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Metabolic surgery improves insulin resistance and type 2
diabetes possibly because of weight loss. We performed
a novel sleeve gastrectomy in rats that resects ~80% of
the glandular portion, leaving the forestomach almost
intact (glandular gastrectomy [GG]) and compared sub-
sequent metabolic remodeling with a sham operation.
GG did not affect body weight, at least after 10 weeks;
improved hepatic and peripheral insulin sensitivity likely
through increased Akt, glycogen synthase kinase 3, and
AMPK phosphorylation; and reduced ectopic fat deposition
and hepatic glycogen overaccumulation. Body adipose tis-
sue was redistributed, with reduction of intraabdominal
fat. We found a reduction of circulating ghrelin levels,
increased GLP-1 plasma concentration, and remodeling
of gut microbiome diversity characterized by a lower rel-
ative abundance of Ruminococcus and a higher relative
abundance of Lactobacillus and Collinsella. These data
suggest that at least in rat, the glandular stomach plays
a central role in the improvement of insulin resistance,
even if obesity persists. GG provides a new model of
the metabolically healthy obese phenotype.

Although lifestyle changes should be the first choice for
treating the global pandemic of obesity and diabetes,

long-term compliance is poor (1). Metabolic surgery is, at
present, the most effective therapy for morbid obesity. In
the past few years, randomized controlled trials have
shown that metabolic surgery is effective in determining
diabetes remission in the long term (2-5). Insulin resis-
tance is the primary defect of type 2 diabetes and plays a
central role in its pathogenesis, whereas B-cell failure de-
velops only afterward (6). Of note, some types of metabolic
surgery, including biliopancreatic diversion, sleeve gastrec-
tomy (SG), and Roux-en-Y gastric bypass, result in a net
amelioration of insulin resistance with subsequent reduc-
tion of insulin secretion, even if the patient remains obese
(7,8). Based on clinical observations in patients who un-
derwent SG, we formulated a gastric hypothesis for diabe-
tes resolution with early involvement of ghrelin and GLP-1
independent of weight change or modified food intake (9).

To understand the resolution of diabetes upon meta-
bolic surgery, a relevant problem arises from the difficulty
in separating the effect of weight loss per se from that of
gastrointestinal manipulations and subsequent metabolic
recovery. The rat stomach possesses two distinct portions:
the proximal (forestomach), nonglandular part lined by
a keratinized squamous epithelium that functions as a
reservoir for food and the distal (corpus), glandular part
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lined by a simple columnar epithelium responsible for exocrine
and endocrine secretions (10). The modified SG or glandular
gastrectomy (GG) devised by us resects ~80% of the glandular
portion to induce hormonal effects but leaves the nonglandular
portion almost intact, thereby limiting loss of gastric volume
and its sequelae on body weight. In high-fat diet (HFD)-fed
obese rats, the effect of GG on body fat distribution, insulin
sensitivity, insulin signaling, and gut microbiota was com-
pared with that of a gastric sham operation (SO).

RESEARCH DESIGN AND METHODS

Animals
Sixty male Wistar rats aged 10 weeks were housed indi-
vidually in hanging wire cages in a controlled room at 22°C
with a 12-h day/night cycle (lights on 0700-1900 h).
The animals received a purified tripalmitin-based HED
ad libitum (Rieper AG, Bolzano, Italy) with an energy density
of 21.10 kJ/g that supplied 59% of energy from fat and 20%
from carbohydrate comprising cornstarch and sucrose (2:1
weight for weight) and containing corn oil (1.9/100 g diet) to
prevent essential fatty acid deficiency. The HFD was contin-
ued for 10 weeks before and 10 weeks after the operation.
The animals randomly underwent GG or SO. Survival
rates were 90% after SO and 75% after GG. All experimental
procedures were approved by the Catholic University of
Rome Institutional Animal Care Committee.

Interventions

The rats were anesthetized using ketamine (75 mg/kg
intramuscularly) and xylazine (10 mg/kg intramuscularly).
Ten milliliters of sterile 0.9% NaCl were administered sub-
cutaneously before surgery.

