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Abstract
Background Laparoscopic sleeve gastrectomy (LSG) for morbid obesity may improve gut microbiota balance and decrease 
chronic inflammation. This study examines the changes in gut microbiota and immune environment, including mucosal-
associated invariant T cells (MAIT cells) and regulatory T cells (Treg cells) caused by LSG.
Methods Ten morbidly obese patients underwent LSG at our institution between December 2018 and March 2020. Flow 
cytometry for Th1/Th2/Th17 cells, Treg cells and MAIT cells in peripheral blood and colonic mucosa and 16S rRNA analysis 
of gut microbiota were performed preoperatively and then 12 months postoperatively.
Results Twelve months after LSG, the median percent total weight loss was 30.3% and the median percent excess weight loss 
was 66.9%. According to laboratory data, adiponectin increased, leptin decreased, and chronic inflammation improved after 
LSG. In the gut microbiota, Bacteroidetes and Fusobacteria increased after LSG, and indices of alpha diversity increased 
after LSG. In colonic mucosa, the frequency of MAIT cells increased after LSG. In peripheral blood, the frequency of Th1 
cells and effector Treg cells decreased after LSG.
Conclusions After LSG for morbid obesity, improvement in chronic inflammation in obesity is suggested by change in the 
constituent bacterial species, increase in the diversity of gut microbiota, increase in MAIT cells in the colonic mucosa, and 
decrease in effector Treg cells in the peripheral blood.
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Morbid obesity has been increasing all over the world, with 
bariatric surgery highlighted as a treatment option. In Japan, 
laparoscopic bariatric procedures were first introduced in 
2000, followed by introduction of laparoscopic sleeve gas-
trectomy (LSG) in 2005 [1]; LSG was performed for 704 
patients in 2019 [2].

The concept of “metabolic surgery” has rapidly emerged, 
because bariatric surgery not only reduces body weight 
(BW) in obesity, it improves various metabolic conditions 
associated with obesity. Various mechanisms have been 
reported to improve metabolism after metabolic surgery, 
including the involvement of gastrointestinal hormones 
(incretin [3], ghrelin [4], and others), bile acid signaling [5, 
6], and adipokines produced by adipocytes (adiponectin, 
leptin, TNF-α, and others) [7].

Patients with obesity are generally thought to have mild 
chronic inflammation, which leads to insulin resistance and 
hyperinsulinemia, and exacerbates various obesity-related 
comorbidities. Dysfunction of adipose tissue due to exces-
sive accumulation and hypertrophy results in a decrease in 
anti-inflammatory adipokines, including adiponectin and an 
increase in inflammatory adipokines such as leptin, TNF-α 
[8]. Additionally, obesity is known to be a cause of mild 

inflammation of the intestinal tract, leading to decreased 
intestinal barrier function and increased blood levels of 
bacterial endotoxin [9, 10]. Obese patients have also been 
shown to have changes in the species of gut microbiota 
and decrease in its diversity, so called dysbiosis, which is 
thought to be related to chronic inflammation in obesity [11]. 
The possibility of gut microbiota balance improvement by 
LSG has not been satisfactorily confirmed.

Gut microbiota is also involved in the establishment of 
the intestinal immune system, which interacts in a com-
plex manner with host immune function. Components of 
the intestinal immune system include mucosal-associated 
invariant T cells (MAIT cells) and regulatory T cells (Treg 
cells). MAIT cells are innate lymphocytes that are impor-
tant for the intestinal immune system and are abundant 
in the lamina propria and Peyer's patches of the intestinal 
mucosa. In normal-weight and non-metabolically compro-
mised humans, MAIT cells account for about 1–10% of the 
peripheral blood T cells [12], with an even higher percent-
age in tissue T cells: reportedly 15–50% in the liver and 
10% in the intestines [13, 14]. The antigens of MAIT cells 
are vitamin B2 metabolic intermediates produced by bac-
teria [15], and MAIT cells have a protective ability against 
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bacterial infection by producing inflammatory cytokines and 
cytotoxic activity [16–18]. Changes in the number of MAIT 
cells in the colonic mucosa after LSG have not yet been 
investigated. Treg cells, a type of immunosuppressive cells, 
express the transcription factor Foxp3 and account for about 
5% of the  CD4+ T cells in healthy human peripheral blood. 
In humans, Treg cells mainly exit the thymus into the periph-
eral blood as naive Treg cells, become effector Treg cells 
upon antigen stimulation, and regulate immune responses 
by producing IL-10 and TGF-β [19]. There is a relationship 
between chronic inflammation and Treg cells [20]. If the 
patient's chronic inflammatory condition is reduced, there 
may be changes in the number of Treg cells in peripheral 
blood. Changes in the number of Treg cells in the peripheral 
blood after LSG have also not yet been widely investigated.

