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Roux-en-Y gastric bypass-induced bacterial
perturbation contributes to altered host-
bacterial co-metabolic phenotype
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Paula Momo Cabrera1, Matthew R. Lewis3, Ara Darzi2, Edward Lin4, Nana Adwoa Gletsu-Miller5, Stephen L. Atkin6,
Thozhukat Sathyapalan7, Nigel J. Gooderham1, Jeremy K. Nicholson8, Julian R. Marchesi1, Thanos Athanasiou2 and
Elaine Holmes1,8*

Abstract

Background: Bariatric surgery, used to achieve effective weight loss in individuals with severe obesity, modifies the
gut microbiota and systemic metabolism in both humans and animal models. The aim of the current study was to
understand better the metabolic functions of the altered gut microbiome by conducting deep phenotyping of
bariatric surgery patients and bacterial culturing to investigate causality of the metabolic observations.

Methods: Three bariatric cohorts (n = 84, n = 14 and n = 9) with patients who had undergone Roux-en-Y gastric
bypass (RYGB), sleeve gastrectomy (SG) or laparoscopic gastric banding (LGB), respectively, were enrolled. Metabolic
and 16S rRNA bacterial profiles were compared between pre- and post-surgery. Faeces from RYGB patients and
bacterial isolates were cultured to experimentally associate the observed metabolic changes in biofluids with the
altered gut microbiome.

Results: Compared to SG and LGB, RYGB induced the greatest weight loss and most profound metabolic and
bacterial changes. RYGB patients showed increased aromatic amino acids-based host-bacterial co-metabolism,
resulting in increased urinary excretion of 4-hydroxyphenylacetate, phenylacetylglutamine, 4-cresyl sulphate and
indoxyl sulphate, and increased faecal excretion of tyramine and phenylacetate. Bacterial degradation of choline
was increased as evidenced by altered urinary trimethylamine-N-oxide and dimethylamine excretion and faecal
concentrations of dimethylamine. RYGB patients’ bacteria had a greater capacity to produce tyramine from tyrosine,
phenylalanine to phenylacetate and tryptophan to indole and tryptamine, compared to the microbiota from non-
surgery, normal weight individuals. 3-Hydroxydicarboxylic acid metabolism and urinary excretion of primary bile
acids, serum BCAAs and dimethyl sulfone were also perturbed following bariatric surgery.
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Conclusion: Altered bacterial composition and metabolism contribute to metabolic observations in biofluids of
patients following RYGB surgery. The impact of these changes on the functional clinical outcomes requires further
investigation.

Keywords: Bariatric surgery, Bile acids, Host-microbial metabolism, Metabolic profiling, Microbiome

Introduction
Obesity affects almost half a billion adults worldwide

and almost one-third of children under 11 years old in

Europe, and is a risk factor for cardiovascular events,

type 2 diabetes, non-alcoholic fatty liver disease and

some cancers [1]. Bariatric surgery is currently the most

effective strategy for achieving sustained weight loss in

patients who have severe obesity and refers to a suite of

surgical procedures that are carried out to achieve sus-

tained weight loss where diet and exercise programs

have failed. Bariatric procedures include primarily re-

strictive operations that limit food intake such as laparo-

scopic gastric banding (LGB) and sleeve gastrectomy

(SG) and restrictive/malabsorptive procedures such as

Roux-en-Y gastric bypass (RYGB). Although weight loss

is the primary aim, bariatric surgery has additional bene-

ficial effects including the resolution of type 2 diabetes,

hypertension and obstructive sleep apnoea [2]. However,

the procedure carries surgical risk and is associated with

long-term requirement for dietary supplementation.

Therefore, improved mechanistic understanding of how

bariatric surgery achieves sustained weight loss may

open doors to less invasive solutions.

RYGB surgery has a profound metabolic effects, in-

cluding increased glucose tolerance, insulin sensitivity

[3] and secretions of intestinal hormones (e.g. glucagon-

like peptide-1 (GLP-1), peptide YY (PYY)) [4]. The com-

plexity of engaging multiple metabolic pathways through

the post-operative period has highlighted the strengths

of a systems biology approach to assess the underlying

biological actions of these operations. Several studies

have applied metabolic phenotyping of biofluids and tis-

sue samples to probe the mechanisms associated with

weight loss and/or resolution of type 2 diabetes but

these studies have tended to be underpowered, typically

including between 2 and 50 participants (Table S1) and

have mainly focused on the serum or plasma metabo-

lome. Few studies have integrated the effects of surgery

on the metabolome and gut microbiome in a systematic

manner. There are consistent metabolic effects across

the studies suggestive of perturbations in glycine, serine

and threonine metabolism; nitrogen metabolism; phenyl-

alanine metabolism; cysteine and methionine metabol-

ism; tricarboxylic acid cycle; branched chain amino acid

(BCAA) metabolism; taurine and hypotaurine metabol-

ism, propanoate metabolism and nicotinate; and nico-

tinamide metabolism (detailed in Table S1). Several of

these perturbed metabolite classes and pathways involve

co-regulation by the gut bacteria. Bariatric surgery exerts

a profound effect on members of the gut microbiome al-

tering the gut bacterial composition from Firmicutes

and Bacteroides-dominant to Proteobacteria-dominant,

particularly bacteria from Enterobacteriaceae family, in

both human [5, 6] and rodent models [7, 8]. This obser-

vation is consistent with observed changes in faecal and

urinary host-bacterial co-metabolites post-surgery, such

as increased faecal putrescine, gamma aminobutyric acid

(GABA) and trimethylamine (TMA) and increased urin-

ary trimethylamine-N-oxide (TMAO), 4-cresyl sulphate,

phenylacetylglycine/phenylacetylglutamine and hippurate

[5, 7]. In addition, increasing evidence shows that bile

acids (BAs) could play a role in the mechanisms of bar-

iatric surgery. For example, BAs promote GLP-1 secre-

tion from enteroendocrine cells and activate G-protein

coupled receptor 5 (GPR5) to drive energy expenditure

[9, 10]. Most of the studies have reported bile acid com-

position in blood; however, it is unclear how bariatric

surgery influences urinary excretion of bile acids.

None of the studies so far have investigated the inte-

grated surgery-induced impact at a systems level includ-

ing both excretory (urine and faecal) and circulating

(plasma) metabolites with gut bacterial composition and

metabolic activity following bariatric surgery. In the

current study, we studied three cohorts of patients, two

from the UK and one from the USA, with a focus on the

UK cohort for deep phenotyping using both proton nu-

clear magnetic resonance (NMR) spectroscopy and li-

quid chromatography mass spectrometry (LC-MS), in

combination with metataxonomics and culture-based

techniques to explore causality of the metabolic observa-

tions following RYGB surgery.

Materials and methods
Study design and sample collection

Three cohorts of patients who had undergone lapro-

scopic bariatric surgery were included. Cohort 1: a total

of 84 patients recruited from the Charing Cross and

Hammersmith Hospitals (London, UK) under the ethical

permission—Metabolic Phenotype and Modulation in

Obese and Bariatric Surgical Patients 08/H0711/123. Pa-

tients underwent RYGB (n = 68), sleeve gastrectomy

(SG; n = 10) or laparoscopic gastric banding (LGB; n =

6) respectively. Urine and faecal samples were collected

at 1 month prior to the surgery, 2–6 months (short-term
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follow-up, SF) and 1–2 years (long-term follow-up, LF)

post-surgery. Clinical data were recorded when the sam-

ple collection was carried out in the hospital. Cohort 2:

Fourteen patients were recruited from Purdue Univer-

sity, USA (IRB #333-2002). Five patients underwent LGB

and nine received RYGB surgery. Urinary and serum

samples were collected prior to surgery and 6 months

post operation for metabolic phenotyping. Cohort 3:

Nine patients were recruited from East Yorkshire and

North Lincolnshire Research Ethics Committee (ethics

number: NRES 10/H1304/13 approved 09/07/2010) and

underwent RYGB surgery. Blood serum samples were

collected at multiple time points, including pre-op, 1-,

3-, 6-, 9- and 12-months post-operation. All samples

were stored at − 80 °C until analysis. The ratio of women

to men was 2.7:1, with a mean age of 43.1 years of age

and a mean pre-surgery BMI of 47.52 kg/m2 across all

studies (demographics are provided in Table S2).
1H NMR spectroscopy- and bile acid profiling analysis

were carried out on all studies where samples were avail-

able and untargeted LC-MS-based metabolic profiling

was performed on samples from cohort 1 (see Fig. 1A

for experimental overview) according to standard analyt-

ical protocols shown in Supplementary Information. Fae-

cal 16S rRNA gene sequencing-based bacterial

compositional analysis was also carried out for cohort 1.

Details of sample and data analysis are provided in Sup-

plementary Information.

