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Peri‑operative antibiotics acutely 
and significantly impact intestinal 
microbiota following bariatric 
surgery
Harika Nalluri1, Scott Kizy1, Kristin Ewing2, Girish Luthra3, Daniel B. Leslie1,2, 
David A. Bernlohr4, Michael J. Sadowsky5, Sayeed Ikramuddin1, Alexander Khoruts5,6,8, 
Christopher Staley1,4,8 & Cyrus Jahansouz1,7,8*

Bariatric surgery is the most effective treatment for weight loss. Vertical sleeve gastrectomy (VSG) 
involves the resection of ~ 80% of the stomach and was conceived to purely restrict oral intake. 
However, evidence suggests more complex mechanisms, particularly postoperative changes in gut 
microbiota, in facilitating weight loss and resolving associated comorbidities. VSG in humans is a 
complex procedure and includes peri-operative antibiotics and caloric restriction in addition to the 
altered anatomy. The impact of each of these factors on the intestinal microbiota have not been 
evaluated. The aim of this study was to determine the relative contributions of each of these factors 
on intestinal microbiota composition following VSG prior to substantial weight loss. Thirty-two 
obese patients underwent one of three treatments: (1) VSG plus routine intravenous peri-operative 
antibiotics (n = 12), (2) VSG with intravenous vancomycin chosen for its low intestinal penetrance 
(n = 12), and (3) caloric restriction (n = 8). Fecal samples were evaluated for bacterial composition prior 
to and 7 days following each intervention. Only patients undergoing VSG with routine peri-operative 
antibiotics showed a significant shift in community composition. Our data support the single dose of 
routine peri-operative antibiotics as the most influential factor of intestinal microbial composition 
acutely following VSG.

Despite recent advances in the medical treatment for obesity and T2DM, bariatric surgery remains the most 
effective therapy resulting in metabolic improvement prior to substantial weight loss1–3. Vertical sleeve gastrec-
tomy (VSG), a procedure involving the resection of ~ 80% of the stomach, is now the most prevalent form of 
bariatric surgery in the United States4. Although VSG was conceived as a purely restrictive surgery to limit oral 
intake, recent evidence suggests more complex underlying mechanisms, particularly postoperative changes in 
the composition of the intestinal microbiota, which facilitate weight loss and counteract important comorbidities 
such as T2DM. Understanding the mechanisms by which bariatric surgery alters physiology is likely to enable 
alternative therapies, enhance primary results of surgical intervention, and reduce failures2,5.

Intestinal microbiota plays a central role in energy metabolism and gut functioning, and have been shown to 
influence obesity6. Transfer of intestinal microbiota from genetically obese mice, or obese human individuals, 
into germ-free mice results in greater fat mass and increased peripheral insulin resistance6,7. Observations from 
mouse models of both VSG and Roux-en-Y gastric bypass (RYGB) have shown that the procedures are associated 
with an acute and sustained shift in the composition of the microbiota, a shift that persists longitudinally8–11. 
These observations have been seen in parallel human studies as well, and appear to correlate with the resolution 
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of T2DM12–14. Taken a step further, germ-free mice colonized with stool from patients who have undergone 
bariatric surgery exhibit reduced adiposity suggesting a mechanistic role14.

While animal studies are performed in a controlled setting, bariatric surgery in humans is a very com-
plex intervention that includes caloric restriction and peri-operative antibiotics in addition to the anatomic 
alteration. These factors represent significant confounders in investigating changes in the intestinal microbiota. 
Post-operatively, bariatric patients are routinely placed on caloric restriction in the form of a liquid diet for at 
least 1 week following surgery15. Modifications in diet, particularly when as drastic as that followed by patients 
post-operatively, can acutely impact gut microbiota composition16. All bariatric surgery patients also receive 
peri-operative antibiotics that provide surgical site infection prophylaxis and reduce rates of post-surgical wound 
infections17. However, pertinent to metabolic disease, animal models suggest that antibiotics may also contribute 
to increased adiposity and altered levels of hormones related to glucose and lipid metabolism18. Furthermore, we 
have shown in a mouse model of VSG that short-term antimicrobial administration that disrupt the intestinal 
microbial community structure not only diminish weight loss following surgery, but have the potential to elimi-
nate any metabolic benefit19. The roles that each of these factors play in shaping the composition of intestinal 
microbiota following surgery have not been investigated and remain relatively unknown. Characterizing the 
impact of antibiotics and caloric restriction on intestinal microbial composition is important not only for the 
broader understanding of the physiologic consequences of these interventions but particularly important in the 
bariatric setting in which the ultimate goal is maximizing weight loss and metabolic benefit.