We hypothesized that obese patients have increased 
diversity of gut microbiota and improved immune system 
in intestines and peripheral blood after LSG. As a result, 
the chronic inflammatory conditions in obese patients may 
be improved after LSG.

We therefore examined the changes in gut microbiota and 
the immune environment in the blood and intestines caused 
by LSG.

Materials and methods

Patients

This single-center prospective study was approved by the 
Institutional Review Board at the Wakayama Medical Uni-
versity Hospital (WMUH) (Approval Number 2318). All 
patients gave written informed consent in accordance with 
its guidelines, and all research has been performed in accord-
ance with the Declaration of Helsinki. The study protocol 
was registered in the University Hospital Medical Informa-
tion Network (UMIN000034438).

This study includes ten morbidly obese patients who 
entered the above clinical trial and underwent LSG at 
WMUH between December 2018 and March 2020. 
All patients met the criteria of “(a) body mass index 
(BMI) ≥ 35 kg/m2” or “(b) BMI ≥ 32 kg/m2 and each have 
type 2 diabetes mellitus or two or more comorbidities other 
than type 2 diabetes mellitus (hypertension, dyslipidemia, 
liver dysfunction, or sleep apnea syndrome)”. The criteria 
for diagnosis in obesity-related comorbidities was based on 
the criteria “Standardized Outcomes Reporting in Metabolic 
and Bariatric Surgery” [21].

Operative procedures

Our surgical procedure of LSG was previously reported 
[22]. Briefly, after setting a 36 Fr bougie tube in the lesser 

curvature side of the stomach as a guide, sequential firings 
of linear staplers were performed from 5 cm orad from the 
pyloric ring to the angle of His. To prevent bleeding and 
leakage, over-sewing of the staple line was added near the 
pyloric ring and the angle of His. To prevent torsion, the 
gastric tube was fixed to the retroperitoneum.

Follow up and data collection

Physical measurement data (height, BW, and BMI), data on 
obesity-related comorbidities, and laboratory data (blood 
tests) were obtained on initial visit, at surgery, and then at 
1, 3, 6, and 12 months after surgery, and every 3 months 
thereafter.

Preoperatively (at surgery) and 12 months postopera-
tively, fat area measurements by plain computed tomogra-
phy scan were performed, with measurements of hormones 
and cytokines in the blood (adiponectin, leptin, acyl ghrelin, 
des-acyl ghrelin).

Preoperatively and 12  months postoperatively, stool 
samples were collected for gut microbiota analysis, and 
peripheral blood samples were collected to isolate periph-
eral blood mononuclear cells (PBMC). In addition, in order 
to collect lymphocytes in colonic mucosa, colonoscopy was 
performed, and approximately 12 colonic mucosal tissues 
were collected with biopsy forceps.

In order to evaluate the weight loss effect, BW, BMI, per-
cent total weight loss (%TWL) and percent excess weight 
loss (%EWL) were used:

Among obesity-related comorbidities, the criteria for 
remission and improvement in type 2 diabetes mellitus, 
dyslipidemia, and hypertension was based on the criteria 
“Standardized Outcomes Reporting in Metabolic and Bari-
atric Surgery” [21].

Gut microbiota analysis

Collected stool samples were frozen at – 80 °C for storage. 
The genomic DNA of the gut microbiota was extracted using 
the silica-membrane technology with the NucleoSpin Micro-
bial DNA and NucleoSpin Bead Tubes Type B (Takara Bio, 
Shiga, Japan). Metagenomic analysis of the gut microbiota 
(16S rRNA analysis [23, 24]) was then performed using 
MiSeq, a next-generation sequencer (Illumina, San Diego, 
CA, USA). The sequencing library was constructed by PCR 
amplification of the V3-V4 region (341F-806R) of 16S 
rRNA using the 16S (V3-V4) Metagenomic Library Con-
struction Kit for NGS (Takara Bio) and Nextera XT Index 

