
Multimedia Appendix 1: Bariatric surgery studies involving analyses of tissue biopsies.

Study Comparison 

groups

Tissue Time point 

(postoperatively

)

Key message

Ranlov et al,

1990 [23]

Before vs after 

RYGB

Liver 12 months Occurrence of steatosis fell 

from 73% to 40% 

postoperatively, with 

concurrent improvements in 

inflammatory and 

granulomatous changes. No 

patients in the study had 

evidence of liver fibrosis. 

Friedman et 

al, 1992 [24]

Before vs after 

RYGB

Skeletal muscle 15-24 months Glucose disposal rate, as a 

measure of whole-body 

insulin sensitivity, increased 

in all patients after RYGB. 

Hepatic insulin sensitivity 

was not assessed. Ex-vivo 

study of muscle biopsies 

revealed increased insulin-

induced 2-deoxyglucose 

transport after surgery. 

De Almeida 

et al, 2006 

[25]

Patients with 

NASH, before 

vs after RYGB

Liver 23.5±8.4 months Steatosis, necroinflammatory 

activity, and hepatic fibrosis 

were improved after surgery. 

NAFLD resolved in 93.7% of

patients. 

Klein et al, 

2006 [26]

Before vs after 

RYGB

Liver 1 year RYGB reduced hepatic 

steatosis but did not change 

assessments of inflammation 

and fibrosis. However, 

expression of genes 

regulating hepatic 



fibrogenesis and 

inflammation were reduced. 

Park et al, 

2006 [22]

Before vs after 

RYGB

Skeletal muscle 1 year After RYGB, muscle 

exhibited differential 

expression of genes linked to 

processes important for 

modulating insulin signaling 

and triglyceride synthesis. 

Furuya et al,

2007 [27]

Patients with 

NAFLD, 

before vs after 

RYGB

Liver 2 years NAFLD including 

steatohepatitis improved by 2 

years after RYGB. Steatosis 

resolved in 84% and fibrosis 

in 75% of patients. 

Gastaldi et 

al, 2007 [28]

Before vs after 

RYGB

Skeletal muscle 3 months and 1 

year

Expression of PGC1 and its 

target mitofusin-2 (MFN2) in 

skeletal muscle were 

increased at both 

postoperative follow-up 

visits. Glucose disposal rate 

increased sequentially over 

the follow-up period, and 

MFN2 expression correlated 

positively with insulin 

sensitivity. 

Sainsbury et 

al, 2008 [29]

Before vs after 

RYGB, vs lean 

controls

Rectum 6 months Rectal tissue from obese 

patients exhibited increased 

mitosis, crypt area, and crypt 

branching as compared with 

lean controls, but mitosis was 

further increased after RYGB,

with reduction in epithelial 

cell apoptosis. 

Gregor et al, Before vs after Subcutaneous 1 year Markers of ER stress in 



2009 [30] RYGB adipose tissue, 

liver

adipose tissue and liver 

biopsies were reduced after 

RYGB. Clamp study of these 

patients showed that both 

glucose disposal and hepatic 

insulin sensitivity index 

improved after surgery, with a

larger relative effect of the 

former. 

Savu et al, 

2009 [31]

Before vs after 

RYGB

Subcutaneous 

adipose tissue

2-5 months and 

during weight 

maintenance

After 20% postoperative 

weight loss, adipose 

expression of adiponectin and

the adiponectin receptors, 

AdipoR1 and AdipoR2, were 

increased and remained 

increased with no further 

change at a later time point 

defined by steady-state 

weight loss achieved (defined 

as <2% change in body 

weight in a 3-month period). 

Spak et al, 

2010 [5]

Before vs after 

RYGB (some 

after 

conversion 

from VBG)

Jejunum 6-8 months Protein expression of 

NADPH-oxidase, 

myeloperoxidase, and the Ang

II type 1 receptor were 

increased in jejunum after 

surgery. 

Kant et al, 

2011 [32]

Before vs after 

RYGB

Rectum 3 years Rectal epithelial cell mitosis 

and crypt size were increased 

3 years after RYGB as 

compared with preoperative 

biopsies

Tamboli et Before vs after Skeletal muscle 6 and 12 months Omentectomy in association 



al, 2011 [33] RYGB,  

omentectomy

with RYGB resulted in a 

greater reduction in 

expression of genes 

associated with muscle 

inflammation, as compared 

with RYGB alone. Genes 

driving protein turnover were 

altered in both groups 

postoperatively. 