Our goal was to evaluate the relative contributions of each of these factors in shaping the gut microbiome 
acutely following VSG in order to reduce confounding and ultimately identify changes that may contribute to 
the metabolic efficacy of the procedure. To do so, we studied the microbiota and fecal bile acid composition in 
three groups of patients prior to surgery and on post-operative day 7. Specifically, we examined patients: (1) 
undergoing VSG with routine peri-operative intravenous (IV) antibiotics consisting of cefazolin or clindamycin 
(RVSG); (2) undergoing VSG with IV vancomycin (VVSG) as the peri-operative antibiotic; (3) placed on a calori-
cally restricted diet (CR) to approximate the post-operative intake following surgery. Intravenous vancomycin 
was specifically chosen as a substitute for routine antibiotics because it is predicted to have limited penetration 
into the gut lumen20.

Results
Subject demographics.  There were no baseline differences in age, weight, BMI, hemoglobin A1c (HbA1c), 
and fasting glucose levels among all three cohorts (Table 1). There were no post-operative complications, and all 
patients were discharged by post-operative day (POD) 2, tolerating oral intake. Post-operative narcotic use was 
also similar between surgical groups. All three cohorts lost a similar amount of weight by POD 7. A 3-month 
follow-up in the two post-VSG cohorts indicated a statistically similar weight loss.

Bacterial composition of fecal samples.  A mean Good’s coverage of 99.4 ± 0.2% was observed among 
all samples, and 131 to 617 OTUs were obtained from a single sample. No differences in species (alpha) diver-
sity, measured by the Shannon index, were observed in pre-intervention samples among all treatment arms 
(Table 2). Only bacterial communities in feces of VVSG patients had significantly lower Shannon indices than 
pre-operative communities (P = 0.035). Post-intervention bacterial communities in the RVSG and CR arms had 
similar alpha diversity to those prior to intervention.

Some, but not all, studies have found an increased abundance of Firmicutes relative to Bacteroidetes in obese 
individuals6,21. Pre-intervention bacterial communities in our study were comparable between all groups, and 
were similarly dominated by members of the families Lachnospiraceae (29.2 ± 2.1% of sequence reads) and Rumi-
nococcaceae (12.2 ± 1.1%), within the phylum Firmicutes, and members of the and Bacteroidaceae (19.3 ± 1.5%) 
and Porphyromonadaceae (7.4 ± 0.9%) within the Bacteroidetes phylum (Fig. 1). The relative abundances of Bac-
teroidetes to Firmicutes increased post-operatively following RVSG. However, the changes in relative abundances 
of these phyla were only statistically significant in the RVSG treatment arm (Fig. 1; P = 0.005 and 0.01, with 
respect to phyla). These changes among RVSG bacterial communities corresponded to a significant reduction 
in members of the Lachnospiraceae family (P = 0.034) and expansion in members of the Porphyromonadaceae 
family (P < 0.0001; Fig. 2). The reduction of Streptococcaceae in post-intervention VVSG samples was significant 

Table 1.   Demographics of subjects undergoing routine VSG (RVSG), VSG with IV Vancomycin (VVSG) or 
caloric restriction (CR). Values represent mean ± SEM. TWL total weight loss, NS not significant.

RVSG VVSG CR Statistical significance

Total patients 12 12 8 –

Gender (M/F) 3/9 2/10 1/7 –

Age (years) 39.2 ± 3.0 41.4 ± 2.4 47.4 ± 4.2 NS

Weight at intervention (kg) 123.3 ± 7.4 113.2 ± 2.6 107.8 ± 6.7 NS

1 Week weight loss (% TWL) 2.4 ± 0.4 3.7 ± 0.4 4.2 ± 0.4 NS

3 Month weight loss (% TWL) 11.2 ± 2.4 12.4 ± 2.7 – NS

BMI (kg/m2) 42.6 ± 2.1 41.1 ± 2.9 39.7 ± 1.6 NS

HbA1c (%) 5.9 ± 0.1 5.8 ± 0.2 6.4 ± 0.2 NS

Plasma glucose (mg/dl) 108.5 ± 7.5 98.8 ± 3.1 101.6 ± 3.6 NS
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Table 2.   Coverage and alpha diversity (mean ± standard error) in patient samples prior to and following VSG 
with routine antibiotics (RVSG), VSG with intravenous Vancomycin (VVSG), or caloric restriction (CR). 
*Sobs—number of OTUs observed. A,B Values sharing the same superscript did not differ significantly by post-
hoc test.