%TWL = [(initial BW) − (BW)]∕(initial BW) × 100

%EWL = [(initial BW) − (BW)]∕[(initial BW) − (ideal BW)] × 100

ideal BW = height (m) × height (m) × 25
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Kit v2 (Illumina). The primers used in the PCR amplifica-
tion were the 341F primer (5’-TCG TCG GCA GCG TCA GAT 
GTG TAT AAG AGA CAG CCT ACGGGNGGC WGC AG-3’) 
and the 806R primer (5’-GTC TCG TGG GCT CGG AGA TGT 
GTA TAA GAG ACA GGG ACTACHVGGG TWT CTAAT-
3’). The sequence template formation and the nucleotide 
sequence acquisition was performed using the MiSeq. Flora 
analysis was then performed using the Qiime2 pipeline [25]. 
Operational taxonomy unit (OTU) was first constructed by 
clustering. Phylogenetic classification was then performed 
using each OTU based on the information in GreenGenes 
[26] and DDBJ database [27], and the presence ratio was 
calculated based on the amount of reads. For each sample, 
a bar chart was created, and alpha diversity analysis was 
performed. In the alpha diversity analysis, 100,000 reads 
were used in each sample, and reads were randomly selected 
in 10 levels from 1/10th of the total to the total. Rarefaction 
curves were created for three indices: Faith's Phylogenetic 
Diversity (Faith PD) [28], Chao1 [29], and Shannon [30]. 
After confirming that the rarefaction curve had reached a 
plateau, each index at 100,000 reads was used to compare 
alpha diversity.

Transition in the number of  CD4+ T‑Cell 
subpopulations, Treg cells and MAIT cells

PBMC were separated from the peripheral blood samples by 
density-gradient centrifugation using a Ficoll-Paque PRE-
MIUM (Cytiva, Tokyo, Japan).

Colonic mucosal tissues were digested in RPMI-1640 
with L-Glutamine and Phenol Red (FUJIFILM Wako, 
Tokyo, Japan) with 10% fetal bovine serum, 1 mg/ml col-
lagenase Type IV and 0.2 mg/ml hyaluronidase Type IV-S 
at 37 °C for 40 min; 0.5 mg/ml DNase I Type II (Sigma-
Aldrich, St. Louis, MO, USA) was then added and the sus-
pension was left at 37 °C for another 20 min. The colonic 
mucosa suspension was next filtered through a 100-μm nylon 
mesh. For lymphocyte sorting,  CD45+ cells were isolated 
from the colonic mucosa using CD45 MicroBeads and 
autoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany).

As  CD4+ T-Cell subpopulations, T-helper (Th)1, Th2, 
and Th17 cells were analyzed. Th1 cells were defined as 
 CD3+CD4+IFN-γ+ lymphocytes, Th2 cells as  CD3+CD4+ 
IL-4+ lymphocytes, and Th17 cells as  CD3+CD4+IL-17A+ 
lymphocytes. For analysis of Th1/Th2/Th17 cells, PBMC or 
lymphocytes in colonic mucosa were stimulated with PMA 
(10 ng/ml) and ionomycin (500 ng/ml) (Sigma-Aldrich) for 
5 h in the presence of Brefeldin A (eBioscience, San Diego, 
CA, USA). Thereafter, the cells were stained with Zombie NIR 
Fixable Viability Kit, PerCP-Cy5.5-conjugated anti-CD3 and 
PE-Cy7-conjugated anti-CD4 mAb (BioLegend, San Diego, 
CA, USA) for 20 min at 4 °C. For intercellular staining, after 
fixation and permeabilization using Intracellular Fixation & 

Permeabilization Buffer Kit (eBioscience), the cells were 
stained with APC-conjugated anti-IFN-γ, Brilliant Violet 
421-conjugated anti-IL-4 (BioLegend), and PE-conjugated 
anti IL-17A mAb (eBioscience) for 20 min at 4 °C.

FoxP3+CD4+ T cells can be divided into three sub-
populations, naive Treg cells, effector Treg cells, and 
non-Treg cells, depending on the combination of FoxP3 
and CD45RA staining [31]. Naive Treg cells were 
defined here as  CD4+FoxP3loCD45RA+, effector Treg 
cells as  CD4+FoxP3hiCD45RA−, and non-Treg cells as 
 CD4+FoxP3loCD45RA−. In addition, naive Treg cells + effec-
tor Treg cells were designated as Treg cells (All). For analysis 
of Treg cells, PBMC or lymphocytes in colonic mucosa were 
stained with Zombie NIR Fixable Viability Kit, PerCP-Cy5.5-
conjugated anti-CD3, PE-Cy7-conjugated anti-CD4, and 
FITC-conjugated anti-CD45RA mAb (BioLegend) for 20 min 
at 4 °C. For intercellular staining, after fixation and permeabi-
lization using Foxp3 / Transcription Factor Staining Buffer Set 
(eBioscience), the cells were stained with PE-conjugated anti 
FoxP3 mAb (eBioscience) for 30 min at 4 °C.