Bradley et 

al, 2012 [34]

Before vs after 

RYGB

Subcutaneous 

adipose tissue, 

skeletal muscle 

After 20% 

weight loss 

achieved

Adipose tissue expression of 

proinflammatory macrophage 

cell surface markers was 

reduced after RYGB, and the 

expression of the anti-

inflammatory cytokine, IL-10,

was increased. Weight loss 

did not reduce 

intramyocellular DAG or 

ceramide content, suggesting 

that these metabolites do not 

mediate the improvements in 

peripheral insulin sensitivity 

observed in this study using 

hyperinsulinemic-euglycemic 

clamp. 

Ahrens et al,

2013 [21]

Before vs after 

RYGB, vs lean 

controls

Liver 5-9 months NAFLD was associated with 

a signature methylation 

pattern in liver tissue; this 

was partially reversed after 

RYGB. 

Barres et al, 

2013 [35]

Before vs after 

RYGB, vs lean 

controls

Skeletal muscle 6 months Obesity was associated with a

specific gene expression and 

methylation pattern in skeletal



muscle, and this was 

normalized after RYGB. 

Kong et al, 

2013 [36]

Before vs after 

RYGB

Subcutaneous 

adipose tissue

3 months This study correlated changes 

in the gut microbial profile 

after RYGB with changes in 

WAT gene expression, finding

that variations in bacterial 

genera correlated with WAT 

gene expression changes. 

Andersson 

et al, 2014 

[37]

Before vs after 

RYGB

Subcutaneous 

adipose tissue

2 years Reduction in abdominal 

subcutaneous fat cell volume 

correlates more strongly with 

improvements to insulin 

sensitivity than to fat mass. 

Ferrer et al, 

2014 [38]

Before vs after 

RYGB, vs lean 

controls

Subcutaneous 

adipose tissue

6 and 12 months Activity of lipoprotein lipase 

and hormone sensitive lipase 

in subcutaneous adipose 

tissue were reduced after 

RYGB, approximating that of 

lean controls by 12 months 

postoperatively. 

Marambio et

al, 2014 [39]

Before vs after 

RYGB

Proximal 

jejunum

6 months Immunohistochemistry 

showed increased staining for 

the iron transported DMT1 in 

enterocytes located at the tips 

of villi but less staining 

overall. 

Albers et al, 

2015 [40]

Before vs after 

RYGB

Subcutaneous 

adipose tissue, 

skeletal muscle

1 week, 3 

months, 12 

months

Insulin-induced 

phosphorylation of Akt was 

increased in both muscle and 

adipose 12 months after 

surgery, among other 

molecular changes interpreted



to signify improved insulin 

sensitivity in both tissues. 

Casselbrant 

et al, 2015 

[41]

Before vs after 

RYGB

Jejunum 6-8 months Jejunal mucosal surface area 

was increased after surgery. 

Increased protein-level 

expression of claudin-3 and 

claudin-4 and reduced 

expression of occludin and 

zona occludens-1 might 

signify reduced paracellular 

permeability. 

Chen et al, 

2015 [42]

Before vs after 

RYGB, vs lean 

controls

Skeletal muscle 6.81.2 months Insulin-induced 

phosphorylation of skeletal 

muscle Akt at Thr308 and 

Ser473 was enhanced after 

RYGB and normalized 

relative to lean controls.

Coen et al, 

2015 [43]

Before vs after 

RYGB; before 

vs after 

intensive 

exercise/health 

counseling 

program vs 

health 

education 

counseling 

only

Skeletal muscle 1-3 months, 7-9 

months

In contrast to education alone,

exercise increased 

mitochondrial respiration in 

muscle and reduced levels of 

certain sphingolipids. This 

was associated with improved

whole-body insulin sensitivity

as assessed by IV GTT. 

Nascimento 

et al, 2015 

[44]

Before vs after 

RYGB

Skeletal muscle 6 months Myoblasts derived from 

muscle biopsies exhibited 

increased expression of 

myogenic markers. Study of 

cultured cells derived from 



these biopsies showed 

increased glycogen synthesis 

and increased insulin-

stimulated phosphorylation of

Akt and PKB, as markers of 

muscle insulin sensitivity.

Nergard et 

al, 2015 [45]

Before vs after 

RYGB

Proximal 

jejunum, 

stomach/pouch

12 months Density of GLP-1, GIP, and 

PYY cells increased 

postoperatively. There was no

change in villi length or in the

density of other 

enteroendocrine cells 

including those expressing 

ghrelin, CCK, neurotensin, 

secretin, or serotonin. Neither 

mucosal height nor densities 

of ghrelin, histamine, 

serotonin, and somatostatin-

producing cells were altered 

by RYGB. 