Arm Time point Coverage (%) *Sobs Shannon

RVSG
Pre 99.3 ± 0.1 421 ± 31 3.82 ± 0.11A

Post 99.5 ± 0.1 342 ± 35 3.43 ± 0.15A

VVSG
Pre 99.5 ± 0.0 317 ± 15 3.45 ± 0.15A

Post 99.7 ± 0.0 239 ± 14 2.87 ± 0.15B

CR
Pre 99.3 ± 0.1 379 ± 29 3.64 ± 0.08A

Post 99.4 ± 0.0 366 ± 24 3.43 ± 0.19A,B

Figure 1.   Pre- and post-intervention distribution of phyla averaged among all patients undergoing RVSG, 
VVSG, CR. *Indicates significant changes (p ≤ 0.01) in both Firmicutes and Bacteroidetes. Only RVSG post-
intervention samples had significantly different community composition (beta diversity) from those of pre-
intervention samples (P < 0.001).
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(Fig. 2; post-hoc P = 0.013). However, no significant shifts between pre- and post-intervention bacterial com-
munities in the CR arm were observed.

Comparison of pre‑ and post‑intervention samples.  Only RVSG post-intervention samples had sig-
nificantly different community composition (beta diversity) from those of pre-intervention samples (P < 0.001). 
Ordination of samples by PCoA and subsequent AMOVA analysis also indicated that only post-operative micro-
bial communities for the RVSG arm were significantly separated from all pre-intervention microbial communi-
ties (Fig. 3A and Supplemental Figs. 1–3; P < 0.001). Excluding the two RVSG patients who received clindamycin 
did not significantly alter the results. Neither VVSG (Fig. 3B) nor CR (Fig. 3C) resulted in significant separation 
of pre- and post-intervention microbial communities.

The relationship between the structure and function of gut microbial communities has been shown in some 
cases. Specifically, changes in gut microbiota have been shown to be closely linked to alterations in bile acid 
composition22,23. Consequently, we measured the concentrations of fecal bile acids in all samples prior to and 
post-intervention (Supplemental Fig. 4). CR resulted in a significant reduction in deoxycholic acid (P = 0.01) 
and a trend towards reduced chenodeoxycholic acid (P = 0.15). There were no significant differences in measured 
bile acids following RVSG or VVSG, however there was a trend towards reduced levels of chenodeoxycholic acid 
(p = 0.16) in RVSG and a trend towards increased glycine conjugated bile acids following VVSG.

In an attempt to identify early microbiome markers predictive of weight loss, we examined Spearman cor-
relations between changes in the relative abundances of families at 1-week post RVSG or VVSG and weight 
loss at 3 months post-surgery. An increase in relative abundance of Bacteroidaceae was strongly correlated with 
greater percent total weight loss (r = -0.82; P = 0.003). This finding was restricted only to the VVSG arm with no 
significant correlations identified in RVSG.

Discussion
Changes in the composition of the gut microbiota following bariatric surgery have been causally linked to 
weight loss and metabolic improvement14,24,25. The aim of this study was to evaluate the relative contributions 
of the peri-operative antibiotics and caloric restriction to the postsurgical changes in the intestinal microbiota 
acutely following VSG prior to substantial weight loss. Routine antibiotics had a significant impact on microbial 
composition. When routine antibiotics were replaced with intravenous vancomycin, which has poor intestinal 
penetration, we observed no statistically shifts in the post-operative gut microbiome. Furthermore, post-operative 
caloric restriction alone comprised of a liquid diet with a stringent 800 kcal daily limit for 7 days did not have an 
appreciable effect on the gut microbiome but did alter fecal concentrations of deoxycholic acid. Taken together, 

Figure 2.   Distribution of family averaged among all patients within treatment groups (RVSG, VVSG, and CR) 
prior to and post-intervention. There was a significant reduction in members of the Lachnospiraceae family 
(P = 0.034) and an expansion in members of the Porphyromonadaceae family (P < 0.0001) among patients in the 
RVSG cohort. In VVSG, a reduction of Streptococcaceae (post-hoc P = 0.013) was observed, while no significant 
changes were seen in CR.
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our findings indicate that peri-operative antibiotics, and not the surgical procedure or caloric restriction per se, 
drive much of the early changes in the intestinal microbiota observed following VSG.