MAIT cells express an invariant T-cell receptor (TCR) 
alpha chain: Vα7.2-Jα33 in humans and are characterized 
by high CD161 expression [12, 13], so MAIT cells were 
defined in this study as  CD3+CD4−CD161hiTCR Vα7.2+ 
lymphocytes. For analysis of MAIT cells, PBMC or lym-
phocytes in colonic mucosa were stained with Zombie NIR 
Fixable Viability Kit, PerCP-Cy5.5-conjugated anti-CD3, 
PE-Cy7-conjugated anti-CD4, Brilliant Violet 510-conju-
gated anti-CD8, Brilliant Violet 421-conjugated anti-TCR 
Vα7.2, and FITC-conjugated anti-CD161 mAb (BioLegend) 
for 20 min at 4 °C.

The cells were analyzed by FACSVerse Flow Cytometer, 
using FACSuite Software (BD, Franklin Lakes, NJ, USA).

Statistical analysis

All statistical analyses were performed using the SPSS 
software program, version 25.0 (SPSS Inc., Chicago, IL, 
USA). Descriptive results regarding continuous variables 
are reported as median and interquartile range (IQR). Dif-
ferences were analyzed using the Wilcoxon signed-rank test. 
A two-sided P value of < 0.05 was considered statistically 
significant.

Results

Patient characteristics, surgical outcomes 
and treatment outcomes

The patient characteristics and the surgical outcomes 
are summarized in Table 1. There were six men and four 
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women, with a median age 45.0 years. Median initial BW 
and BMI were 115.2 kg and 43.9 kg/m2, respectively.

Table 2 shows the treatment outcomes. Twelve months 
after LSG, the median BW was 89.0 kg, median BMI was 
30.6 kg/m2, median %TWL was 30.3% and median %EWL 
was 66.9%. According to laboratory data, C-reactive protein 
(CRP) significantly decreased (P = 0.008) and albumin sig-
nificantly increased (P = 0.008) after LSG. Regarding adi-
pocytokines, adiponectin significantly increased (P = 0.005) 

and leptin significantly decreased (P = 0.009) after LSG. The 
improvement rate (remission and improvement) of obesity-
related comorbidities at 12 months postoperatively was 
100% (4/4 cases) for type 2 diabetes mellitus, 42.9% (3/7 
cases) for dyslipidemia, and 83.3% (5/6 cases) for hyperten-
sion (data not shown).

Distribution and diversity of gut microbiota

The 16S rRNA analysis of the gut microbiota was per-
formed for ten patients at surgery and 12 months after sur-
gery, and the relative abundances were calculated within 
phylum level. Figure 1 shows a bar chart of phylum level. 
The median relative abundances of Bacteroidetes was 
5.14% (IQR, 0.80–10.96) preoperatively and 19.63% (IQR, 
11.95–24.76) 12 months postoperatively, with a significant 
increase (P = 0.037). The median relative abundances of 
Fusobacteria was 0.01% (IQR, 0.00–0.03) preoperatively, 
and 0.20% (IQR, 0.01–1.57) 12 months postoperatively, with 
a significant increase (P = 0.017). Otherwise, Firmicutes 
had a median of 53.39% (IQR, 43.03–70.31) vs. a median 
of 53.28% (IQR, 43.96–58.53) (P = 0.241), Actinobacteria 
had a median of 32.38% (IQR, 13.10–43.60) vs. a median 
of 26.68% (IQR, 14.57–31.70) (P = 0.169), Proteobacteria 
had a median of 0.65% (IQR, 0.14–4.91) vs. a median of 
2.27% (IQR, 1.61–5.23) (P = 0.445), and Verrucomicrobia 
had a median of 0.00% (IQR, 0.00–0.47) vs a median of 
0.00% (IQR, 0.00–0.32) (P = 1.000), with no significant 
change between the preoperative period and 12 months 
postoperatively.