Access to the peritoneal cavity was obtained by 3-cm
laparotomy. About 80% of the glandular stomach was
removed by resecting the organ along a line (Supplementary
Fig. 1), and the nonglandular forestomach was left almost
intact. The gastric remnant was closed by single-layer contin-
uous suture using 6-0 Prolene thread (Ethicon, Somerville,
NJ). The SO rats had the same anesthesia. A midline laparot-
omy was performed, and the stomach was exposed and gently
manipulated. The abdominal cavity was kept open for the
same amount of time required to perform GG. A 1-cam gastro-
tomy was performed and then closed as in the previous group.

Postoperative Care

At the end of the surgical procedures, all rats received
sterile 0.9% NaCl 10 mL i.p. and 10 mL s.c. to maintain
hydration during healing. The animals received ketoprofen
5 mg/kg as an analgesic. They were placed on a heated mat
until they recovered and then were returned to their home
cages. The rats were allowed to drink purified water for
12 h after surgery, and a liquid diet containing 5% glucose
and 0.2% KCl was provided for the next 48 h. Thereafter,
they received the HFD until 10 weeks after surgery.

Oral Glucose Tolerance Test
The oral glucose tolerance test (OGTT) was performed at
kill. Animals were fasted overnight and then received a
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50% p-glucose solution (1g/kg body weight) by oral gavage.
Blood was collected from the tail vein for measurement of
glucose and insulin concentrations at 0, 15, 30, 60, 90, and
120 min at the end of the study. At the end of the OGTT,
blood was obtained by cardiac puncture and placed in tubes
containing EDTA, aprotinin, and a dipeptidyl peptidase 4
(DPP-4) inhibitor and analyzed for GLP-1 and ghrelin. Af-
ter centrifugation, plasma was divided into appropriate
subsamples and stored at —20°C until analyses.

Histology

SO and GG rats were killed, and fresh portions of liver,
muscle, and adipose tissue from each rat were cut, fixed in
neutral buffered formalin (10%), and dehydrated using
gradations of ethanol (70%, 80%, 90%, 95%, and 100%).
Dehydration was followed by clearing the samples in two
changes of xylene. The samples were then embedded in
paraffin and cut with a microtome (3-4 pm). Hematoxylin
and eosin staining was used. Periodic acid Schiff staining
was used to evaluate glycogen storage. Photographs of
stained sections were taken with an optical microscope
(ZEISS Primo Star HAL/LED).

Western Blot Analysis
Muscle biopsy specimens were rinsed in PBS and homoge-
nized in radioimmunoprecipitation assay buffer containing a
cocktail of protease inhibitors. Homogenates were deared by
centrifugation (13,000 rpm) for 30 min at 4°C. Protein con-
tent was determined using Bradford Protein Assay (Bio-Rad).
Protein lysates (30 pg) were separated on 8% SDS-
PAGE and transferred on polyvinylidene fluoride membrane.
Membranes were probed overnight with the following anti-
bodies: pAktSerd73 (D9E), pAMPKa, and glycogen synthase
kinase 3 (GSK3) a- Ser21/9 (9331). Membranes were
stripped for 30 min at 56°C and reprobed overnight with
Aktpan (C67E7), AMPKu (D5A2), and GSK3a-B (D75D3),
respectively. All the antibodies were from Cell Signaling. De-
tection and analysis were performed with the ChemiDoc XRS
system with Image Lab 5.0 software (Bio-Rad). All results are
expressed as a phosphoprotein/total protein ratio.