Results
Effect of surgery on weight loss

Weight loss was achieved by bariatric surgery in all co-

horts (Table S2). Amongst the three types of bariatric

surgery, RYGB surgery induced the most profound

weight loss in all cohorts (Fig. 1B). A trend in weight

loss induced by LGB was observed for cohort 1 but was

not statistically significant and the reduction of BMI in

cohort 3 was significant at 6-month post-op compared

to pre-op (p = 0.005) (Fig. 1C). Most patients who had

undergone SG achieved substantial weight loss between

pre-op and LF but greater variation in weight reduction

within this cohort resulted in only marginal significance

(p = 0.052, Fig. 1D).

Bariatric surgery profoundly alters the urinary

metabolome

As with weight loss, RYGB surgery induced the largest

changes in the composition of the urinary metabolome

compared to SG and LGB surgeries for both cohorts 1

and 2 in terms of both the number of metabolites

Fig. 1 Experimental design of three cohorts of bariatric surgery patients including sampling and the applied analytical methods (A). Body mass
index (BMI) of patients who had undergone RYGB (B), gastric banding (C) and sleeve gastrectomy (D) at pre-op and post-operation time points.
****p < 0.0001, **p < 0.005, *p < 0.05. Data are presented in mean ± SEM
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significantly altered between pre-op and post-op time

points and the magnitude of change (Fig. 2A, B, ROC

analysis of cross-validated scores is shown in Figure S1).

These changes included significantly elevated concentra-

tions of host-bacterial co-metabolites, such as 4-

hydroxylphenylacetate, phenylacetylglutamine (PAG), 4-

cresyl sulphate and 4-cresyl glucuronide in both cohorts

post-surgery (Fig. 2C). The urinary level of 4-

hydroxybenzoate was significantly higher post-op in co-

hort 2 but not cohort 1. Increased urinary excretion of

the gut bacterial-host co-metabolites indoxyl sulphate

and trimethylamine N-oxide (TMAO) after RYGB sur-

gery was observed in both cohorts 1 and 2 but was only

significant for cohort 1. Although there was a trend to-

wards increased excretion of bacterial metabolites post-

operation for LGB or SG operations, no urine metabo-

lites were statistically significant between pre- and post-

op. The difference in the magnitude of effect between

RYGB and LGB is further emphasized by the fact that

significantly higher levels of host-bacterial co-

metabolites were noted in participants undergoing

RYGB compared to LGB (Figure S2).

Whilst urinary creatinine levels decreased in cohorts 1

and 2 post-RYGB, reaching a statistical significance at LF,

urinary levels of hydroxymyristic acid and 3-

hydroxydicarboxylic acids (e.g. 3-hydroxytetradecanedioic

acid, 3-hydroxydodecanedioic acid) increased following

RYGB surgery (Figure S3). Acetaminophen glucuronide

was found to be higher in RYGB patients post-op with a

statistical significance at LF, suggesting a higher intake of

acetaminophen following RYGB. Literature reports stating

that 94% of patients undergoing RYGB surgery had

recurring abdominal pain 5 years after surgery [11]. It is

possible that the observed increase in acetaminophen me-

tabolites may be a response to prolonged surgery-

associated pain.

RYGB also induced more profound urinary bile acid

changes compared to LGB and SG. An OPLS-DA model

based on the bile acid profiles showed statistically signifi-

cant differences between pre-op and post-op of RYGB in

cohort 1 (Figure S4). The main differences were driven by

an isomer of glucuronide-conjugated cholic acid, and

glycine-conjugated primary bile acids (e.g. isomer of glycol-

chenodeoxycholic acid and multiple isomers of glyco-cholic

acids), which were present in higher levels at both SF and

LF (Fig. 3). In contrast, some isomers of chenodeoxycholic

acid sulphate and an isomer of glucuronide-

chenodeoxycholic acid sulphate increased initially at SF but

reduced to the pre-op level at LF. The same trend was also

observed in glycine- and taurine-conjugated chenodeoxy-

cholic acid sulphate. Whilst no robust model was obtained

from cohort 2 RYGB patients, which was likely due to small

group size, a similar trend was observed and the isomer of

glucuronide-cholic acid, glycol-cholic acid, and tauro-

chenodeoxycholic acid sulphate were found to be higher at

6-month post-RYGB compared to pre-op based on the uni-

variate statistical analysis (Figure S4). Similarly, no robust

OPLS-DA models were derived from SG and LGB groups

(p > 0.05), although univariate statistical analysis showed in-

creases in some bile acids following SG and LGB including

an increase in an isomer of glycocholic acid for both proce-

dures at LF and additional increases in serum tauro-cholic

acid and in glyco- and tauro-chenodeoxycholic isomers at

SF (Figure S5).

Fig. 2 OPLS-DA cross-validated scores plots of urinary 1H NMR spectra of the RYGB patients from cohort 1 at pre-op, 2–6 months and 1–2 years
post-op (A, Q2Y = 0.27; R2X = 17.2%; R2Y = 56.3%, CVANOVA p = 2.04 × 10−15), and cohort 2 at pre-op and 6-month post-op (B, Q2Y = 0.46; R2X
= 25.3%; R2Y = 97.0%, p = 0.02). The metabolites that significantly contributed to the classification of different time points are shown in the
heatmap (C). The correlation coefficient (r) was derived from OPLS-DA models and a positive correlation indicates higher relative concentrations
of the metabolites in post-op compared to pre-op or in RYGB compared to LGB. q, the corrected p values using Benjamini-Hochberg multiple
test correction are shown as #q < 0.0001, ‡q < 0.001, †q < 0.005, *q < 0.05. ap < 0.05 and q>0.05. ^ putatively assigned metabolites
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RYGB induces dynamic metabolic changes in serum

profiles over the first 12 months following the surgery

Metabolic profiling of serum samples from cohort 3 en-

abled characterization of the dynamic biochemical tra-

jectory post RYGB surgery as depicted in the PCA

trajectory plot (Fig. 4A) Sequential OPLS-DA models

were built to compare each of the post-op time points

with pre-op (Figure S6) and showed that this metabolic

shift was driven by high ketone bodies (e.g. 3-

hydroxybutyrate and acetone) at pre-op and 1-month

post-op, and a reduction of branched chain amino acids

(BCAAs, e.g. leucine, isoleucine and valine) at 3–12

months post-op compared to pre-op (Fig. 4B). Dimethyl

sulfone (DMSO2) was significantly increased at multiple

post-op time points, whereas pyruvate was significantly

higher at 12 months post-op compared to pre-op. Most

of these changes were also observed in cohort 2. How-

ever, citrate was found to be higher and pyruvate was

Fig. 3 Relative intensities of urinary bile acids from cohort 1 RYGB patients at pre-op (black), 2–6 months (green) and 1–2 years post-op (orange).
Kruskal-Wallis test was used for group comparisons and Dunn’s test was used for adjusting multiple comparisons. The adjusted p values: ****p <
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Data are presented in mean ± SEM. The bile acids and their retention times (min) and m/z are given in
the titles
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lower at post-op compared to pre-op in addition for co-

hort 2 (Fig. 4B). When combining the samples from co-

horts 2 and 3, the most striking changes were higher

circulating levels of dimethyl sulfone and decreased

BCAAs post-surgery.

RYGB surgery resulted in an altered microbiome and

associated metabolic shift in the gut bacterial community

Owing to the small group size of LGB and SG participants

and the profound changes in host-bacterial crosstalk after

RYGB, faecal bacterial and metabolic phenotyping analysis

was carried out solely for the RYGB group. Although the

alpha diversity, represented by Shannon diversity index,

was not statistically different between different time points

in RYGB patients (Fig. 5A), chao1 diversity index signifi-

cantly increased at LF compared to pre-op and SF (Fig.

5B). RYGB surgery induced clear differences in the faecal

microbiota based on the 16S rRNA gene sequencing ana-

lysis (Fig. 5C). A total of 17 bacterial genera belonging to

10 families were found to be significantly changed by

RYGB surgery (Fig. 5C). The most striking alteration was

that faecal bacterial genera Klebsiella and Escherichia_Shi-

gella (Enterobacteriaceae family), Streptococcus (Strepto-

coccaceae family) and Veillonella (Veillonellaceae family),

all of which are small intestinal bacteria, were significantly

increased at both short- and long-term follow-up. In con-

trast, genera, such as Adlercreutzia (Coriobacteriaceae

family), Alistipes (Rikenellaceae family), Barnesiella and

Parabacteroides (Porphyromonadaceae family) and Clos-

tridium_XIVa and Coprococcus (Lachnospiraceae family)

were significantly increased at long-term follow-up com-

pared to pre-op and/or short-term post-op. Enterobacter,

Enterococcus and Flavonifractor exhibited an initial in-

crease and returned to the pre-op level at long-term

follow-up, whereas Blautia and Lachnospiracea_incertae_

sedis (Lachnospiraceae family), and Subdoligranulum

(Ruminococcaceae family) showed an initial decrease be-

fore shifting back to the pre-op level. Clostridium_XVIII

was reduced at the long-term but not short-term follow-

up.