In the alpha diversity analysis, rarefaction curves were 
made for three indices, Faith PD, Chao1, and Shannon, 
before and 12 months after LSG (Fig. 2). The median Faith 
PD was 12.2 (IQR, 8.87–14.5) preoperatively and 14.2 

Table 1  Patient characteristics and surgical outcomes

IQR interquartile range, BW body weight, BMI body mass index, CD 
Clavien-Dindo classification
a Postoperative intra-abdominal bleeding (CD grade I)

Variable Value

Patient characteristics
  Sex (male/female) 6/4
 Age, years (median [IQR]) 45.0 [35.8–52.0]
 Initial BW, kg (median [IQR]) 115.2 [97.9–146.9]
 Initial BMI, kg/m2 (median [IQR]) 43.9 [38.2–46.5]
Comorbidities, no. (%)
 Type 2 diabetes mellitus 4 (40)
 Dyslipidemia 7 (70)
 Hypertension 6 (60)
 Sleep apnea syndrome 7 (70)
 Liver dysfunction 7 (70)
Surgical outcomes
 Operation time, min (median [IQR]) 127.5 [115.0–149.3]
 Blood loss, ml (median [IQR]) 10.0 [8.7–11.3]
Intraoperative and postoperative complications, 

no. (%)
 All CD grade 1a (10)

Table 2  Treatment outcomes

LSG laparoscopic sleeve gastrectomy, BW body weight, BMI body mass index, %TWL percent total weight 
loss, %EWL percent excess weight loss, CRP C-reactive protein, NS not significant
a Median [interquartile range]
b Determined via Wilcoxon signed-rank test

Variable Preoperative (at LSG) 12 months postoperative P  valueb

BW (kg)a 106.5 [92.7–131.6] 89.0 [70.2–96.6] 0.005
BMI (kg/m2)a 40.3 [35.5–43.2] 30.6 [26.9–35.0] 0.005
%TWL (%)a 7.8 [5.0–9.8] 30.3 [20.8–38.5] 0.005
%EWL (%)a 19.1 [12.0–24.3] 66.9 [53.9–89.5] 0.005
Laboratory tests
  CRP (mg/dL)a 0.23 [0.09–0.61] 0.07 [0.02–0.13] 0.008
 Albumin (g/dL)a 4.00 [3.88–4.10] 4.30 [3.90–4.55] 0.008
 Adiponectin (μg/mL)a 1.64 [0.85–2.92] 4.69 [1.83–8.05] 0.005
 Leptin (ng/mL)a 32.4 [25.0–40.1] 13.0 [10.3–21.6] 0.009
 Acyl ghrelin (fmol/mL)a 6.49 [3.88–11.6] 3.05 [0.92–6.03] 0.008
 Des-acyl ghrelin (fmol/mL)a 19.86 [14.21–35.22] 10.15 [4.36–17.11] 0.021
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(IQR, 11.7–20.2) 12 months postoperatively, with a signifi-
cant increase (P = 0.013) (Fig. 2A). The median Chao1 was 
175.3 (IQR, 116.9–234.6) preoperatively and 225.5 (IQR, 
178.3–379.8) 12 months postoperatively, with a signifi-
cant increase (P = 0.013) (Fig. 2B). The median Shannon 
was 4.56 (IQR, 3.89–5.45) preoperatively and 5.26 (IQR, 
4.89–6.14) 12 months postoperatively, with a significant 
increase (P = 0.017) (Fig. 2C).

Transition in the number of Th1/Th2/Th17 cells, Treg 
cells and MAIT cells

Transition in the number of T-cell subpopulations are 
showed in Table 3.

In PBMC, the frequency of Th1 cells in  CD3+CD4+ 
lymphocytes were a median of 33.22% preoperatively and 
a median of 21.45% 12 months postoperatively, with a sig-
nificant decrease (P = 0.009). The frequency of Th2/Th17 
in  CD3+CD4+ lymphocytes were not significantly differ-
ent between the preoperative period and 12 months post-
operatively. In colonic mucosa, the frequency of Th1/Th2/

Th17 in  CD3+CD4+ lymphocytes were not significantly 
different between the preoperative period and 12 months 
postoperatively.

In PBMC, the frequency of Treg cells (All) in  CD3+CD4+ 
lymphocytes were a median of 3.62% preoperatively and a 
median of 2.32% 12 months postoperatively, with a signifi-
cant decrease (P = 0.028) (Fig. 3A). The frequency of naive 
Treg cells in  CD3+CD4+ lymphocytes were not significantly 
different between the preoperative period and 12 months 
postoperatively (Fig. 3B). However, the frequency of effec-
tor Treg cells in  CD3+CD4+ lymphocytes were a median 
of 1.80% preoperatively and a median of 0.79% 12 months 
postoperatively, with significant decrease (P = 0.007) 
(Fig. 3C). The representative flow cytometry analysis pro-
files of Treg cells in PBMC are shown in Fig. 3D. In this 
analysis of 10 patients, the frequency of Treg cells (All) and 
effector Treg cells in PBMC clearly decreased after LSG. 
In colonic mucosa, the frequency of Treg cells (All), naive 
Treg cells and effector Treg cells in  CD3+CD4+ lympho-
cytes were not significantly different between the preopera-
tive period and 12 months postoperatively (Fig. 3E, F, G).