Our observations do not exclude the likely possibility that the VSG anatomy will impact the composition 
of the intestinal microbiota over time. We have previously identified an acute and sustained reduction in the 
relative abundance of Firmicutes and expansion of Bacteroidetes in a murine model of VSG9. Furthermore, VSG 
also results in altered gastrointestinal transit, reduced gastric acid secretion, faster gastric emptying, and shorter 
intestinal transit time, which are all factors expected to impact the intestinal microbiota. Thus, we expected to 

Figure 3.   Principal coordinate analysis of (A) RVSG, (B) VVSG, and (C) CR samples pre- and post-
intervention. Only post-operative communities in the RVSG cohort were significantly separated from all pre-
operative communities (p < 0.001).
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see shifts in the intestinal microbiota composition as well as in the fecal bile acid profile at this early time point. 
It is likely then that changes in the microbiome without the acute impact of antibiotics occur later than the 
1-week time point at which we evaluated26. Importantly, identifying the significant impact that a single dose of an 
intestinal-penetrating antibiotic has on the post-surgical composition of the microbiota has potentially important 
implications longitudinally19. Our observations in the RVSG cohort appear similar to those seen by others at 3, 
6 and 12 months post-VSG, specifically with a decrease in the relative abundance of Firmicutes and expansion 
of Bacteroidetes27–29. Antibiotic administration, which can have long-lasting effects on the composition of the 
indigenous microbiota for months and even years following short-term use, has gone undocumented12,24,30–32. We 
recently showed in a mouse model of VSG that disrupting the postsurgical shift in microbial composition with 
antibiotics acutely following surgery not only results in less weight loss, but importantly the loss of any metabolic 
benefit. Interestingly, in this study we identified persistent changes in the composition of the microbiome 1 month 
after the last dose of antibiotic was administered highlighting a longitudinal impact. Whether these observations 
are translated in humans following surgery is unknown at this time but is an important next step that we are 
investigating. It is noteworthy that studies are supporting a role for post-surgical microbial changes in predicting 
the resolution of T2DM12,33. Observations from our study suggest that antibiotics have the potential to dimin-
ish or even eliminate such potentially metabolically important changes. For example, we observed a significant 
reduction in the relative abundance of Lachnospiraceae family only following RVSG and was not seen in the 
VVSG or CR, supposing that this is an antibiotic-specific change. Davies et al. have shown that the expansion of 
Lachnospiraceae was more abundant in those who achieved diabetes remission 1 year following bariatric surgery, 
highlighting a potentially negative impact of routine antibiotic administration33. Furthermore, our observation 
on the correlation of Bacteroidaceae and weight loss in the VVSG arm is noteworthy as a greater abundance of 
Bacteroidaceae has been correlated to resistance to diet-induced obesity and a healthier metabolic profile34,35.

Changes in the composition of the gut microbiome have been shown to be closely linked to alterations in 
bile acids22,23. We previously observed in humans that serum glycine-conjugated, unconjugated, and secondary 
bile acids increased 1 week following VSG36. However, no significant differences were observed in fecal bile 
acids in either VSG group. It is plausible that more rapid delivery of bile acids to the distal gut may facilitate an 
increase in serum bile acid concentrations, although more studies are required to confirm this possibility. We 
did observe a reduction in fecal deoxycholic acid in the CR cohort which matches our previously published 
serum studies in a different CR group36. Thus, these results suggest that CR may act in a manner that is distinct 
from VSG and CR together.

There are some important limitations to our study. We assessed early changes in fecal microbiota following 
surgery. Future studies with a larger sample size are needed to correlate these results with long-term microbiome 
metrics, and any potential relationship with long-term metabolic outcomes. While weight loss did not signifi-
cantly differ among the three cohorts we examined, our study is limited by a lack of detailed metabolic testing. 
This is an important next step in characterizing metabolic changes, such as insulin resistance, in concert with 
changes in the intestinal microbiota. Although previous investigations showed minimal intestinal penetration 
of IV vancomycin, it is possible that there may be some impact given our finding of reduced alpha diversity 
following VVSG37. We profiled fecal microbiome, but realize that it may not be a sufficient surrogate for small 
bowel and/or mucosa-adherent intestinal microbiome that may have greater relevance to energy metabolism38,39. 
Finally, we did not control for the potential impact(s) of bowel prep, anesthesia and short-term narcotic use on 
the intestinal microbiota in the CR cohort. These other potential confounders may be included in future studies 
to further isolate VSG driven effects.