The faecal metabolome was also explored, and signifi-

cant metabolic changes were found between pre-op and

LF (Fig. 6A), and between SF and LF (Fig. 6B, ROC ana-

lysis of cross-validated scores is shown in Figure S1).

The faecal concentrations of a range of amino acids (e.g.

alanine, glutamate, glycine, isoleucine, leucine and tyro-

sine) were decreased post-surgery, whereas phenylace-

tate and tyramine, derived from phenylalanine and

tyrosine, respectively, were found to be increased in the

long-term follow-up. In addition, nucleobases, thymine

and uracil were decreased, together with dimethylamine,

formate, fumarate, hypoxanthine and N-acetylglucosa-

mine at LF (Fig. 6C). RYGB was previously reported to

reduce faecal pH in a mouse model and was suggested

to be a factor in altering the gut microbiome structure

post-surgery [8]; however, we did not observe any sig-

nificant changes in faecal pH (Fig. 6D), suggesting that

the pH is unlikely a key contributor to the compositional

alteration of the bacterial community post RYGB in

humans.

In addition to compositional analysis of the gut bac-

teria, we also carried out statistical correlation between

the multi-compartment (urine and faeces) metabolic

data and the taxonomic data to investigate the metabolic

activities that were statistically associated with the com-

positional changes. We observed that most of the faecal

amino acids were highly correlated with the faecal

nucleobases, and metabolites involved in tyrosine,

Fig. 4 Trajectory PCA scores plot of serum 1H NMR spectra of RYGB patients from cohort 3 at pre-op and 1, 3, 6, 9 and 12 months post-op (A).
Data are presented in mean ± SEM. The metabolites that were significantly different between pre-op and each of the post-op time points are
summarized in the heatmap (B). The last two columns show the metabolite changes between pre-op and 6 months post-op in cohort 2 alone
and in combined analysis of cohorts 2 and 3. The correlation coefficient (r) was derived from OPLS-DA models (Figure S6) and a positive
correlation indicates higher relative concentrations of the metabolites in post-op compared to pre-op. q, the corrected p values using Benjamini-
Hochberg multiple test correction are shown as *0.005 < q < 0.05. ap < 0.05 and q > 0.05
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phenylalanine and tryptophan metabolism were highly

correlated with each other (Fig. 7A). In addition, faecal

tyrosine was significantly and positively correlated with

urinary 4-hydroxybenzoate, creatinine, dimethylamine

and methylmalonate, but negatively correlated with En-

terobacteriaceae (e.g. Escherichia_Shigella). In contrast,

tyramine, a decarboxylation product of tyrosine, was sig-

nificantly and positively correlated with bacterial genera

of Enterococcus. The precursor of PAG, phenylacetate,

derived from phenylalanine, was also positively corre-

lated with Streptococcus. Furthermore, TMAO was

found to be positively correlated with Enterobacter,

Escherichia_Shigella and Klebsiella.

In order to establish the direct relationship between the

altered faecal bacterial species and the altered metabolite

levels arising from RYGB surgery, we further studied the

metabolic activities of whole faecal samples from healthy (n

= 2) and RYGB (n = 2) donors, as well as bacterial isolates

Fig. 5 Shannon diversity index (A) and Chao1 diversity index (B) of faecal bacterial composition in different surgical groups at different time
points (A, no statistical significance). An NMDS plot (C) of faecal bacterial composition of RYGB patients from cohort 1. PERMANOVA adjusted p =
0.0015 for pre-op vs. 2–6 months or 1–2 years post-op; p > 0.05 for 2–6 months vs. 1–2 years post-op. The natural log-transformed relative
abundances of faecal bacteria from RYGB patients at pre-op (black), 2–6 months (green) and 1–2 years (orange) post-op (panel D). Data are
presented in mean ± SEM. Kruskal-Wallis test was used for group comparisons and Dunn’s test was used for adjusting multiple comparisons.
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05
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using an anaerobic batch culture technique. The statistical

correlation and batch culture experimental observations are

summarized in Fig. 7B. The production of tyramine was ob-

served in faecal samples from the RYGB donors when cul-

tured in tyrosine-supplemented media, but not in healthy

donors. In contrast, healthy donors showed higher butyrate

production compared to RYGB donors (Figure S7). Trypta-

mine was noted in one of the RYGB donors when cultured

with tryptophan-supplemented media (Figure S7). Twelve

representative bacterial species in healthy individuals (Bac-

teroides uniformis and Bacteroides vulgatus), obese patients

(Streptococcus cristatus, Streptococcus gallolyticus, Rumino-

coccus torques and Dorea longicatena) and RYGB patients/

animal models (Shigella sonnei, Klebsiella pneumoniae,

Escherichia coli, Enterobacter hormaechei, Enterobacter

cloacae and Klebsiella oxytoca) were selected for batch cul-

ture. Out of the 12 bacterial species, that were cultured

based on their prominence in the intestines of healthy,

RYGB or individuals with obesity (see Supplementary Infor-

mation), K. oxytoca, E. coli and B. vulgatus were found to

produced indole from tryptophan and B. uniformis, K. oxy-

toca and E. cloacae produced phenylacetate and TMA from

phenylalanine and choline, respectively (Figure S8). These

results confirmed the statistical correlation and supported

the observations of higher levels of urinary host-bacterial

co-metabolites after RYGB surgery.

Discussion
Our data shows that RYGB is more effective for indu-

cing weight loss compared to LGB and SG, which is

Fig. 6 OPLS-DA cross-validated scores plots of faecal 1H NMR spectra of the RYGB patients from cohort 1 at pre-op, and 1–2 years post-op (A,
Q2Y = 0.18; R2X = 31.8%, R2Y = 61.2%, p = 0.002), and at 2–6 months and 1–2 years post-op (B, Q2Y = 0.2; R2X = 30.7%, R2Y = 65.3%, p = 0.002).
The metabolites that significantly contributed to the classification of different time points are shown in the heatmap (C). The correlation
coefficient (r) was derived from OPLS-DA models and a positive correlation indicates higher relative concentrations of the metabolites in 1–2
years post-op compared to either pre-op or 2–6 months post-op. q, the corrected p values using Benjamini-Hochberg multiple test correction are
shown as ‡q < 0.001, †q < 0.005, *q < 0.05. ap < 0.05 and q > 0.05. Faecal pH of the RYGB patients at pre-op, 2-6 months and 1-2 Y post-op (D)
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consistent with several randomized and prospective

studies [12, 13]. Patients who underwent SG also showed

a notable reduction in BMI; however, it did not reach

statistical significance likely owing to the relatively small

number of patients. RYGB surgery also induced the most

profound metabolic changes compared to LGB and SG

and some of these changes were statistically and bio-

logically associated with bacterial genera Klebsiella,

Escherichia_Shigella, Streptococcus and Veillonella. The

relative abundances of these bacteria were elevated fol-

lowing RYGB, which are in an agreement with previ-

ously published studies [5, 6]. Klebsiella and

Escherichia_Shigella are Gram-negative and facultative

anaerobic bacteria belonging to Enterobacteriaceae fam-

ily, which is present at a very low abundance (<<108

CFU/g) in a healthy colon but has been consistently re-

ported to increase in patients with inflammatory bowel

disease and colorectal cancer (CRC) [14, 15]. In addition,

Streptococcus, Gram-positive bacteria from Bacilli class,

and Veillonella, Gram-negative anaerobic bacteria, were

also found to be associated with CRC (Streptococcus

tigurinus and Streptococcus dysgalactiae) [15]. Epidemio-

logical research demonstrated that bariatric surgery was

associated with increased CRC risk [16, 17], which could

be contributed by the high abundances of these bacteria

owing to their pro-inflammatory effects [18]. Klebsiella

spp. isolated from the saliva have been shown to induce

T helper 1 cell proliferation when colonizing in the gut,

demonstrating that colonization of the oral bacteria in

the gut could result in the intestinal inflammation [18].

The driving factors of increased Gammaproteobacteria

post RYGB remain inconclusive. However, excessive

transit of swallowed O2 in the colon (so called air hy-

pothesis [19]), altered gastric and intestinal emptying, in-

creased gastric pH due to fewer hydrochloric acid

pumps in the gastric pouch [20], and disturbed nutrient

exposure in the gut could contribute to this bacterial

shift. Furthermore, the undigested food flow post RYGB

can trigger intestinal hyperosmolarity [21], which has

been shown to prevent commensal bacterial growth and

increase the growth of Gammaproteobacteria [22]. The

observation that faecal cultures from healthy donors

produced higher concentrations of butyrate than the

post-RYGB donors also suggests that the shift in

microbiome composition may represent an adverse

health effect since colonic butyrate has been inversely

associated with CRC [23]. Our findings highlight a crit-

ical need for understanding the consequences of altered

host and microbial metabolism for patients undergoing

RYGB surgery to prevent long-term health risks.