Fig. 1  Relative abundances of bacterial groups at the phylum level. 
The 16S rRNA analysis of the gut microbiota was performed for ten 
obese patients at surgery and 12 months after surgery. At the phylum 

level, the median relative abundances of Bacteroidetes and Fuso-
bacteria significantly increased between the preoperative period and 
12 months postoperatively (P = 0.037 and P = 0.017)
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In PBMC, the frequency of MAIT cells in  CD3+ lym-
phocytes were not significantly different between the pre-
operative period and 12 months postoperatively (Fig. 4A). 
In colonic mucosa, the frequency of MAIT cells in  CD3+ 
lymphocytes were a median of 7.48% preoperatively and 
a median of 10.74% 12 months postoperatively, with a 

significant increase (P = 0.011) (Fig. 4B). The represent-
ative flow cytometry analysis profiles of MAIT cells in 
colonic mucosa is shown in Fig. 4C. In this analysis of ten 
patients, the frequency of MAIT cells in colonic mucosa 
clearly increased after LSG.

Fig. 2  Rarefaction curve. 
Each rarefaction curve for 
the three indices, Faith PD, 
Chao1, and Shannon, before 
and 12 months after LSG, had 
reached a plateau. Each index 
was compared and examined at 
100,000 leads. A The median 
Faith PD significantly increased 
between the preoperative period 
and 12 months postoperatively 
(P = 0.013). B The median 
Chao1 significantly increased 
between the preoperative period 
and 12 months postoperatively 
(P = 0.013). C The median 
Shannon significantly increased 
between the preoperative period 
and 12 months postoperatively 
(P = 0.017)
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Discussion

This is the first study to investigate the changes in gut micro-
biota and various subpopulations of inflammatory cells in 
both peripheral blood and colonic mucosa after LSG in mor-
bidly obese patients. Our main findings were improvement 
of gut microbiota balance, increase in the number of MAIT 
cells in the colonic mucosa, and decrease in the number of 
Treg cells in the peripheral blood after LSG.

In our data, adiponectin significantly increased and leptin 
significantly decreased after LSG. In addition, after LSG, 
CRP significantly decreased and albumin significantly 
increased, suggesting that chronic inflammation improves 
after LSG. The accumulation of visceral adipose tissue 
due to obesity is known to decrease the adiponectin and 
to induce chronic inflammation, insulin resistance, and 
atherosclerosis [32]. Meanwhile, adiponectin is known to 
increase with weight loss after bariatric/metabolic surgery 
[33]. Leptin is known to act directly on the hypothalamus 
to transmit suppression signals of food intake, as well as to 
promote energy expenditure through increased sympathetic 
nerve activity, thereby inhibiting the development of obesity 
[34]. In obese patients, leptin production from adipose tissue 
is known to increase in proportion to body fat mass, and the 
leptin resistance status is elicited [35]. Leptin has been found 

to be significantly lower and the leptin resistance status is 
alleviated after bariatric/metabolic surgery [36]. Changes in 
adipokines (adiponectin, leptin) by LSG may therefore con-
tribute to the improvement of chronic inflammation, insulin 
resistance, atherosclerosis, and eventually obesity-related 
comorbidities.

Obese patients have also been reported to show gut micro-
biota dysbiosis, and the dysbiosis is leading to decreased 
intestinal barrier function, increased blood levels of bacte-
rial endotoxin and chronic inflammation in obesity [9–11]. 
Gut microbiota due to LSG in obese patients was shown in 
a previous study to increase in Bacteroidetes and decrease 
in Firmicutes [37]. In our data, in gut microbiota, LSG sig-
nificantly increased Bacteroidetes and Fusobacteria at the 
phylum level. Furthermore, all three alpha diversity indi-
ces increased significantly after LSG, indicating increase in 
the diversity of gut microbiota. These changes indicate the 
improvement of gut microbiota balance, and may be related 
to improvement of chronic inflammation in obesity. Bypass 
procedures like the laparoscopic Roux-en-Y gastric bypass 
(LRYGB) or laparoscopic sleeve gastrectomy with duode-
nojejunal bypass (LSG-DJB) are known to dramatically alter 
the gut microbiota by modifications in the digestive tract 
[38], but LSG is also reported alter the gut microbiota [6, 
37]. We speculate that the changes in gut microbiota after 