16S rRNA Gene Sequencing by Roche GS
FLX+ Platform

Bacterial genomic DNA was extracted from rat fecal samples
by using the FastDNA SPIN Kit for Feces (MP Biomedicals).
The V3-V5 16S rRNA gene variable regions were amplified
by PCR using 454 adapter-linked and bar-coded primers
338F (5'-TCCTACGGGAGGCAGCAG-3') and 934R (5'-
TGTGCGGGCCCCCGTCAATT-3'). Each PCR reaction was
carried out in triplicate with 0.2 pmol/L deoxynucleotides,
0.4 pmol/L primers, 0.05 units Taq DNA Polymerase
(FastStart High Fidelity PCR System; Roche, Basel, Swit-
zerland), and 40 ng template DNA. The following thermal
cycles were used: 95°C for 5 min; 30 cycles at 95°C for
30 s, 58°C for 30 s, and 72°C for 1 min; and a final
elongation step at 72°C for 8 min. PCR products were ana-
lyzed by lab-on-a-chip electrophoresis (2100 Bioanalyzer;
Agilent Technologies, Santa Clara, CA) and cleaned by using
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the Agencourt AMPure XP system (Beckman Coulter, Brea, CA)
following the manufacturer’s instructions. Purified products
underwent quantitative PCR (LightCycler 480; Roche) by
using the KAPA Library Quantification Kit (KAPA Biosys-
tems, Boston, MA) and pooled equimolarly in a final ampli-
con library. The pyrosequencing was carried out on the GS
FLX+ system using XL+ chemistry (454 Life Sciences, Roche)
following the manufacturer’'s recommendations.

DNA pyrosequencing resulted in a total of 1,088,841
partial 165 rRNA gene reads with a mean of 35,123 sequences
per sample. Average sequence lengths were 671 nucleotides
with an average Phred quality score of 31. Raw 454 files
were demultiplexed by using Roche sff file software and
are available at the European Nucleotide Archive (www
.ebi.ac.uk) under the accession study PRJEB11901. Sample
accessions and metadata are available in Supplementary
Table 1. Reads were preprocessed by using the MICrobial
Community Analysis pipeline version 0.1 (http://micca.org).
Forward and reverse primer trimming and quality filtering
were performed using micca-preproc (parameters -fTCCTA
CGGGAGGCAGCAG +TGTGCGGGCCCCCGTCAATT-016 -q
20 -1 300), truncating reads <300 nucleotides. De novo
sequence clustering, chimera filtering, and taxonomy assign-
ment were performed by micca-otu-denovo (parameters -s
0.97 -d -1 200 -c). Operational taxonomic units were
assigned by clustering the sequences with a threshold of
97% pairwise identity, and their representative sequences
were classified using Remote Desktop Protocol software
version 2.8. Template-guided multiple sequence alignment
was performed using PyNAST version 0.1 against the mul-
tiple alignment of the Greengenes database (release 13_05)
filtered at 97% similarity. Finally, a phylogenetic tree was in-
ferred using FastTree and micca-phylogeny (parameters: -a
template-template-min-perc 75). Sampling heterogeneity
was reduced by rarefaction (12,562 sequences/sample). An
a-diversity (within-sample richness) and a B-diversity
(between-sample dissimilarity) estimate were computed using
the phyloseq R package. Permutational ANOVA tests were
performed by using the adonis function of the vegan R pack-
age with 999 permutations. The random forest model was
computed using the supervised_learning.py script of QIIME
version 1.8.0 (10.1038/nmeth.f£.303), with 1,000 trees and
10-fold cross-validation.

Analytical Methods

Plasma glucose levels were analyzed by the glucose
oxidase method (Glucose Analyzer II; Beckman Coulter,
Fullerton, CA). The plasma concentrations of cholesterol
and triacylglycerol (TAG) were measured using spectro-
photometric methods. Serum insulin was measured by a
rat insulin ultrasensitive ELISA (BioVendor, Kassel, Ger-
many), with a sensitivity of 0.025 ng/mL and an intra-
and interassay precision of 10%. Plasma GLP-1; 35 and
active ghrelin were measured by rodent/rat-specific ELISAs
(Millipore, St. Charles, MO). Sensitivity was 5.2 pg/mlL,
intraassay <11%, interassay <19%, and accuracy 83%
for GLP-17 3. The intraassay was 1-6%, the interassay
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1-5%, and the accuracy 94-105% for ghrelin. Total plasma
bile acids (BAs) were determined with a BA assay kit (Trinity
Biotech, Jamestown, NY). Plasma lipopolysaccharide (LPS)
levels were determined using a Limulus Amebocyte Lysate
Kit (QCL-1000; Lonza, Walkersville, MD).