Urinary concentrations of TMAO at the SF of RYGB

increased in both UK and US cohorts but normalized at

LF. TMAO is an oxidative product of TMA, primarily

catalysed by hepatic flavin-containing monooxygenase

isoform 3 (FMO3) [24].TMA is mainly produced from

dietary choline and carnitine by the gut bacterial en-

zymes, choline TMA lyase and carnitine oxidoreductase,

respectively and can be degraded to dimethylamine in

the gut, underscoring the impact of RYGB surgery on

enhanced bacterial degradation of choline [24]. More

than 2-fold increase in plasma concentrations of TMAO

following RYGB or duodenal switch have previously

been reported without increased dietary intake of cho-

line and carnitine [25], which is consistent with our ob-

servation since TMAO is commonly excreted

unchanged in urine within 24 h. Many bacteria from En-

terobacteriaceae have capacity to produce TMA [26] and

we demonstrated via in vitro culture experiments that K.

oxytoca and E. cloacae from this bacterial family were

able to produce TMA from choline. TMAO is associated

with vascular aging, atherosclerosis, cardiovascular and

neurological disorders [24, 27]; however, bariatric sur-

gery significantly reduces the cardiovascular risk through

a proposed entero-cardiac axis, including modulation of

gut hormones and other intermediaries acting on the

vascular system and directly on the cardiac myocardium

[28], and therefore, this association warrants future stud-

ies. Furthermore, TMAO has been associated with in-

flammation, manifested by increased oxidative stress and

pro-inflammatory cytokines (e.g. IL-6 and TNF-α),

which could have a long-term impact on the patients

following RYGB. In addition, a link between choline me-

tabolism and CRC was characterized by an overabun-

dance of choline TMA lyase gene in CRC patients [15],

suggesting that elevated choline metabolism following

RYGB could be associated with higher CRC risk. More-

over, our faecal batch culture experiments showed a

lower ability of bacterial butyrate production in the

(See figure on previous page.)
Fig. 7 Spearman’s rank correlation of the significantly changed faecal bacterial abundances with faecal (F) and urinary (U) metabolites in RYGB
patients from cohort 1 (A). The colour bar indicates the correlation coefficient r values and the p values post Benjamini-Hochberg multiple test
correction are indicated as ***p < 0.001, **p < 0.01, *p < 0.05. Summary of metabolic pathways of tyrosine, phenylalanine, tryptophan and choline
and associated gut bacteria (B). Bacteria and metabolite names depicted red indicate increased abundance or concentrations post-RYGB
compared to pre-op. Bold solid red lines indicate metabolite production by the gut bacteria observed in the culture experiments. Red arrows
between molecules indicate enhanced metabolic pathways following the RYGB surgery. The dashed line between the metabolites and gut
bacteria indicates significantly positive (red) and negative (blue) correlation. The uneven dashed line indicates multiple reaction steps. The red
ovals (RYGB microbiota) indicate metabolic transformation steps in the batch culture of faecal samples from RYGB donors
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RYGB patients compared to healthy donors, but this

trend was not as evident in the propionate production.

Butyrate, a bacterial (primarily Clostridium clusters IV

and XlVa) fermentation product from dietary fibre and

amino acids (e.g. glutamate and lysine via Fusobacterium

spp. based on an in silico analysis) [29], provides primary

energy source of the colonic epithelial cells and inhibits

colonic neoplasia and inflammation, and it is believe to

reduce CRC risk [30]. It is noted that while Clostridium

XIVa increased at long-term follow-up, faecal butyrate

levels did not differ between pre- and post-op time

points, which could be due to insufficient dietary fibre

intake in the bariatric patients. The observed higher cho-

line metabolism and reduced butyrate production cap-

acity may partially explain the previously reported

increased CRC risk in RYGB patients. However, TMA is

a known uremic toxin and has been reported to decrease

the viability of human vascular smooth muscle cells at

concentrations of 500 μmol/L, whereas TMAO had no

effect at 500 times this concentration [31]. Both methyl-

amine and trimethylamine were correlated with toxicity

in mouse lymphoma cell lines when incubated with fae-

cal slurries from rats post-RYGB surgery, again

highlighting the potential role of enhanced microbial

TMA production in contributing to a cytotoxic environ-

ment [32]. Veillonella was significantly increased post-

op, which could contribute to the propionate production

from lactate in the faecal batch culture [33]. Propionate

has been shown to induce secretion of satiety gut hor-

mones, e.g. GLP-1 and PYY, which are elevated post

RYGB surgery [34].

Bacterial metabolism of aromatic amino acids was ele-

vated following RYGB surgery and batch culturing

RYGB microbiota demonstrated conversion of tyrosine

to tyramine, and tryptophan to tryptamine, suggesting

that tyrosine decarboxylase and L-tryptophan decarb-

oxylase activities were enhanced and resulted in higher

faecal concentrations of the biogenic amines following

RYGB. Tyramine is one of the most abundant biogenic

amines in fermented food and beverages and showed the

genotoxicity to intestinal cells [35]. Tyramine can be me-

tabolized into 4-hydroxyphenylacetate and then 4-cresol

by several enzymes including 4-hydroxyphenylpyruvate

decarboxylase and 4-hydroxyphenylacetate decarboxyl-

ase [36], which supports our findings of increased urin-

ary 4-hydroxyphenylacetate post-RYGB and suggests

enhanced activities of a range of decarboxylases. 4-

Cresol is subsequently conjugated with sulphate or glu-

curonide in the liver before excreted in the urine, which

is consistent with elevated levels of urinary 4-cresyl

sulphate and 4-cresyl glucuronide following RYGB. In

contrast, the pathway of tyrosine to phenol did not ap-

pear to be favoured, evidenced by decreased urinary con-

centrations of 4-hydroxybenzoate at LF. Smith and

Macfarlane reported that phenol production reduced,

whereas 4-cresol increased when culturing human faecal

bacteria with peptides compared to free amino acids

with presence of starch [37]. Together with our observa-

tions, we speculate that incomplete digestion of proteins

in the foregut may increase the bioavailability of pep-

tides, but less likely free amino acids, in the distal colon,

resulting in higher protein putrefaction and production

of 4-hydroxylphenylacetate and 4-cresol.

Another finding of interest was increased concentra-

tions of phenylacetate in faeces and its glutamine-

conjugated compound, PAG, in urine following RYGB.

Whilst phenylacetate was strongly correlated with

Streptococcus, we showed empirically that B. uniformis,

K. oxytoca and E. cloacae metabolized phenylalanine into

phenylacetate, and the relative abundance of the genera

containing the latter two bacterial species increased

post-RYGB. In contrast to PAG, an increased trend of

urinary hippurate was observed post-RYGB, which is in

agreement with inversed association of hippurate and

PAG with BMI observed in an epidemiology study [38].

Hippurate is mainly formed by hepatic conjugation of

glycine and benzoic acid; benzoic acid is derived from

phenylalanine or obtained directly from the diet [39]. A

significant increase in PAG and a moderate increase in

hippurate indicated that bacterial phenylalanine metab-

olism may have shifted towards phenylacetate produc-

tion following RYGB.

Further evidence of modulation of the gut microbiome

after RYGB surgery was the observation of increased urin-

ary concentrations of indoxyl sulphate, the precursor of

which is indole, derived from bacterial metabolism of

tryptophan [39]. Indoxyl sulphate was found to be posi-

tively correlated with Enterococcus, Streptococcus, Escheri-

chia_Shigella and Klebsiella. The in vitro culture

experiment further confirmed the production of indole

from tryptophan by K. oxytoca, E. coli and B. vulgatus,

consistent with the increased abundance of Klebsiella and

Escherichia_Shigella and their consequential contribution

to the production of indoxyl sulphate. Indoxyl sulphate,

together with 4-cresyl sulphate, 4-cresyl glucuronide and

TMAO have been classified as uremic toxins [40]. Whilst

TMAO is quickly cleared via tubular secretion, the clear-

ance of the other 3 compounds, which bind with proteins,

mainly albumin, is slower [41]. Incubation of mouse

lymphoma cell lines with 4-cresyl glucuronide was antic-

orrelated with cell growth [32], again supporting the hy-

pothesis that post-surgical alterations in the microbiome

and its metabolites contributes to a cytotoxic environment

within the gut. The gut bacterial contribution to increased

levels of these compounds may exert long-term health risk

for RYGB patients. However, on the other hand, vitamin

K, produced by Veillonella, which increased post-RYGB,

has a nephroprotective role [40].
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To our best knowledge, it is the first time that elevated