Table 3  Transition in the 
number of T-cell subpopulations

LSG laparoscopic sleeve gastrectomy, PBMC peripheral blood mononuclear cells, Treg cells regulatory T 
cells, MAIT cells mucosal-associated invariant T cells, NS not significant
a Median [interquartile range]
b Determined via Wilcoxon signed-rank test

Variable Preoperative (at LSG) 12 months postoperative P  valueb

In PBMC
CD4+ T-cells, % (in  CD3+)a 64.74 [55.95–73.89] 70.15 [60.88–78.54] NS (0.059)
Th1 cells, % (in  CD3+CD4+)a 33.22 [22.63–39.65] 21.45 [14.51–25.75] 0.009
Th2 cells, % (in  CD3+CD4+)a 2.36 [1.81–4.03] 2.21 [1.31–4.56] NS (0.721)
Th17 cells, % (in  CD3+CD4+)a 3.46 [2.60–5.77] 3.69 [2.79–6.04] NS (0.799)
Treg cells (All), % (in  CD3+CD4+)a 3.62 [2.90–4.87] 2.32 [1.85–2.71] 0.028
naive Treg cells, % (in  CD3+CD4+)a 1.68 [1.21–2.25] 1.47 [0.89–1.93] NS (0.721)
effector Treg cells, % (in  CD3+CD4+)a 1.80 [1.41–2.66] 0.79 [0.59–0.88] 0.007
CD8+ T-cells, % (in  CD3+)a 29.84 [21.23–35.66] 22.03 [18.30–32.99] NS (0.241)
MAIT cells, % (in  CD3+)a 1.53 [1.00–2.30] 0.79 [0.43–1.53] NS (0.139)
In colonic mucosa
CD4+ T-cells, % (in  CD3+)a 58.35 [20.33–75.63] 59.07 [52.48–69.09] NS (0.314)
Th1 cells, % (in  CD3+CD4+)a 1.13 [0.88–5.06] 3.57 [2.23–8.46] NS (0.110)
Th2 cells, % (in  CD3+CD4+)a 4.16 [2.95–6.60] 4.99 [3.57–8.62] NS (0.086)
Th17 cells, % (in  CD3+CD4+)a 7.88 [4.37–12.52] 9.29 [5.74–12.92] NS (0.139)
Treg cells (All), % (in  CD3+CD4+)a 5.97 [2.40–7.45] 4.84 [4.25–9.51] NS (0.441)
naive Treg cells, % (in  CD3+CD4+)a 4.07 [1.18–5.91] 3.46 [2.75–5.95] NS (0.953)
effector Treg cells, % (in  CD3+CD4+)a 1.69 [0.57–1.93] 1.84 [1.21–2.84] NS (0.374)
CD8+ T-cells, % (in  CD3+)a 35.19 [22.38–42.67] 34.13 [27.81–52.20] NS (0.214)
MAIT cells, % (in  CD3+)a 7.48 [5.95–11.47] 10.74 [9.01–13.40] 0.011
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Fig. 3  Transition in the number of Treg cells. A In PBMC, the fre-
quency of Treg cells (All) in  CD3+CD4+ lymphocytes were signifi-
cantly decreased between the preoperative period and 12  months 
postoperatively (P = 0.028). B In PBMC, the frequency of naive 
Treg cells in  CD3+CD4+ lymphocytes were not significantly dif-
ferent between the preoperative period and 12  months postopera-
tively (P = 0.721). C In PBMC, the frequency of effector Treg cells 
in  CD3+CD4+ lymphocytes were significantly decreased between 
the preoperative period and 12  months postoperatively (P = 0.007). 
D Representative flow cytometry analysis profiles of Treg cells in 
PBMC. Naive Treg cells were defined as  CD4+FoxP3loCD45RA+, 
effector Treg were defined as  CD4+FoxP3hiCD45RA−, and non-Treg 

cells as  CD4+FoxP3loCD45RA−. Naive Treg cells + effector Treg 
cells were designated as Treg cells (All). E In colonic mucosa, the 
frequency of Treg cells (All) in  CD3+CD4+ lymphocytes were not 
significantly different between the preoperative period and 12 months 
postoperatively (P = 0.441). F In colonic mucosa, the frequency of 
naive Treg cells in  CD3+CD4+ lymphocytes was not significantly 
different between the preoperative period and 12 months postopera-
tively (P = 0.953). G In colonic mucosa, The frequency of effector 
Treg cells in  CD3+CD4+ lymphocytes were not significantly differ-
ent between the preoperative period and 12  months postoperatively 
(P = 0.374). nTreg cells, naive Treg cells; eTeg cells, effector Treg 
cells
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LSG due to a reduction in diet intake, modifications in the 
nutrient supply, impairment of bile acid circulation, reduc-
tion in gastric juice secretion, and reduction in gastric transit 
time.

