g__Bifidobacterium

f__Lachnospiraceae g__Roseburia
g__Gemmiger s__formicilis

f__Ruminococcaceae g__Gemmiger
k__Bacteria p__Actinobacteria

g__Dorea s__longicatena
g__Bifidobacterium s__longum
f__Lachnospiraceae g__Blautia

g__Streptococcus s__anginosus
g__Rothia s__dentocariosa

k__Bacteria p__Proteobacteria
f__Eubacteriaceae g__Anaerofustis

f__Coriobacteriaceae g__Atopobium
g__Streptococcus s__infantis

f__Actinomycetaceae g__Actinomyces
f__Bifidobacteriaceae g__Alloscardovia

f__Enterobacteriaceae g__Klebsiella
f__Ruminococcaceae g__Ruminococcus
f__Carnobacteriaceae g__Granulicatella

f__Ruminococcaceae g__Oscillospira
f__Micrococcaceae g__Rothia

f__Streptococcaceae g__Streptococcus
g__Rothia s__mucilaginosa

g__Clostridium s__perfringens
g__Lactonifactor s__longoviformis

f__Lachnospiraceae g__Lactonifactor
f__Rikenellaceae g__Alistipes

g__Akkermansia s__muciniphila
f__Verrucomicrobiaceae g__Akkermansia

k__Bacteria p__Verrucomicrobia
f__[Mogibacteriaceae] g__Mogibacterium
f__Fusobacteriaceae g__Fusobacterium

f__Enterobacteriaceae g__Serratia
k__Bacteria p__Fusobacteria

f__Enterobacteriaceae g__Citrobacter

*
**
**

*
*
**
***

*
*
*

***
*
**

*
**
*
**
*
*
*
**
*
*
*
*
***
***
****

***

**
*

**
*

**
**
**

*
**
*

**
*

Log10 (fold change)
–2 0 2

(B)

(A)
g__Akkermansia s__muciniphila
k__Bacteria p__Verrucomicrobia

f__Verrucomicrobiaceae g__Akkermansia
f__Micrococcaceae g__Rothia

f__Ruminococcaceae g__Oscillospira
g__Rothia s__mucilaginosa

g__Streptococcus s__anginosus
f__Streptococcaceae g__Streptococcus

f__Enterobacteriaceae g__Klebsiella
k__Bacteria p__Proteobacteria

k__Bacteria p__Fusobacteria
g__Clostridium s__perfringens
g__Streptococcus s__infantis

g__Rothia s__dentocariosa
g__Bifidobacterium s__longum
g__Lactobacillus s__ruminis
f__Bifidobacteriaceae g__Bifidobacterium
f__Turicibacteraceae g__Turicibacter
g__Roseburia s__faecis
g__Bifidobacterium s__adolescentis
g__Prevotella s__copri
f__Prevotellaceae g__Prevotella

F IGURE 2 Change in abundances of the gut microbiota after bariatric surgery. A, Result of MaAsLin2 between before and after surgery
(6 months) with confounding factors (age, sex, type of surgery, and participant's identifier) at the species level. The x-axis indicates the
coefficients of each time point with the microbiome (jcoefficientsj > 1.5). Microbiomes with false discovery rate (FDR) < 0.25 are shown. B, Fold
changes in the relative abundances of the gut microbiota in patients 6 months after surgery compared with before surgery. Statistical significance
levels were determined by the Wilcoxon signed-rank test. *, **, ***, and **** indicate P < .05, P < .01, P < .001, and P < .0001, respectively. f,
family; g, genus; k, kingdom; p, phylum; s, species
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these two representative groups was again estimated by Bray–Curtis

distance and weighted UniFrac distance. These analyses showed that

the microbiome community between patients before surgery and

patients 6 months after surgery was significantly different (P = .001

for both distances) (Figure 1B). Interestingly, the observed features

were increased after surgery despite limited gut environments

because of surgery, whereas evenness was decreased. This observa-

tion suggests that gastric acid, which was reduced because of BS,

could orchestrate the balance of the microbiome of patients. Addi-

tionally, because an acidic pH prevents a specific microbiome from

propagating in the gut, the microbiome community could lose its

heterogeneity.