In conclusion, the results of this study indicate that the immediate post-operative shift in the intestinal 
microbial community structure following VSG is significantly impacted by the single dose of antibiotic admin-
istration and not by caloric restriction or the resultant anatomic changes. This study adds to the accumulating 
data highlighting the potentially adverse effects of antibiotic induced dysbiosis on metabolic health. Moreover, 
it raises important questions with regards to the impact of VSG on the gut microbiota, the necessity of peri-
operative antibiotics, and the type of antibiotics that should be administered to patients at the time of surgery.

Patients and methods
Study subjects.  Institutional Review Board (IRB) approval was obtained from St. Cloud Hospital, Min-
nesota, for study protocols. All experiments were performed in accordance with relevant named guidelines and 
regulations. All patients under consideration for this study were > 18 years of age with a body mass index (BMI) 
≥ 35.0 kg/m2 (Table 1). Patients with a previous history of any gastrointestinal surgery, including cholecystec-
tomy, or recent antibiotic use (within 3 months of initiation of intervention), were excluded from the study.

Experimental design.  The three arms of the study were sequentially blocked concurrent with recruitment 
(Fig. 4). Twelve consecutive patients received routine antibiotics (RVSG) immediately prior to surgery that con-
sisted of 2 g of IV cefazolin (n = 10) or 600 mg of IV clindamycin (n = 2) 600 mg in the case of a penicillin 
allergy. Twelve consecutive patients underwent VSG and received a 1500 mg dose of IV vancomycin adminis-
tered immediately prior to surgery (VVSG). Eight consecutive patients not undergoing surgery were placed on a 
calorically restricted (CR) diet matching that which post-bariatric surgery patients adhere.

All patients were placed on identical diets consisting of four clear liquid Robard (Mt. Laurel, NJ) protein 
shakes totaling 760–800 kcal a day for 6 days as per our standard dietary protocol at the time this study was 
being conducted. Nutritional content consisted of 24 g of fat, 102–108 g of protein, and 40–50 g of carbohydrates 
per day. Dietary plan and execution were performed under the guidance of a bariatric registered dietitian (KE).
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Surgery.  Briefly, laparoscopic VSG was performed as follows: a 4.8 mm stapler load was used to divide the 
greater curvature of the stomach 6 cm from the pylorus and remaining 3 cm from the angularis incisura. A 34 
French Bougie was inserted and guided the first staple firing. Multiple 3.5 mm stapler loads were fired thereafter 
progressing up to the angle of His to complete VSG. A Foley catheter was not inserted and preoperative skin 
preparation was performed with chlorhexidine.

Sample collection.  All patients were given instructions and stool collection materials at their final pre-
intervention clinic visit. Participants were asked to collect a fecal sample prior to initiation of intervention and 
the day prior to their first post-operative visit (POD 6 or post-diet day 6). Patients stored samples in their home 
freezers for up to 24 h. Upon delivery to the laboratory, samples were kept frozen at − 80 °C until processed.

Sample processing and sequencing.  DNA was isolated from human stool samples using Powersoil 
DNA Isolation Kits (MO BIO Laboratories, #12888-100) per manufacturer’s instructions. The V5 + V6 hyper-
variable regions of the 16S rRNA gene were amplified using the BSF 784/1046R primer set (CS1). Amplicons 
were gel purified and pooled in equal concentrations. Sample libraries were paired-end sequenced at a read 
length of 300 nt on the Illumina MiSeq platform by the University of Minnesota Genomics Center (Minneapolis, 
MN). Raw data was received as fastq files and are deposited in the National Center for BioTechnology Informa-
tion Sequence Read Archive under BioProject accession number SRP072183.

All sequence processing and analysis was performed using mothur software ver. 1.34.040. Raw sequence data 
was trimmed to 150 nt for both forward and reverse reads to remove low-quality regions at the end of sequence 
reads. Trimmed reads were paired-end joined using fastq-join software41. Joined reads where then trimmed 
for quality using the following criteria: average quality scores ≥ 35 over a window of 50 nt, homopolymers ≤ 8 
nt, no ambiguous bases, and ≤ 2 mismatches from primer sequences. Sequence reads were aligned against the 
SILVA database ver. 11942 and subjected to a 2% pre-clustering step to remove sequence errors43. Chimeras were 
rarefied and removed using UCHIME software44. For comparisons, each sample was normalized, by random 
subsampling to 25,000 sequences. Operational taxonomic units (OTUs) were assigned at 97% similarity using 
the furthest-neighbor algorithm, and taxonomic classifications were performed against the Ribosomal Database 
Project database ver. 1445.