urinary concentrations of hydroxymyristic acid, 3-

hydroxydodecanedioic acid and 3-hydroxytetradecanedioic

acid have been observed in the RYGB-operated patients, in-

dicating a disturbance in mitochondrial β-oxidation of

medium- and long-chain fatty acids. Seridi et al. reported a

decrease in plasma myristic acid following RYGB procedure

[42]. Urinary 3-hydroxy dicarboxylic acids have been found

in patients with ketoacidosis, suggesting an incomplete β-

oxidation [43]. Excessive urinary excretion of 3-

hydroxytetradecanedioic acid was also reported in a child

with a genetic defect in mitochondrial enzyme, long-chain

3-hydroxyacyl-coenzyme A (CoA) dehydrogenase (LCHA

D) [44], in children with persistent wheeze/asthma [45] and

in patients treated with the drug hopantenate, where 3-

hydroxytetradecanedioic acid was indicative of an acute in-

toxication response associated with the treatment during

prolonged fasting or malnutrition [46]. Another study

showed a lower intracellular concentration of the metabol-

ite and a potentially higher release from the human L02

liver cells as a toxic response to pekinenal from the herb

Euphorbia pekinensis Rupr [47]. The increased excretion of

these medium and long-chain 3-hydroxy-dicarboxylic acids

could be owing to the inhibition of LCHAD and median-

and short-chain 3-hydroxyacyl-coenzyme A (CoA) dehy-

drogenases (SCHAD), which use NAD+ as a cofactor to

catalyse the oxidation of L-3-hydroxyacyl-CoA to 3-

ketoacyl-CoA [48]. Mice without SCHAD (hadh−/−) exhibit

lower body weight and fat mass compared to wildtype

when fed a high-fat diet, and the pancreatic islets of

hadh−/− mice showed a higher insulin secretion in response

to glucose [48]. Therefore, the inhibition of SCHAD could

be associated with weight loss post RYGB surgery. Further-

more, the association between the foetal genetic deficiency

of LCHAD and pregnancy-specific disorders, such as acute

fatty liver and preeclampsia, has been reported [49], and

this may also therefore represent one additional mechanism

in reducing the burden of non-alcoholic fatty liver disease

after RYGB. Whilst the urinary phenotype of the babies,

born from mothers who previously had RYGB surgery, has

been shown to be similar to their mothers’ host-bacterial

co-metabolite signatures [5], very little is known regarding

the impact of the disturbed fatty acid metabolism in mater-

nal bariatric surgery patients on their offspring.

Higher serum levels of ketone bodies were observed at

pre-op and 1-month post-op compared to the other

post-op time points in cohort 3. This increase could be

due to the low-calorie diet the patients had prior to the

surgery and low-calorie intake at the initial stage follow-

ing the surgery. Consistent with previous findings [5],

serum BCAA concentrations, which are known to in-

crease insulin resistance, were reduced in both cohorts.

Another significant change in serum was increased

DMSO2 concentrations (1.7-fold in cohort 2 and 3.0-fold

in cohort 3 at 6 months) following RYGB, which was

consistent with a previous publication where the in-

crease was the most prominent in distal RYGB com-

pared to proximal RYGB and LSG [50]. DMSO2 can be

derived from diet (e.g. rye, onions and asparagus), specif-

ically host metabolism and host-bacterial metabolism of

methionine [51]. However, the consistent reports on in-

creased serum levels of DMSO2 across different RYGB

patient cohorts have led us to speculate that this change

is associated with the gut bacterial disturbance we ob-

served. Like the aromatic amino acids (vide supra), diet-

ary methionine could escape the small intestinal

absorption due to anatomic changes of RYGB surgery

and undergo catabolism by the colonic bacteria. It is es-

timated that 20% of dietary methionine is metabolized in

an anatomically normal gut [51]. Bacteria from Entero-

bacteriaceae family, which increases post RYGB, were

found to contain megL gene, which encodes L-methio-

nine gamma-lyase [52]. This enzyme catalyses the con-

version of methionine to methanethiol, which is

subsequently metabolized into DMSO2 by the host [51].

Therefore, the increased concentrations of DMSO2 in

serum is highly likely to result from a host-bacterial

crosstalk following RYGB. Whilst the biological function

of DMSO2 is yet fully understood, its use for treating

snoring has been proposed [53]. RYGB surgery is the

most effective treatment for obstructive sleep apnoea

(OSA) [54] and it is possible that DMSO2 plays a role in

improving the symptom of OSA.

Integration of metabolic phenotypic and microbiomic

data were used to investigate the impact of RYGB sur-

gery in three independent cohorts of patients. The meta-

bolic consequences of the surgically induced alterations

in the microbiome were further pursued using a suite of

in-vitro culture techniques. This involved the incubation

of key bacterial cultures, or faecal slurries from control

and RYGB-operated individuals with metabolic sub-

strates in order to establish the ability of selected bac-

teria or microbiomes to synthesize the metabolites that

characterize the post-RYGB phenotype. Whilst the num-

ber of participants enrolled was larger than for most

published studies to date, the numbers recruited for co-

horts 2 and 3 were small and increased numbers would

have served to strengthen the characterization of meta-

bolic changes in the serum and to evaluate regional dif-

ferences induced by bariatric surgery. Moreover,

incubation of faecal slurries from a greater number of

RYGB patients and weight-matched control participants

would have added depth to the study and the variation

between RYGB patients requires further investigation.

Approximately 20% of patients undergoing bariatric sur-

gery are male, and male patients show significantly lower

weight loss and rates of comorbidity resolution com-

pared to female [55]. Therefore, further studies with a
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larger recruitment of male patients should be carried out

to systematically explore sex-differences in the metabolic

and microbial responses induced by bariatric surgery.

Nevertheless, the combination of metabolic phenotyping

with substrate profiling of the in vitro experiments

strongly corroborate the role of the altered microbiome

in driving metabolic changes post-surgery.

Conclusion
In summary, we demonstrated that RYGB induces a

matrix of effects, including enhanced amino acid metab-

olism of tyrosine, phenylalanine, tryptophan and methio-

nine, and altered mitochondrial fatty acid metabolism.

This metabolic activity likely contributes to the many

downstream physiological changes after bariatric surgery

beyond that of ‘simply weight loss’ or only ‘anti-diabetic’

effects in multiple organ systems beyond the gastro-

intestinal system (such as the liver, kidney, heart and the

brain). We showed that the altered gut microbiome con-

tributes to the host-bacterial co-metabolite signatures in

urine and faeces following RYGB surgery and that these

changes are likely driven by a subset of bacterial species

that are favoured by the post-RYGB gut environment.

The impact of RYGB-induced metabolic and bacterial

changes on the long-term health of the patients warrants

further studies to evaluate the patient cohorts who

would derive most clinical and physiological benefits

from this procedure. Better understanding the profound

host-bacterial cross talk after bariatric operations could

therefore allow the better selection of patients for

current procedures and lead to the genesis of the next

generation of weight loss and metabolic protecting and

enhancing therapies.
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Additional file 1: Figure S1. ROC analysis of cross-validated scores
from OPLS-DA models. (A) NMR analysis of urine; Tcv1 and Tcv2 represent
the first and second PLS component when 2 PLS components were ap-
plied to separate 3 classes; (B) LC-MS analysis of urine; (C) bile acid ana-
lysis of urine; (D) NMR analysis of serum; (E) NMR analysis of feces. Figure
S2. Relative metabolite levels in urine from cohorts 1 (A) and 2 (B),
plasma from cohorts 3 (C) and 2 (D), and feces from cohort 1 (E). Metab-
olite levels are indicated by relative peak heights from the median fold
normalized spectra of urine and feces and non-normalized serum spectra.
Error bars are presented in SEM. a.u. stands for arbitrary unit. Figure S3.

OPLS-DA cross-validated scores plots of urinary 1H NMR spectra of the
RYGB and LGB patients from cohort 3 at pre-op (Q2Y=0.49; R2X=12.35%;
R2Y=89.6%; p = 0.006), and 6-month post-op (Q2Y=0.44; R2X=30.66%;
R2Y=95.2%; p = 0.038). The metabolites that significantly contributed to
the classification of different time points are shown in Fig. 2C. Figure S4.

OPLS-DA cross-validated scores plots of urinary reverse-phase liquid
chromatography-mass spectrometry profiles of the bariatric patients from
cohort 1 in ESI positive mode (Q2Y=0.46; R2X=24.8%; R2Y=73.4%; CVA-
NOVA p = 2.9 x 10-14) and ESI negative mode (Q2Y=0.52; R2X=14%; R2Y=
76.6%; CVANOVA p = 6.2 x 10-17). The identified metabolites that signifi-
cantly contributed to the classification between pre-op (black) and 2-6

months post-op (green) are listed in the table. Positive correlation (r) rep-
resents higher relative concentrations of these metabolites at the post-op
compared to pre-op. p[1] is loadings from the OPLS-DA models. Coeffi-
cient of variation (CV) was calculated based on the quality control (QC)
samples to evaluate the analytical variation of the features. Figure S5.