Statistical Analysis

Data are expressed as mean * SEM. The HOMA for in-
sulin resistance (HOMA-IR) index (11) was calculated as
fasting blood glucose (mg/dL) X fasting plasma insulin
(nU/mL)/405. The factor 405 accounts for measurement
units.

The incremental areas under the curve (AUCs) were
computed by using the trapezoidal rule. Insulin sensitivity
after the OGTT was measured as the glucose/insulin AUC
ratio. Glucose and insulin AUC data intragroup variations
were assessed by Wilcoxon test, whereas intergroup dif-
ferences were assessed by Mann-Whitney U test due to
lack of normal distribution by Shapiro-Wilk test.

Differences were considered significant at P < 0.05.
Spearman correlation analysis was performed to detect
the correlations among variables.

RESULTS

All animals lost weight in the week following surgery with
~10% weight loss in the SO and 15% in the GG group.
Rats in the GG group recovered more slowly but from the
third week after surgery, their weight was not statistically
different from that of SO animals (Supplementary Fig.
2A). Food intake also did not differ between the groups
from week 3 postsurgery (Supplementary Fig. 2B).

At 10 weeks after the operation, mesenteric and retro-
peritoneal fat content was higher in the SO than in the GG
group (9.67 = 1.26 vs. 811 = 1.22 g [P < 0.01] and 8.75 =
1.16 vs. 7.30 * 0.95 g [P < 0.01], respectively). In contrast,
subcutaneous fat was more represented in GG than in SO
rats (2.64 * 0.65 vs. 4.10 * 0.78 g, P < 0.0001).

Insulin Sensitivity

The data in Table 1 and Figs. 1-6 refer to the end of
the study. Insulin sensitivity was significantly improved
in GG compared with SO rats as demonstrated both by
HOMA-IR values, which were reduced by ~50%, and by
the AUCguc0se/AUCinsuiin ¥atio, which was ~55% lower in
GG than in SO animals (Table 1). The time courses of
blood glucose and plasma insulin concentrations after
the OGTT are reported in Fig. 1A and B, respectively.
Despite that the glycemic curve was significantly lower
after GG than after SO, blood glucose levels did not return
to the baseline. Both cholesterol and TAG levels dropped
in GG rats (Table 1).

Active plasma ghrelin levels (Table 1) in GG rats
(2.24 *= 4.04 vs. 48.32 * 5.38 fmol/mL), were signifi-
cantly reduced (P < 0.0001) with respect to the SO group.
Plasma levels of GLP-1 were significantly higher (P <
0.0001) in GG rats (5.15 * 1.52 pmol/mL) compared
with SO rats (3.01 = 0.84 pmol/mL) (Table 1). We cannot
exclude a more rapid gastric emptying after GG, which
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Table 1—Weight and metabolic parameters in SO and GG rats

Basso and Associates

GG SO P value
Weight (g) 299.83 = 47.21 296.15 = 55.56 0.953
Fasting plasma glucose (mg/dL) 138.76 = 21.39 166.47 + 28.18 0.001
Fasting plasma insulin (ng/mL) =27 025 2.42 + 0.67 <0.0001
HOMA-IR 14.93 = 3.20 23.72 = 7.10 <0.0001
Glucose AUC 11,753.57 = 8,024.38 17,210.16 = 5,554.65 0.029
Insulin AUC 138.24 * 55.66 254.53 = 114.01 0.001
AUCgiucose/AUC nsuiin 64.53 = 62.90 143.32 + 70.70 0.001
Cholesterol (mg/dL) 122.33 = 9.55 167.81 = 25.21 <0.0001
TAG (mg/dL) 133.28 = 10.23 189.85 + 21.40 <0.0001
Ghrelin (fmol/mL) 4.20 + 11.75 48.69 = 5.79 <0.0001
GLP-1 (pmol/mL) §:15. = 1.57 2.93 = 0.93 <0.0001
LPS (EU/mL) 4.65 + 0.87 7.84 +0.98 <0.0001
BAs (wmol/L) 22.96 + 3.79 1417 = 2.76 <<0.0001