Statistical analysis.  Alpha and beta diversity indices and ordination analysis were performed using 
mothur. The Shannon index was calculated to provide a parametric measure of alpha, or species, diversity. The 
Kruskal–Wallis test was used to determine significant variations in OTUs among treatment groups46. Beta diver-
sity comparisons (community composition) were performed using Bray–Curtis dissimilarity matrices analy-

Figure 4.   Study design. The objective of the study was to evaluate the relative contributions of important peri-
operative factors in shaping the gut microbiome acutely following VSG in order to identify changes that may 
contribute to the metabolic efficacy of the procedure. 32 patients were recruited to undergo VSG with routine 
intravenous antibiotics (RVSG; n = 12), VSG with intravenous vancomycin as peri-operative antibiotic (VVSG; 
n = 12), or caloric restriction (CR; n = 8) which is routinely implemented in post-surgical cares. Intravenous 
vancomycin was specifically chosen due to its poor intestinal penetrance thus allowing for the evaluation of the 
impact of the single dose of peri-operative antibiotic on the composition of the microbiome.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20340  | https://doi.org/10.1038/s41598-020-77285-7

www.nature.com/scientificreports/

sis of similarity (ANOSIM)47,48. Analysis of molecular variance (AMOVA)49 was also performed to statistically 
determine sample clustering, and ordination was performed via principal coordinate analysis (PCoA).

Bray–Curtis matrices are plotted using PCoA, which allows simple visualization of similarities among com-
positions of different samples given the large complex data obtained from sequencing. Spearman correlations 
were performed using XLSTAT ver. 2015.01.0 (Addinsoft, Belmont, MA). Data with p-values less than 0.05 
were considered statistically significant, unless otherwise stated, and the Bonferroni correction was applied to 
Spearman rank correlation values to correct for multiple comparisons. A power analysis was performed using 
the HMP package in R ver. 3.2.2. A Monte-Carlo simulation procedure was used to estimate the power of finding 
differences in abundances of phyla using a rank abundance distribution probability test50.

The power (beta) of each arm to detect differences in post-intervention communities at the sample sizes used 
in this study was 1.00 for all arms.

Bile acid measurements.  Fecal composition was determined on all samples as previously described as 
follows51. Fecal samples were added to 10 vol (w/v) of 50% aqueous acetonitrile with 5 μM oleanolic acid (inter-
nal standard) and extracted by vortex and sonication for 10 min. The mixture was centrifuged twice at 18,000×g 
for 10 min, the supernatant was transferred into a sample vial and subjected to LC–MS analysis. A 5 µl aliquot 
of fecal extract was injected into an Acquity UPLC system (Waters, Milford, MA) and separated using Water 
Acquity C18 column (1.7 μm, 2.1 × 50 mm). Mobile phases A and B were water with 10uM ammonium acetate 
at pH9 and 95% acetonitrile, 5% water, with 10 mM ammonium acetate at pH 9, respectively. The mobile phase 
gradient ranged from 0.5 to 100% B over a 10-min run. The LC eluent was introduced into a Xevo-G2-S QTOF 
mass spectrometer (Waters) for metabolite identification and quantification. Capillary and cone voltage for elec-
trospray ionization (ESI) were maintained at − 10 V and − 5 V for negative-mode detection, respectively. Source 
temperature and desolvation temperature were 120 °C and 350 °C, respectively. Nitrogen was used as a cone 
(50 l/h) and desolvation gas (800 l/h). For accurate mass measurement, the mass spectrometer was calibrated 
with a sodium formate solution (range m/z 50–1000) and monitored by the intermittent injection of the lock 
mass leucine enkephalin ([M−H]− = 554.2615 m/z) in real time. Mass chromatograms and mass spectral data 
were acquired and processed by MassLynx software (Waters) in centroided format. The concentrations of vari-
ous primary (cholic acid and chenodeoxycholic acid), secondary bile acids (deoxycholic acid and lithocholic 
acid), taurine-conjugated bile acids (taurocholic acid, taurochenodeoxycholic acid, and taurodeoxycholic acid), 
and glycine-conjugated bile acids (glycodeoxycholic acid, glycocholic acid, and glycochenodeoxcholic acid) in 
serum samples were determined using corresponding standard curves and QuanLynx software (Waters)51.

Ethics approval.  All study procedures were in accordance with the ethical standards of the national 
research ethics committee and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards.

Informed consent.  Informed consent was obtained from all individual participants for whom identifying 
information is included in this article.
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