OPLS-DA cross-validated scores plots of urinary bile acid profiles of the
RYGB patients from cohort 1 at pre-op (black), 2-6 months (green) and 1-
2 years (orange) post-op (A. Q2Y=0.21; R2X=16.9%; R2Y=48.9%; CVANOVA
p = 5.8x10-9). Bar plots of relative intensities of urinary bile acids identified
from cohort 2 RYGB patients at pre-op (black) and 6 months post-op
(green). Wilcoxon matched pairs signed rank test was used. ** 0.001< p <
0.01. Data were presented as mean±SEM. The bile acids and their reten-
tion time (min) and m/z were given in the titles. Figure S6. Relative in-
tensities of urinary bile acids from sleeve gastrectomy (SG) and
laparoscopic gastric banding (LGB) patients from cohort 1 at pre-op
(black), 2-6 months (green) and 1-2 years post-op (orange). Kruskal-Wallis
test was used, and Dunn’s test was used for adjusting multiple compari-
sons. The adjusted p values: ****, p < 0.0001, ***, p < 0.001, ** p < 0.01, *
p < 0.05. Data were presented as mean±SEM. The bile acids and their re-
tention time (min) and m/z were given in the titles. Figure S7. OPLS-DA
cross-validated scores plots of serum 1H NMR CPMG spectra of the RYGB
patients from cohort 3 between pre-op and 3 (A, Q2Y=0.69; R2X=35.1%;
R2Y=98.2% p = 0.002), 6 (B, Q2Y=0.63; R2X=40.4%; R2Y=97.9% p = 0.002), 9
(C, Q2Y=0.80; R2X=37.9%; R2Y=98.6% p = 0.002) or 12-month (D, Q2Y=
0.68; R2X=45.5%; R2Y=98.3% p = 0.008) post-op. OPLS-DA cross-validated
scores plots of serum 1H NMR CPMG spectra of the RYGB patients be-
tween pre-op and 6-month post-op of cohort 2 (E, Q2Y=0.56; R2X=37.7%;
R2Y=87.7% p = 0.002) or combined cohorts 2 and 3 (F, Q2Y=0.25; R2X=
31.4%; R2Y=72.9% p = 0.002). Figure S8. Partial 1H NMR spectra of faecal
batch culture media supplemented with tyrosine or tryptophan at 0
(black), 7 (blue), 24 (red) and 48 (pink) hours. Triplicates were carried out
and the median spectra at each time point are shown. The top and mid-
dle panels are from healthy and RYGB donors, respectively. The bottom
panel is from one of the RYGB donors. X axis is chemical shift in ppm
and Y axis is peak intensities. Figure S9. Partial 1H NMR spectra of bac-
terial isolate culture in a defined simple media supplemented with
phenylalanine (top panel), tryptophan (middle panel) or choline (bottom
panel). Triplicates were carried out and all media spectra are shown.
Black: control media; blue: B. uniformis; red: K. oxytoca, pink: E. cloacae;
green: E. coli; light blue: B. vulgatus. X axis is chemical shift in ppm and Y
axis is peak intensities. Table S1. Summary of exemplar human clinical
studies investigating the metabolic effects of bariatric surgery to date.
Table S2. Summary of the number of patients and body mass index
(BMI) at each time based on types of bariatric surgery. Values are shown
as mean±SD. Kruskal-Wallis ANOVA test was used to test the significance
of BMI changes across the time points in cohorts 1 and 3, while Friedman
test was used for cohort 2 for paired analysis.

Acknowledgements

JVL thanks Imperial College Research Fellowship, Medical Research Council
(MRC) New Investigator Research Grant (MR/P002536/1) and ERC Starting
Grant (715662) for funding. NGM thanks the National Institute of Diabetes
and Digestive and Kidney Diseases for funding (R21 DK075745). JVL also
thanks Elsie Widdowson Fellowship Award to provide salary for LR. GB
thanks MRC to provide PhD scholarship. JVL thanks the Royal Society
Research Grant (RG120583) for purchasing the anaerobic chamber to allow
the culture experiments in the current study. Authors also would like to
acknowledge Drs Yin Chen and Tiantian Fu from University of Warwick, who
kindly provided choline media, Dr Kleopatra Alexiadou from the
Hammersmith Hospital for collecting faecal samples from RYGB patients for
batch culture, and Dr Zhigang Liu for conducting 2D NMR experiments. We
thank the National Institute for Health Research Imperial Biomedical Research
Centre (NIHR Imperial BRC) for providing infrastructure support. Twitter Jia V
Li @HostMicrobes

Disclaimer

The funding body did not contribute to the design of the study, collection,
analysis, interpretation of data or writing the manuscript.

Li et al. Microbiome           (2021) 9:139 Page 13 of 15

https://doi.org/10.1186/s40168-021-01086-x
https://doi.org/10.1186/s40168-021-01086-x


Authors’ contributions

EH, TA, HA, NAG, NJG, JKN, JRM and JVL contributed to study design; HA,
NGM, EL, SLA, TS and TA contributed to clinical data and sample collection;
HA, NAG, DH and JVL contributed to clinical data analysis; JVL, MRL and JRM
conducted urinary and faecal sample analysis; JVL, MRL, MS, AP and JRM
conducted metabolic and bacterial sample analysis and data analysis and
integration; LR, GB, PMC and JVL conducted batch culture and NMR data
analysis; JVL and EH wrote the draft of the manuscript and all authors edited
the manuscript. The authors read and approved the final manuscript.

Funding

The project was supported by Imperial College Research Fellowship, Medical
Research Council New Investigator Research Grant (MR/L009803/1) and the
Royal Society Research Grant (RG120583). The Division of Digestive Disease
at Imperial College London receives financial support from the National
Institute of Health Research (NIHR) Imperial Biomedical Research Centre
(BRC) based at Imperial College Healthcare NHS Trust and Imperial College
London. This article is independent research funded by the NIHR BRC, and
the views expressed in this publication are those of the authors and not
necessarily those of the NHS, NIHR or the Department of Health.

Availability of data and materials

Data will be made available once the manuscript is accepted.

Declarations

Ethics approval and consent to participate

Ethics were approved by Imperial College London (08/H0711/123), Purdue
University, USA (IRB #333-2002) and East Yorkshire and North Lincolnshire
Research Ethics Committee (NRES 10/H1304/13).

Competing interests

The authors declare that they have no competing interests.

Author details
1Division of Digestive Disease, Department of Metabolism, Digestion and
Reproduction, Imperial College London, London SW7 2AZ, UK. 2Division of
Surgery, Department of Surgery and Cancer, Imperial College London,
London SW7 2AZ, UK. 3Division of Systems Medicine, Department of
Metabolism, Digestion and Reproduction, Imperial College London, London
SW7 2AZ, UK. 4Division of General and Gastrointestinal Surgery, Department
of Surgery, Emory University School of Medicine, Atlanta, Georgia 30322,
USA. 5Department of Applied Health Science, School of Public Health,
Indiana University Bloomington, 1025 E 7th Street, Bloomington, IN 47405,
USA. 6RCSI Bahrain, Adiya, Kingdom of Bahrain. 7Department of Academic
Endocrinology, Diabetes and Metabolism, Hull-York Medical School, Hull, UK.
8Centre for Computational and Systems Medicine, The Health Futures
Institute, Murdoch University, Harry Perkins Building, Perth, WA 6150,
Australia.

Received: 27 August 2020 Accepted: 27 April 2021

References

1. Hruby A, Manson JE, Qi L, et al. Determinants and consequences of obesity.
Am J Public Health. 2016;106(9):1656–62. https://doi.org/10.2105/AJPH.201
6.303326.

2. Buchwald H, Oien DM. Metabolic/bariatric surgery worldwide 2011. Obes
Surg. 2013;23(4):427–36. https://doi.org/10.1007/s11695-012-0864-0.

3. Bradley D, Magkos F, Klein S. Effects of bariatric surgery on glucose
homeostasis and type 2 diabetes. Gastroenterology. 2012;143(4):897–912.
https://doi.org/10.1053/j.gastro.2012.07.114.

4. Beckman LM, Beckman TR, Earthman CP. Changes in gastrointestinal
hormones and leptin after Roux-en-Y gastric bypass procedure: a review. J
Am Diet Assoc. 2010;110(4):571–84. https://doi.org/10.1016/j.jada.2009.12.
023.

5. West KA, Kanu C, Maric T, McDonald JAK, Nicholson JK, Li JV, Johnson MR,
Holmes E, Savvidou MD.Longitudinal metabolic and gut bacterial profiling
ofpregnant women with previous bariatric surgery. Gut. 2020;69(8):1452-9.
https://doi.org/10.1136/gutjnl-2019-319620.

6. Zhang H, DiBaise JK, Zuccolo A, et al. Human gut microbiota in obesity and
after gastric bypass. Proc Natl Acad Sci U S A. 2009;106(7):2365–70. https://
doi.org/10.1073/pnas.0812600106.

7. Li JV, Ashrafian H, Bueter M, Kinross J, Sands C, le Roux CW, et al. Metabolic
surgery profoundly influences gut microbial-host metabolic cross-talk. Gut.
2011;60(9):1214–23. https://doi.org/10.1136/gut.2010.234708.