Data are mean = SD. Blood samples were taken at kill. Significance was computed by Wilcoxon signed rank test. EU, endotoxin unit.

could have stimulated GLP-1 secretion. LPS levels were
almost halved, whereas BAs were nearly doubled in GG
compared with SO rats (Table 1).

Table 2 shows the Spearman correlation coefficients
between relevant metabolic and microbial measures. In a

multiple regression analysis (R?* = 0.84, P < 0.0001) with
HOMA-IR as the dependent variable and ghrelin, GLP-1,
BAs, TAG, and mesenteric and retroperitoneal fat as
independent variables, the significant predictors were
ghrelin (3 = 0.26, P = 0.034), GLP-1 (B = —0.32, P = 0.019),
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Figure 1—Time courses of plasma glucose (A) and plasma insulin (B) in SO and GG rats. Both plasma glucose and insulin concentrations
were reduced in GG compared with SO rats. The OGTT was performed the day of kill.
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BA (B = —0.26, P = 0.040), and TAG (B = 0.49, P = 0.002)
levels.

Ectopic Fat Deposition and Hepatic Glycogen

Because fat deposition in muscle and liver is associated with
insulin resistance, the histological effects of both surgical pro-
cedures in these sites were evaluated. Skeletal muscle fat in-
filtration was present in SO but not in GG rats (Fig. 2A and B).
All SO animals showed moderate to marked hepatic steatosis
and some ballooning degeneration (Fig. 2C). GG rats showed
normal liver architecture (Fig. 2D). Furthermore, SO rats
exhibited higher glycogen liver storage than GG rats (Fig.
2E and F). Finally, an increase in both interstitial cellular
infiltration and fibrosis was observed in the visceral adipose
tissue of SO rats compared with GG rats (Fig. 2G and H).

Western Blots

When compared with SO rats, GG rats exhibited increased
phosphorylation of Akt on Ser473 in muscle (21.5 + 8.2
vs. 74.03 = 11.8%, P = 0.006) (Fig. 34, left) and in liver
(8.7 = 0.8 vs. 13.9 £ 1.7%, P = 0.03) (Fig. 3B, left). No

SHAM

GLANDULAR
GASTRECTOMY

AL & dad | O\ ALY
N Bet Y Oanil

Figure 2—Representative hematoxylin and eosin-stained muscle sec-
tions from SO and GG rats fed an HFD. SO rats exhibited predominantly
steatosis in muscle (A) and liver (C) sections. GG rats showed no
steatosis in muscle (B) and liver (D) sections. Representative periodic
acid Schiff-stained sections of liver from SO and GG rats fed an HFD.
S0 rats exhibited a higher glycogen storage in liver sections (E). GG rats
showed a decrease in glycogen deposition in liver sections (F). SO rats
showed abundant interstitial cellular infiltration (possibly macrophages)
of the retroperitoneal adipose tissue with pronounced fibrosis (G); these
features were absent in GG rats (H). Original magnification x20.
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significant difference of Akt phosphorylation in the subcu-
taneous adipose tissue (16.1 * 3.4 vs. 9.4 = 3.4%) (Fig. 3C,
left) and GSK3B phosphorylation in both muscle (7.4 & 0.5
vs. 9.4 = 0.2%, data not shown) and adipose tissue (38.7 =
11.2 vs. 12.8 * 3.3%) (Fig. 3C, right) between SO and GG
rats was observed. The liver showed increased GSK3p phos-
phorylation in GG rats compared with SO rats (4.6 £ 1.3 vs.
10.5 * 2.0%, P = 0.049) (Fig. 3B, right). GSK3a isoform
phosphorylation (Ser21) in the muscle showed no significant
differences between SO and GG rats (5.3 = 1.0 vs. 6.5 =
2.2%), whereas it was not detectable in the liver and adipose
tissue. The muscle phosphorylated AMPKa (Tyrl72) form
was 53% higher in GG than in SO rats (1.9 + 0.18 vs. 2.9 +
0.2%, P = 0.007) (Fig. 3A, right).