To investigate how the gut microbiome changed after the sur-

gery, we observed the relative abundance of the gut microbiome at

the phylum, genus, and species levels (Figure S3). MaAsLin2 analysis

revealed that the gut microbiomes of patients before surgery differed

from those after surgery (Figure 2; Figure S4). First, at the phylum

level, Fusobacteria, Proteobacteria, and Verrucomicrobia were the

most increased phyla in stools after surgery; Streptococcus,

Oscillospira, and Akkermansia were increased, whereas Bifidobacterium,

Turicibacter, and Prevotella were decreased after surgery at the genus

level.

Collectively, these results indicated that the increased abun-

dances of species, including Akkermansia muciniphila and Rothia

mucilaginosa, after BS could have an antiobesity effect, whereas the

decreased abundances of species, including Prevotella copri, Roseburia

faecis, and Bifidobacterium longum, after BS could aggravate obesity.

3.4 | NMR-based global metabolomic profiling

Because the metagenomics analysis showed no significant differences

among samples at any time point after surgery (Figure S1), we used

6 months as a representative postsurgery time point for our

metabolomic profiling analysis using NMR spectroscopy. Forty-three

serum metabolites, including amino acids, organic acids, carbohy-

drates, and short-chain fatty acids, were identified, and the concentra-

tions of 38 metabolites were estimated (Table S4).

We employed multivariate statistical analysis to compare metabo-

lites measured before and after BS. Significant metabolic changes

after surgery were confirmed by principal component analysis (PCA)

and partial least squares discriminant analysis (PLS-DA) (Figure S5A;

Figure 3A). Metabolites, including valine, glycine, tyrosine, leucine, iso-

leucine, dimethyl sulphone (DMSO2), O-acetylcholine, glucose, lysine,

glutamine, glutamate, mannose, choline, alanine, glycerol, and lactate,

were significantly changed after surgery in the PLS-DA model (vari-

able importance in the projection score > 1) (Figure 3B); their residing

pathways were identified as differential metabolic pathways using

MetaboAnalyst (Figure S5B).

Among 38 quantified serum metabolites, the concentrations of

15 metabolites were significantly changed after surgery based on the

Wilcoxon signed-rank test (Figure 4; Table S4). After surgery, the con-

centrations of creatine and glutamine related to amino acid metabo-

lism were significantly altered. The levels of metabolites classified as

branched-chain amino acids (BCAAs) or aromatic amino acids (AAAs),

such as isoleucine, leucine, valine, and tyrosine, were significantly

decreased after surgery compared with before surgery; similarly, the

levels of metabolites related to energy metabolism, such as alanine,

glucose, glutamate, lactate, and mannose, were significantly

decreased. Interestingly, BCAAs, glucose, and mannose were posi-

tively correlated with total cholesterol, LDL cholesterol, and triglycer-

ides, which are clinical indicators associated with lipid metabolism

(Figure S6). Additionally, DMSO2 and glycine metabolites that are

related to gut microbial metabolism were remarkably increased after

surgery and indicated the changes in the gut microbiome community

after surgery. In addition, we observed notable changes in lipid

F IGURE 3 Multivariate statistical analyses of nuclear magnetic resonance (NMR) profiling data. A, Partial least squares discriminant analysis
(PLS-DA) score plot of serum metabolite concentrations obtained from 1H-NMR spectra reveals a separation before and 6 months after surgery
(R2X = 27.5%, R2Y = 60.3%, Q2 = 40.9%). B, The variable importance in the projection (VIP) plot shows the metabolites influencing the classification
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metabolites. For instance, the concentration of glycerol was signifi-

cantly decreased, whereas that of O-acetylcholine was increased after

surgery (Figure 4). Collectively, our results showed that BS caused a

significant decrease in the major metabolites involved in BCAA, AAA,

and energy metabolism and an increase in microbial-related metabo-

lites such as DMSO2 and glycine.