8. Liou AP, Paziuk M, Luevano JM Jr, et al. Conserved shifts in the gut
microbiota due to gastric bypass reduce host weight and adiposity. Sci
Transl Med. 2013;5:178ra41.

9. Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like
peptide-1 secretion through TGR5 in a murine enteroendocrine cell line
STC-1. Biochem Biophys Res Commun. 2005;329(1):386–90. https://doi.org/1
0.1016/j.bbrc.2005.01.139.

10. Brighton CA, Rievaj J, Kuhre RE, Glass LL, Schoonjans K, Holst JJ, et al. Bile
Acids Trigger GLP-1 Release predominantly by accessing basolaterally
located G protein-coupled bile acid receptors. Endocrinology. 2015;156(11):
3961–70. https://doi.org/10.1210/en.2015-1321.

11. Blom-Hogestol IK, Stubhaug A, Kristinsson JA, et al. Diagnosis and treatment
of chronic abdominal pain 5 years after Roux-en-Y gastric bypass. Surg
Obes Relat Dis. 2018;14(10):1544–51. https://doi.org/10.1016/j.soard.2018.06.
004.

12. Ignat M, Vix M, Imad I, D'Urso A, Perretta S, Marescaux J, et al. Randomized
trial of Roux-en-Y gastric bypass versus sleeve gastrectomy in achieving
excess weight loss. Br J Surg. 2017;104(3):248–56. https://doi.org/10.1002/
bjs.10400.

13. Shoar S, Saber AA. Long-term and midterm outcomes of laparoscopic
sleeve gastrectomy versus Roux-en-Y gastric bypass: a systematic review
and meta-analysis of comparative studies. Surg Obes Relat Dis. 2017;13(2):
170–80. https://doi.org/10.1016/j.soard.2016.08.011.

14. Khan I, Ullah N, Zha L, Bai Y, Khan A, Zhao T, et al. Alteration of gut
microbiota in inflammatory bowel disease (IBD): cause or consequence? IBD
Treatment Targeting the Gut Microbiome. Pathogens. 2019;8(3). https://doi.
org/10.3390/pathogens8030126.

15. Thomas AM, Manghi P, Asnicar F, Pasolli E, Armanini F, Zolfo M, et al.
Metagenomic analysis of colorectal cancer datasets identifies cross-cohort
microbial diagnostic signatures and a link with choline degradation. Nat
Med. 2019;25(4):667–78. https://doi.org/10.1038/s41591-019-0405-7.

16. Tao W, Artama M, von Euler-Chelpin M, et al. Colon and rectal cancer risk
after bariatric surgery in a multicountry Nordic cohort study. Int J Cancer.
2020;147(3):728–35. https://doi.org/10.1002/ijc.32770.

17. Derogar M, Hull MA, Kant P, Östlund M, Lu Y, Lagergren J. Increased risk of
colorectal cancer after obesity surgery. Ann Surg. 2013;258(6):983–8. https://
doi.org/10.1097/SLA.0b013e318288463a.

18. Atarashi K, Suda W, Luo C, Kawaguchi T, Motoo I, Narushima S, et al. Ectopic
colonization of oral bacteria in the intestine drives TH1 cell induction and
inflammation. Science. 2017;358(6361):359–65. https://doi.org/10.1126/science.aan4526.

19. Celiker H. A new proposed mechanism of action for gastric bypass surgery:
air hypothesis. Med Hypotheses. 2017;107:81–9. https://doi.org/10.1016/j.
mehy.2017.08.012.

20. Smith A, Henriksen B, Cohen A. Pharmacokinetic considerations in Roux-en-
Y gastric bypass patients. Am J Health Syst Pharm. 2011;68(23):2241–7.
https://doi.org/10.2146/ajhp100630.

21. Overduin J, Tylee TS, Frayo RS, Cummings DE. Hyperosmolarity in the small
intestine contributes to postprandial ghrelin suppression. Am J Physiol
Gastrointest Liver Physiol. 2014;306(12):G1108–16. https://doi.org/10.1152/a
jpgi.00072.2014.

22. Tropini C, Moss EL, Merrill BD, Ng KM, Higginbottom SK, Casavant EP, et al.
Transient osmotic perturbation causes long-term alteration to the gut microbiota.
Cell. 2018;173(7):1742–54 e17. https://doi.org/10.1016/j.cell.2018.05.008.

23. Wu X, Wu Y, He L, Wu L, Wang X, Liu Z. Effects of the intestinal microbial
metabolite butyrate on the development of colorectal cancer. J Cancer.
2018;9(14):2510–7. https://doi.org/10.7150/jca.25324.

24. Janeiro MH, Ramirez MJ, Milagro FI, et al. Implication of trimethylamine N-
oxide (TMAO) in disease: potential biomarker or new therapeutic target.
Nutrients. 2018;10(10). https://doi.org/10.3390/nu10101398.

25. Troseid M, Hov JR, Nestvold TK, et al. Major increase in microbiota-
dependent proatherogenic metabolite TMAO one year after bariatric
surgery. Metab Syndr Relat Disord. 2016;14(4):197–201. https://doi.org/10.1
089/met.2015.0120.

26. Jameson E, Fu T, Brown IR, Paszkiewicz K, Purdy KJ, Frank S, et al. Anaerobic
choline metabolism in microcompartments promotes growth and

Li et al. Microbiome           (2021) 9:139 Page 14 of 15

https://doi.org/10.2105/AJPH.2016.303326
https://doi.org/10.2105/AJPH.2016.303326
https://doi.org/10.1007/s11695-012-0864-0
https://doi.org/10.1053/j.gastro.2012.07.114
https://doi.org/10.1016/j.jada.2009.12.023
https://doi.org/10.1016/j.jada.2009.12.023
https://doi.org/10.1136/gutjnl-2019-319620
https://doi.org/10.1073/pnas.0812600106
https://doi.org/10.1073/pnas.0812600106
https://doi.org/10.1136/gut.2010.234708
https://doi.org/10.1016/j.bbrc.2005.01.139
https://doi.org/10.1016/j.bbrc.2005.01.139
https://doi.org/10.1210/en.2015-1321
https://doi.org/10.1016/j.soard.2018.06.004
https://doi.org/10.1016/j.soard.2018.06.004
https://doi.org/10.1002/bjs.10400
https://doi.org/10.1002/bjs.10400
https://doi.org/10.1016/j.soard.2016.08.011
https://doi.org/10.3390/pathogens8030126
https://doi.org/10.3390/pathogens8030126
https://doi.org/10.1038/s41591-019-0405-7
https://doi.org/10.1002/ijc.32770
https://doi.org/10.1097/SLA.0b013e318288463a
https://doi.org/10.1097/SLA.0b013e318288463a
https://doi.org/10.1126/science.aan4526
https://doi.org/10.1016/j.mehy.2017.08.012
https://doi.org/10.1016/j.mehy.2017.08.012
https://doi.org/10.2146/ajhp100630
https://doi.org/10.1152/ajpgi.00072.2014
https://doi.org/10.1152/ajpgi.00072.2014
https://doi.org/10.1016/j.cell.2018.05.008
https://doi.org/10.7150/jca.25324
https://doi.org/10.3390/nu10101398
https://doi.org/10.1089/met.2015.0120
https://doi.org/10.1089/met.2015.0120


swarming of Proteus mirabilis. Environ Microbiol. 2016;18(9):2886–98.
https://doi.org/10.1111/1462-2920.13059.

27. Ke Y, Li D, Zhao M, Liu C, Liu J, Zeng A, et al. Gut flora-dependent
metabolite Trimethylamine-N-oxide accelerates endothelial cell senescence
and vascular aging through oxidative stress. Free Radic Biol Med. 2018;116:
88–100. https://doi.org/10.1016/j.freeradbiomed.2018.01.007.

28. Benraouane F, Litwin SE. Reductions in cardiovascular risk after bariatric
surgery. Curr Opin Cardiol. 2011;26(6):555–61. https://doi.org/10.1097/HCO.
0b013e32834b7fc4.

29. Anand S, Kaur H, Mande SS. Comparative in silico analysis of butyrate
production pathways in gut commensals and pathogens. Front Microbiol.
2016;7:1945.

30. O'Keefe SJ. The association between dietary fibre deficiency and high-
income lifestyle-associated diseases: Burkitt's hypothesis revisited. Lancet
Gastroenterol Hepatol. 2019;4(12):984–96. https://doi.org/10.1016/S2468-12
53(19)30257-2.

31. Jaworska K, Konop M, Hutsch T, Perlejewski K, Radkowski M, Grochowska M,
et al. Trimethylamine but not trimethylamine oxide increases with age in rat
plasma and affects smooth muscle cells viability. J Gerontol A Biol Sci Med
Sci. 2020;75(7):1276–83. https://doi.org/10.1093/gerona/glz181.