The gut microbiota is also involved in the establishment 
of the intestinal immune system, and influences MAIT cells 
and Treg cells. MAIT cells detect bacterial infection using 
vitamin B2 metabolic intermediates produced by bacteria 
as antigens [15]. MAIT cells have been reported to be asso-
ciated with obesity [39, 40]. MAIT cells in adipose tissue 
and ileum of obese mice are undergoing apoptosis leading 
to lower frequency [40]. In our data, MAIT cells in colonic 

mucosa were significantly increased after LSG with increas-
ing of the diversity of gut microbiota.

In our data, Bacteroidetes in gut microbiota increased 
after LSG. Bacteroides fragilis has been reported to protect 
against experimental colitis through the release of polysac-
charide A [41]. This anti-inflammatory effect was mediated 
through the promotion of  CD4+ T cells differentiation to 
 FoxP3+ Treg cells in the intestine [42]. Previous reports 
on Treg cells and obesity have been controversial, as both 
increases and decreases in Treg cells have been observed in 
adipose tissue and peripheral blood [19]. A marked reduc-
tion of several Treg subpopulations in peripheral blood 

Fig. 4  Transition in the number of MAIT cells. A In PBMC, the fre-
quency of MAIT cells in  CD3+ lymphocytes were not significantly 
different between the preoperative period and 12  months postop-
eratively (P = 0.139). B In colonic mucosa, the frequency of MAIT 
cells in  CD3+ lymphocytes significantly increased between the pre-

operative period and 12 months postoperatively (P = 0.011). C Rep-
resentative flow cytometry analysis profiles of MAIT cells in colonic 
mucosa. MAIT cells were defined as  CD3+CD4−CD161hiTCR 
Vα7.2+ lymphocytes
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was observed in one report in obese patients [43] while 
another report showed that morbidly obese subjects had 
a selective increase in circulating Treg cells [44]. In our 
data, Th1 cells and effector Treg cells in PBMC were sig-
nificantly decreased after LSG. We speculate that this may 
be because the chronic inflammation associated with obesity 
was improved by LSG.

Taken together, we speculate that LSG increased the 
diversity of gut microbiota and improved the intestinal 
immune system including MAIT cells, and those things 
enhanced the intestinal barrier function. This decreased 
Th1 cells and effector Treg cells in PBMC, leading to the 
improvement in systemic chronic inflammation in obesity. 
Figure 5 shows our speculation about the mechanism for 
changes caused by the LSG for morbid obesity.

This study has several limitations. It was conducted in a 
single institution with a small number of patients, and there 
are few obese patients in Japan who require bariatric/meta-
bolic surgery compared with in other countries. The small 
sample size will likely have decreased statistical power. 
Because of the small sample size, we did not investigate 
the data by type of obesity-related comorbidity and the data 
in obesity without comorbidities. The changes in the diet 
may be related to gut microbiota, but we did not investigate 
the diet before and after LSG. The alpha diversity indices 
increased statistically significantly after LSG, but because 
of low statistical power, it is unclear whether this make a 
clinically significant change. Regarding the beta diversity 

analysis of gut microbiota, we could not show significant 
results due to low statistical power (data not shown). We 
speculate that the changes in the constituent bacterial species 
and the increase in the diversity of gut microbiota after LSG 
in morbid obese patients may contribute to the improvement 
of the blood and intestinal immune environment, such as 
MAIT cells and Treg cells, and thus to the improvement of 
chronic inflammation in obesity. A multi-center prospective 
study evaluating benefits including postoperative complica-
tions or more long-term outcomes in obese patients treated 
with LSG is required. Further basic research is also needed 
in order to prove reduction of chronic inflammation after 
LSG is required.

Conclusions

After LSG for morbid obesity, improvement in chronic 
inflammation in obesity is suggested by change in the con-
stituent bacterial species, increase in diversity of gut micro-
biota, increase in MAIT cells in the colonic mucosa and 
decrease in effector Treg cells in the peripheral blood.
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