F IGURE 5 Quantification of serum bile acids (BAs) using ultrahigh-performance liquid chromatography/triple quadrupole mass
spectrometry. A, Total, primary, and secondary BA concentrations before and 6 months after surgery. B, Relative fold changes in BA
concentrations 6 months after surgery compared with before surgery. A fold change > 1 indicates that the BA is increased after surgery (Cafter/
Cbefore), and fold changes from the metabolite decreased after surgery are represented as –Cbefore/Cafter. Statistical significance levels were
determined by the Wilcoxon signed-rank test. *, and ** indicate P < .05, and P < .01, respectively. CA, cholic acid; CDCA, chenodeoxycholic acid;
DCA, deoxycholic acid; GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid; GDCA, glycodeoxycholic acid; GLCA, glycolithocholic acid;
GUDCA, glycoursodeoxycholic acid; LCA, lithocholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic

acid; TLCA, taurolithocholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid

F IGURE 4 Relative fold changes in the concentrations of serum metabolites 6 months after surgery compared with before surgery.
Significant alterations in branched-chain amino acid (BCAA) and aromatic amino acid (AAA), energy, and microbial-related metabolism were
observed. The vertical axis represents the ratio of metabolic change; a fold change > 1 indicates that the metabolite is increased after surgery
(Cafter/Cbefore), and fold changes from the metabolite decreased after surgery are represented as –Cbefore/Cafter. Statistical significance levels were
determined by the Wilcoxon signed-rank test. *, **, and *** indicate P < .05, P < .01, and P < .001, respectively
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3.5 | UPLC/TQ-MS–based BA analysis

The levels of serum BAs were separately quantified via targeted anal-

ysis using UPLC/TQ-MS. A total of 15 circulating BAs, including six

primary and nine secondary BAs, were quantified (Table S5). Less than

30% of coefficient of variables (CVs) from the QC samples indicated

the sufficient reproducibility of our experiment. Moreover, because

the linear correlation coefficients (R2) of the calibration curves for

each BA were 0.99 or higher, we could obtain reliable quantities (-

Table S3). The total BA concentrations tended to increase after sur-

gery compared with before surgery; however, they mainly came from

increased concentrations of secondary BAs (P < .05) and not primary

BAs (Figure 5A). In particular, secondary BAs such as glycodeoxycholic

acid (GDCA), taurodeoxycholic acid (TDCA), lithocholic acid (LCA),

glycolithocholic acid (GLCA), and taurolithocholic acid (TLCA) signifi-

cantly increased after surgery, while primary BAs did not show any

significant changes (Figure 5B).

3.6 | Integration of the stool microbiome and
serum metabolome

We performed partial correlation analysis while adjusting individual

age and sex to evaluate the associations between the changes in gut

microbial abundances and those in metabolite concentrations after BS

(Figure S7A, Table S6). We identified many metabolites highly corre-

lated with alterations in the gut microbiome, such as the Firmicutes,

Actinobacteria, Proteobacteria, Bacteroidetes, and Fusobacteria phyla.

For the BAs, each subtype was differentially correlated with the

gut microbiota. There was a negative association between GDCA and

Ros. faecis. TDCA was positively correlated with Gemmiger and

Gemmiger formicili and negatively correlated with Mogibacterium,

Fusobacterium, and Streptococcus anginosus. LCA was positively corre-

lated with St. anginosus and negatively correlated with Granulicatella,

Prevotella, and P. copri. GLCA had positive relationships with Alistipes

and Turicibacter, but TLCA had strong negative relationships with

Roseburia and Ros. faecis. Interestingly, BCAAs (isoleucine, leucine, and

valine) and glucose had strong positive correlations in common with

Roseburia and Ros. faecis. BCAAs also had positive correlations with

Dorea longicatena. By contrast, isoleucine, leucine, and glucose were

negatively correlated with Granulicatella.

Alanine and glutamate, which are related to energy metabolism,

showed negative associations with Blautia and Lactobacillus

ruminis, respectively. Lactate had positive linear relationships with

Granulicatella, Rothia, and Rot. mucilaginosa and a negative relationship

with L. ruminis. Mannose was positively correlated with St. anginosus

but negatively correlated with Granulicatella and Turicibacter. The

changes in glycine and DMSO2, metabolites related to microbial

metabolism, were associated with various gut microbiota. Glycine had

positive correlations with Actinobacteria and Bifidobacterium and neg-

ative correlations with Actinomyces, Rothia, Streptococcus, Atopobium,

Blautia, Rothia dentocariosa, Salmonella infantis, and St. anginosus.

DMSO2 showed strong positive correlations with Granulicatella,

Actinomyces, Rothia, Rot. dentocariosa, Rot. mucilaginosa, and Sa.

infantis. Among the metabolites pertinent to the amino acid metabo-

lism pathway, creatine was negatively correlated with Clostridium per-

fringens and B. longum, and glutamine was negatively correlated with

Blautia and St. anginosus. In addition, glycerol was negatively related

to Blautia. O-acetylcholine was positively related to Citrobacter,

Serratia, Roseburia, D. longicatena, and Ros. faecis but negatively

related to Proteobacteria.