32. Li JV, Reshat R, Wu Q, et al. Experimental bariatric surgery in rats generates
a cytotoxic chemical environment in the gut contents. Front Microbiol.
2011;2:183.

33. Ilhan ZE, DiBaise JK, Isern NG, et al. Distinctive microbiomes and metabolites
linked with weight loss after gastric bypass, but not gastric banding. ISME J.
2017;11(9):2047–58. https://doi.org/10.1038/ismej.2017.71.

34. Chambers ES, Viardot A, Psichas A, Morrison DJ, Murphy KG, Zac-Varghese
SEK, et al. Effects of targeted delivery of propionate to the human colon on
appetite regulation, body weight maintenance and adiposity in overweight
adults. Gut. 2015;64(11):1744–54. https://doi.org/10.1136/gutjnl-2014-307913.

35. Del Rio B, Redruello B, Ladero V, et al. An altered gene expression profile in
tyramine-exposed intestinal cell cultures supports the genotoxicity of this
biogenic amine at dietary concentrations. Sci Rep. 2018;8:17038.

36. Kaur H, Das C, Mande SS. In silico analysis of putrefaction pathways in
bacteria and its implication in colorectal cancer. Front Microbiol. 2017;8:
2166. https://doi.org/10.3389/fmicb.2017.02166.

37. Smith EA, Macfarlane GT. Formation of phenolic and indolic compounds by
anaerobic bacteria in the human large intestine. Microb Ecol. 1997;33(3):
180–8. https://doi.org/10.1007/s002489900020.

38. Elliott P, Posma JM, Chan Q, et al. Urinary metabolic signatures of human
adiposity. Sci Transl Med. 2015;7:285ra62.

39. Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, et al.
Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proc Natl Acad Sci U S A. 2009;106(10):3698–703. https://
doi.org/10.1073/pnas.0812874106.

40. Castillo-Rodriguez E, Fernandez-Prado R, Esteras R, Perez-Gomez M, Gracia-
Iguacel C, Fernandez-Fernandez B, et al. Impact of altered intestinal
microbiota on chronic kidney disease progression. Toxins (Basel). 2018;10(7).
https://doi.org/10.3390/toxins10070300.

41. Viaene L, Annaert P, de Loor H, Poesen R, Evenepoel P, Meijers B. Albumin
is the main plasma binding protein for indoxyl sulfate and p-cresyl sulfate.
Biopharm Drug Dispos. 2013;34(3):165–75. https://doi.org/10.1002/bdd.1834.

42. Seridi L, Leo GC, Dohm GL, Pories WJ, Lenhard J. Time course metabolome
of Roux-en-Y gastric bypass confirms correlation between leptin, body
weight and the microbiome. PLoS One. 2018;13(5):e0198156. https://doi.
org/10.1371/journal.pone.0198156.

43. Greter J, Lindstedt S, Seeman H, Steen G. 3-hydroxydecanedioic acid and
related homologues: urinary metabolites in ketoacidosis. Clin Chem. 1980;
26(2):261–5. https://doi.org/10.1093/clinchem/26.2.261.

44. Rocchiccioli F, Wanders RJ, Aubourg P, et al. Deficiency of long-chain 3-
hydroxyacyl-CoA dehydrogenase: a cause of lethal myopathy and
cardiomyopathy in early childhood. Pediatr Res. 1990;28(6):657–62. https://
doi.org/10.1203/00006450-199012000-00023.

45. Chawes BL, Giordano G, Pirillo P, Rago D, Rasmussen MA, Stokholm J, et al.
Neonatal urine metabolic profiling and development of childhood asthma.
Metabolites. 2019;9(9). https://doi.org/10.3390/metabo9090185.

46. Matsumoto M, Kuhara T, Inoue Y, Shinka T, Matsumoto I. Abnormal fatty
acid metabolism in patients in hopantenate therapy during clinical
episodes. J Chromatogr. 1991;562(1-2):139–45. https://doi.org/10.1016/03
78-4347(91)80572-T.

47. Shi J, Zhou J, Ma H, Guo H, Ni Z, Duan J’, et al. An in vitro metabolomics
approach to identify hepatotoxicity biomarkers in human L02 liver cells
treated with pekinenal, a natural compound. Anal Bioanal Chem. 2016;
408(5):1413–24. https://doi.org/10.1007/s00216-015-9202-4.

48. Schulz N, Himmelbauer H, Rath M, van Weeghel M, Houten S, Kulik W, et al.
Role of medium- and short-chain L-3-hydroxyacyl-CoA dehydrogenase in
the regulation of body weight and thermogenesis. Endocrinology. 2011;
152(12):4641–51. https://doi.org/10.1210/en.2011-1547.

49. Rakheja D, Bennett MJ, Rogers BB. Long-chain L-3-hydroxyacyl-coenzyme a
dehydrogenase deficiency: a molecular and biochemical review. Lab Invest.
2002;82(7):815–24. https://doi.org/10.1097/01.LAB.0000021175.50201.46.

50. Gralka E, Luchinat C, Tenori L, Ernst B, Thurnheer M, Schultes B.
Metabolomic fingerprint of severe obesity is dynamically affected by
bariatric surgery in a procedure-dependent manner. Am J Clin Nutr. 2015;
102(6):1313–22. https://doi.org/10.3945/ajcn.115.110536.

51. He X, Slupsky CM. Metabolic fingerprint of dimethyl sulfone (DMSO2) in
microbial-mammalian co-metabolism. J Proteome Res. 2014;13(12):5281–92.
https://doi.org/10.1021/pr500629t.

52. Manukhov IV, Mamaeva DV, Rastorguev SM, Faleev NG, Morozova EA,
Demidkina TV, et al. A gene encoding L-methionine gamma-lyase is present
in Enterobacteriaceae family genomes: identification and characterization of
Citrobacter freundii L-methionine gamma-lyase. J Bacteriol. 2005;187(11):
3889–93. https://doi.org/10.1128/JB.187.11.3889-3893.2005.

53. Jacob SW. In: Patent US, editor. Management of snoring by oral
adminstration of dimethyl sulfone. United States: Elstan Corporation; 2002.
https://patents.google.com/patent/US6440391B1/en.

54. Fredheim JM, Rollheim J, Sandbu R, Hofsø D, Omland T, Røislien J, et al.
Obstructive sleep apnea after weight loss: a clinical trial comparing gastric
bypass and intensive lifestyle intervention. J Clin Sleep Med. 2013;9(05):427–
32. https://doi.org/10.5664/jcsm.2656.

55. Kochkodan J, Telem DA, Ghaferi AA. Physiologic and psychological gender
differences in bariatric surgery. Surg Endosc. 2018;32(3):1382–8. https://doi.
org/10.1007/s00464-017-5819-z.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Li et al. Microbiome           (2021) 9:139 Page 15 of 15

https://doi.org/10.1111/1462-2920.13059
https://doi.org/10.1016/j.freeradbiomed.2018.01.007
https://doi.org/10.1097/HCO.0b013e32834b7fc4
https://doi.org/10.1097/HCO.0b013e32834b7fc4
https://doi.org/10.1016/S2468-1253(19)30257-2
https://doi.org/10.1016/S2468-1253(19)30257-2
https://doi.org/10.1093/gerona/glz181
https://doi.org/10.1038/ismej.2017.71
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.3389/fmicb.2017.02166
https://doi.org/10.1007/s002489900020
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.3390/toxins10070300
https://doi.org/10.1002/bdd.1834
https://doi.org/10.1371/journal.pone.0198156
https://doi.org/10.1371/journal.pone.0198156
https://doi.org/10.1093/clinchem/26.2.261
https://doi.org/10.1203/00006450-199012000-00023
https://doi.org/10.1203/00006450-199012000-00023
https://doi.org/10.3390/metabo9090185
https://doi.org/10.1016/0378-4347(91)80572-T
https://doi.org/10.1016/0378-4347(91)80572-T
https://doi.org/10.1007/s00216-015-9202-4
https://doi.org/10.1210/en.2011-1547
https://doi.org/10.1097/01.LAB.0000021175.50201.46
https://doi.org/10.3945/ajcn.115.110536
https://doi.org/10.1021/pr500629t
https://doi.org/10.1128/JB.187.11.3889-3893.2005
https://patents.google.com/patent/US6440391B1/en
https://doi.org/10.5664/jcsm.2656
https://doi.org/10.1007/s00464-017-5819-z
https://doi.org/10.1007/s00464-017-5819-z

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Study design and sample collection

	Results
	Effect of surgery on weight loss
	Bariatric surgery profoundly alters the urinary metabolome
	RYGB induces dynamic metabolic changes in serum profiles over the first 12 months following the surgery
	RYGB surgery resulted in an altered microbiome and associated metabolic shift in the gut bacterial community

	Discussion
	Conclusion
	Supplementary Information
	Acknowledgements
	Disclaimer
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Competing interests
	Author details
	References
	Publisher’s Note