Gut Microbiota
GG wrought significant changes in microbiome struc-
ture, with GG animals showing significantly higher taxa
richness (o-diversity) as calculated by the Shannon index
(P = 0.0064, Wilcoxon rank sum test, false discovery rate
corrected) (Fig. 4A). GG and SO rats were significantly
different in terms of P-diversity based on unweighted
UniFrac (Fig. 4B), weighted UniFrac, and Bray-Curtis
between-sample dissimilarity measures (P = 0.002, 0.034,
and 0.002, respectively, by permutational ANOVA test).

Differences in the relative abundance of bacteria within the
gut microbiota of GG and SO rats are shown in Fig. 5 at
various taxonomic levels (phylum to genus). No statistically
significant differences were observed between the groups at
the phylum level. At the class level, y-Proteobacteria (P =
0.020), Actinobacteria (P = 0.034), Badilli (P = 8.0 X 10_5),
and Erysipelotrichia (P = 0.016) were all significantly enriched
in the GG group compared with the SO group, whereas the
Clostridia were enriched in the SO group (P = 0.031). At
the order level, Aeromonadales (P = 0.04), Actinomycetales
(P = 0.03), Coriobacteriales (P = 0.04), Lactobacillales (P <
0.0001), Clostridiales (P = 0.03), and Erysipelotrichales (P =
0.02) differed between groups. According to the Wilcoxon
rank sum test, significant differences occurred between GG
and SO rats at the genus level, with GG animals harboring
higher relative abundance of Lactobacillus (P = 0.0003) and
Collinsella (P = 0.0095), whereas SO animals had higher
Ruminococcus (P = 0.0095).

To define bacteria characteristic of the GG or SO groups
at the order and genus taxonomic levels, we performed a
random forest model in a 10-fold cross-validation scheme,
obtaining an estimated test error of 13.3 * 18.5% (order
level abundances) and 12.5 * 22.65% (genus level abun-
dances). The top-ranked orders and genera (mean decrease
in dlassification accuracy >0.1%) identified by random forest
models are shown in Fig. 6 in decreasing order of their
discriminatory importance. Lactobacilli were the main drivers
of the difference between groups at both taxonomic levels.

DISCUSSION

We describe the results of a novel experimental model of
metabolic surgery, the GG, which is associated with 1) a
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Figure 3—Densitometric analyses of phosphorylated/total protein in 15 muscle samples of SO and GG rats obtained at kill. Data are mean +
SEM. Representative blot of a single rat (SO and GG) is shown. A: Level of Akt phosphorylation (Ser473) in muscle biopsy specimens from SO
and GG rats (left) showed a low level of phosphorylation of Ser473 in SO rats and a significant increase of phosphorylation after GG (21.5 + 8.2
vs. 74.03 = 11.8%, P = 0.006); GG rats exhibited increased phosphorylation of AMPKa (Tyr172) compared with SO rats (1.9 = 0.18vs. 2.9 =
0.2%, P = 0.007) (right). B: Level of Akt phosphorylation (Ser473) in liver biopsy specimens of SO and GG rats (left) showed a low level of
phosphorylation of Serd73 in SO rats and a significant increase of phosphorylation after GG (8.7 = 0.8 vs. 13.9 = 1.7%, P = 0.03); level of
GSK3 phosphorylation (Ser9) in liver biopsy specimens of SO and GG rats (right) showed a low level of phosphorylation of Ser9 in SO rats and
a significant increase of phosphorylation after GG (4.6 = 1.3 vs. 10.5 + 2%, P = 0.03). GSK3a was not detected. C: Level of Akt phosphor-
ylation (Ser473) in adipose tissue biopsy specimens of SO and GG rats (left) showed no significant difference in phosphorylation after GG
(16.1 = 3.4 vs. 9.4 = 3.4%); level of GSK3p phosphorylation (Ser9) in adipose tissue biopsy specimens of SO and GG rats (right) showed no
significant difference of phosphorylation after GG (38.7 + 11.2 vs. 12.6 + 3.5%). GSK3u was not detected. *P < 0.03.