Although we identified a large number of significant associations,

we aimed to identify key factors among them. To address this issue,

we visualized our data through a correlation coefficient network and

quantified the stress centrality measures of each node, which repre-

sents either the metabolite or the microbiome. The number of

shortest paths flowing through a node is known as stress centrality,

and it can be used as a proxy indicator of importance.24 In this net-

work analysis, we identified several key factors, such as glycine, man-

nose, LCA, TDCA, glucose, Granulicatella, Fusobacterium, St. anginosus,

and B. infantis (Figure S7B).

4 | DISCUSSION

There is a scarcity of multiomics studies to observe perturbations cau-

sed by surgical intervention on the gut microbiome and the host

metabolome for the same individuals. In this study, we explored the

distinct features of the intestinal microbiome, host metabolism, and

their association attributed to BS. The composition of the microbiome

is highly affected by ethnic-dependent factors, such as the environ-

ment, culture, and diet.25 For this reason, because diverse alterations

in the microbiome could be observed depending on the study model

of different ethnicities, it is plausible to find differential changes in gut

microbiota from Korean participants compared with previous studies

recruiting participants of other ethnicities, even if the same BS was

performed on patients. In fact, looking at the metabolite and micro-

biome data of Chinese patients who underwent the same surgery, the

metabolites changed similarly to those of Korean patients, but the gut

microbiota was significantly different, even although both populations

were of Asian descent.8 It is also known that an altered microbiome

influences host metabolism through the regulation of protein

degradation, amino acid fermentation, and BA composition.26-29

Microbe–microbe interactions play a crucial role in secondary BA bio-

synthesis.30 Therefore, studies on the mutual regulation of changes in

the gut microbiome and host metabolism after BS enable us to

improve obesity management. However, there have been few

attempts to clarify the relationships between the changes in the intes-

tinal bacterial community and host metabolome after BS.

Intriguingly, we found that only secondary BAs (GDCA, TDCA,

LCA, GLCA, and TLCA), which are metabolized by gut microbiota,31

were significantly increased in serum after BS. The concentration of

total BA, including primary and secondary BAs together, was often

increased after BS.32,33 However, in our research, the primary BA con-

centration did not change. Considering that the gut microbiome can

produce secondary BAs, this finding cautiously suggests that
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increased secondary BAs in blood could be affected by enriched gut

microbiota after BS, such as Granulicatella, Alistipes, Mogibacterium,

Fusobacterium, and St. anginosus. In colonic epithelial cells, high sec-

ondary BA concentrations cause the formation of reactive oxygen

species, which cause cell membrane rupture.34 DCA levels were found

to be significantly greater in the serum of patients with colorectal

adenomas,35 while DCA levels were found to be higher in the

unconjugated fraction, which was obtained directly from the colon, in

the serum of colorectal adenoma patients.36

Interestingly, the elevation of GLCA was positively correlated

with Alistipes, which was enriched in lean individuals.37 In addition, we

found a correlation between the increase in LCA and Granulicatella, a

microbiota known to be enriched in stool and mucosa after RYGB.6

LCA is known to act as an anti-inflammatory agent in the colon and is

negatively correlated with Prevotella, and intriguingly, an included spe-

cies, P. copri, was reported to increase inflammation.38,39 Collectively,

these results suggest how the microbiome altered by BS could affect

the metabolism of the host, such as through changes in inflammation;

our study shows that after BS in the gut, the changes in BAs and

microbiota could mutually influence each other and further modulate

the circulating BA profile in host blood.