Su et al, 

2015 [46]

Before vs after 

RYGB, vs lean 

controls

Subcutaneous 

adipose tissue

1 year Adipose tissue levels of 

monomethyl branched-chain 

amino acids were lower in 

obese vs lean patients but 

increased substantially after 

RYGB. This was associated 

with improved glucose 

disposal during the clamp. 

Campbell et 

al, 2016 [47]

Before vs after 

RYGB, vs lean 

controls

Skeletal muscle 3 months Obesity affected proteomic 

and gene expression patterns 

in muscle; this was partially 

reversed by RYGB. 

González- Before vs after Subcutaneous 2 years Weight loss was stable by 2 



Plaza et al, 

2016 [48]

RYGB adipose tissue years postoperatively. 

Adipose gene expression 

revealed an induction, relative

to the preoperative time point,

in genes involved in 

regulation of lipid metabolism

and downregulation of 

immune/inflammatory 

processes. 

Severino et 

al, 2016 [49]

Before vs after 

RYGB

Skeletal muscle 4 weeks Insulin sensitivity improved 

after RYGB as compared with

preoperatively but was not 

normalized as compared with 

healthy control patients. 

Study of muscle biopsies 

demonstrated 

hyperphosphorylation of 

pAKT on Ser473 residues 

preoperatively as compared 

with controls; this normalized

after surgery and is 

hypothesized to underlie the 

improved insulin resistance 

observed in this study. 

Hoffstedt et 

al, 2017 [50]

Before vs after 

RYGB

Subcutaneous 

adipose tissue

2 and 5 years Adipose cell size and lipolysis

decreased by the 2-year 

postoperative time point, with

no change in adipocyte 

number. By 5 years after 

surgery, average BMI was 

higher and adipocytes were 

more abundant but unchanged

in size. Adipose-secreted 

adiponectin levels were 



increased 2 years after 

surgery and did not change 

between the 2- and 5-year 

postoperative time points. 

Sala et al, 

2017 [51]

Before vs after 

RYGB

Duodenum, 

jejunum, and 

ileum

3 months Expression of regenerating 

pancreatic islet-derived 

protein-encoding genes was 

increased in the intestine after

RYGB. This phenomenon is 

postulated to contribute to 

T2D remission after surgery

Hinkley et 

al, 2017 [52]

Before vs after 

RYGB

Skeletal muscle 1 month After RYGB, contraction 

enhanced insulin-stimulated 

glycogen synthesis and basal 

glucose oxidation in skeletal 

muscle

Hinkley et 

al, 2017 [53]

Before vs after 

RYGB

Skeletal muscle 1 and 7 months Differentiated myotubes 

developed from muscle 

biopsies demonstrated 

increased insulin-stimulated 

glycogen synthesis and 

glucose oxidation after 

surgery. In addition, muscle 

glycogen levels were lower 

and phosphorylation of acetyl 

coA carboxylase 2 was 

increased in muscle 1 month 

after surgery, whereas both 

returned to baseline levels by 

7 months postoperatively. 

PGC1α protein content was 

increased in myotubes 7 

months after RYGB.



Day et al, 

2017 [54]

Before vs after 

RYGB

Skeletal muscle 3 months Reduced methylation of the 

SORBS3 gene promotor was 

demonstrated, in tandem with 

increased expression of the 

transcript and altered reporter 

gene expression in vitro. 

Changes in SORBS3 

expression correlated with 

clinical outcomes including 

obesity measures and fasting 

insulin levels in patients.

Parker et al, 

2017 [55]

Before vs after 

RYGB

Liver Not specified; 

for larger study, 

average of 

487±86 days

Nine of 13 patients with fatty 

liver disease before RYGB 

exhibited normalization after 

weight loss. The other 4 

patients exhibited 

stabilization or improvement 

in histology.

Afshar et al, 

2018 [56]

Before vs after 

RYGB

Rectal mucosa Median of 6.5 

months

RYGB did not increase 

expression of 

proinflammatory genes in 

rectal mucosa, and COX-1 

expression was reduced. 

Additionally, the number of 

mitoses per crypt was reduced

in rectal biopsies after 

surgery.

Fonseca et 

al, 2018 [57]

Before vs after 

RYGB

Stomach 3 months Ghrelin gene expression was 

increased in stomach tissue 

after RYGB, without 

increasing plasma ghrelin 

levels. 

Schwenger Before vs after Liver 12 months RYGB improved histologic 



et al, 2018 

[58]

RYGB evidence of NAFLD.

Von 

Schönfels et 

al, 2018 [59]

Before vs after 

RYGB

Liver Median of 192 

days

Retrospective analysis of liver

biopsy samples collected in 

patients before and after 

RYGB demonstrated 

improvement in NAFLD 

score based on liver histology.
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