After BS, we found a significant increase in serum DMSO2,

which can be produced in part from methanethiol.40 Colonic bacte-

ria can convert methionine to methanethiol, a highly reactive mole-

cule that is then transformed to dimethyl sulphoxide (DMSO) and

then to DMSO2. Although there have been reports of dimethyl

sulphoxide-related adverse responses in humans,41 the potential

impact of DMSO2 on humans is mainly unknown. However, because

the amount of DMSO is proportional to the amount of DMSO2,

DMSO2 may have a beneficial or negative effect on humans. An

increase in DMSO2 after BS was reported once in a previous study,

but its relevance to the gut microbiota has not been reported.42 In

our results, a remarkably elevated DMSO2 concentration was

accompanied by increased abundances of Granulicatella, Actinomy-

ces, Rothia, Sa. infantis, Rot. dentocariosa, and Rot. mucilaginosa. Rot-

hia mucilaginosa was observed to be enriched in lean African

individuals,43 while it was abundant in obese Japanese individuals,44

which supports the idea that the same microbiota can show differ-

ential alterations according to host ethnicity. Interestingly, DMSO2

had strong positive correlations with the microbiota classified as

Actinobacteria, including Actinomyces and Rothia spp. Thus, the

increased DMSO2 concentration in this study may reflect authentic

changes in the gut microbiome of Korean patients after

BS. Although whether the gut microbiota can affect the systemic

level of DMSO2 has not yet been identified, our findings suggest

the possibility that the concentration of circulating DMSO2 might

be affected by the gut microbiota. More advanced interpretations

regarding the relationship between DMSO2 and gut microbiota

could be provided from further research.

A remarkable increase in serum glycine concentration was also

observed after BS, consistent with previous research.45 An elevation

in glycine concentration can have an antiobesity effect,46,47 while sys-

temic glycine deficiency has been consistently reported in obesity.48

Alves et al. showed that host glycine metabolism was regulated by the

gut microbiota and that gut microbiota dysbiosis may play an impor-

tant role in reducing glycine availability in obesity-related metabo-

lism.48 We found that glycine had correlations with microbiota,

including Streptococcus spp., Blautia, Actinomyces, Rothia spp.,

Bifidobacterium, and Atopobium. In particular, increased glycine had a

strong positive correlation with decreased Actinobacteria and

Bifidobacterium, which are microbiota associated with obesity.49,50

Interestingly, Blautia is a microbial genus that is altered in response to

a Korean diet rather than a Western diet12; therefore, the increase in

Blautia after BS may be attributed to the diet behaviours of Korean

patients. These observations potentially suggest that increased serum

glycine concentration after BS may have been affected by obesity-

associated gut microbiota, and thus, the alterations in circulating gly-

cine concentration may reflect the changes in the intestinal environ-

ment specifically in obese Korean patients.

In the current study, serum BCAA concentrations were significantly

decreased after BS. BCAAs are known to be elevated in obese

patients42,51 and reduced after BS42,45 in many previous studies. Notably,

we observed that the reductions in BCAAs and glucose were accompa-

nied by decreased abundances of Roseburia, Ros. faecis, and

D. longicatena, which are all classified in the Firmicutes phylum reported

to be present in high abundance in obese individuals.49,52 Surprisingly,

the identified Roseburia genus, including the species Ros. faecis, has genes

related to BCAA biosynthesis in its genome, such as SerA and SerB, and

for this reason these microbiota are positively involved in BCAA synthe-

sis.53 Additionally, Roseburia was associated with glucose metabolism

and possesses genes residing in the carbohydrate metabolism pathway.

This study provides insights into the inter-related changes in host

metabolism and the intestinal environment following BS via a wide

range of serum metabolome and gut microbiome profiles in obese

individuals who underwent BS. There were some limitations as fol-

lows: because a comparatively small number of subjects (17 matched

participants) were included in the correlation analysis, our results may

not be universally reflective. Further experiments are needed to verify

the correlation between serum metabolites and gut microbiota in our

findings. Additionally, although Lactobacillus is one of the known

microbes related to obesity, in our data, the abundance was decreased

6 months after surgery. However, its role in obesity is different by

species, as Lactobacillus reuteri is associated with obesity, whereas

Lactobacillus rhamnosus contributes to weight loss. Further study

would clarify species-specific effects on obesity.54,55 In the future,

whole-genome shotgun analysis can be used to differentiate micro-

biota at the strain level. Nevertheless, notably, this study produced an

integrated omics dataset from the same individuals to reveal meta-

bolic changes attributed to BS. Furthermore, to the best of our knowl-

edge, our research is the first multiomics study to investigate this

subject in a Korean population. Our findings support previous reports

on the relationship between the gut microbiota and host metabolome

attributed to BS and simultaneously suggest new research hypothe-

ses; additionally, this study extends our knowledge of the potential

perspectives related to obesity interventions that target the gut

microbiota.
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