reduction of ectopic fat deposition and redistribution of and an alteration of BA pool size, and 4) a decrease in
body fat, 2) improvement of insulin resistance, 3) changes low-grade inflammation state as shown by reduced con-
in the gut microbiota profile with an increase primarily of centrations of circulating LPS as well as cellular infiltrates
Lactobacilli, an but also increase of microbial diversity, and fibrosis in adipose tissue. Compared with SO, GG did
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not induce significant body weight loss or reduced food
intake after the first 3 weeks following the operations.
However, we did not measure the impact of GG on intes-
tinal transit or whether it altered meal frequency or size.
The weight loss observed in GG and SO rats during the
first 2 weeks after surgery agrees with that reported in the
literature for rodents fed an HFD after conventional SG
or SO (12,13), with ~18% weight reduction from base-
line. However, although the weight gain curve after con-
ventional SG remains significantly lower than in SO rats
(12,13), the current series showed no difference in weight
gain between GG and SO animals over time. This suggests
that the rapid fall of circulating ghrelin levels following
GG acutely reduces appetite, but because the aglandular
stomach remains intact (the gastric section responsible
for food storage and digestion in rat), this may permit
normal food intake comparable to that of SO rats. The
model was not designed to measure the early dynamic
effects of GG but rather to shed light on the steady effects
of this operation. In fact, the GG rats ate ~50% fewer
calories for a full 2 weeks following the operation, and
this might have resulted in loss of fat and lean mass
and improvements in glycemic control. We do not know

whether this weight loss period might have influenced the
findings observed at the end of the study, although a
further 8 weeks during which GG animals rapidly gained
weight should be a long enough period to minimize the
effect of these 2 weeks of hypocaloric intake. Given that
days in rats translates into months for humans, we can-
not extrapolate the results to humans, where some types
of bariatric/metabolic operations improve insulin action
just days after surgery, independently of weight loss. Fur-
ther monitoring of insulin sensitivity during the weight
loss period as well as in the regaining phase would be
useful and would provide additional mechanistic evidence.

The HFD determined insulin resistance and fat de-
position in both liver and skeletal muscle tissue in SO
rats, whereas GG prevented these features and deter-
mined redistribution of the adiposity pattern character-
ized by decreased visceral fat and by proportionally
increased subcutaneous fat. Fat redistribution may have
played an important role in modulating insulin resistance.
Visceral fat weight was directly associated with HOMA-IR.
Of note, partial surgical removal of intraabdominal fat
prevents the onset of age-dependent insulin resistance
and significantly delays the onset of glucose intolerance
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and diabetes in rodent models of obesity and diabetes
(14). GG used in the current series provides a model of
metabolically healthy obesity. In humans, metabolically
healthy but obese individuals have significantly lower lev-
els of visceral fat and are resistant to the metabolic and
cardiovascular risks that derive from obesity (15). Fur-
thermore, metabolically healthy but obese individuals ap-
pear to have higher microbial diversity both in species and
gene richness compared with other obese individuals (16).

It has been shown that BA (ursodeoxycholic acid)
ingestion decreases age-related adiposity and inflamma-
tion in mice (17). Circulating levels of BAs and composi-
tion are regulated by gut microbiota (18,19), and we
found that the plasma levels of total BAs were signif-
icantly and inversely correlated with HOMA-IR in a
multiple regression analysis. In addition, accumulation
of glycogen was observed only in the liver of SO rats. A
net liver glycogen accumulation is described in ~80% of
patients with diabetes (20) as well as in obese patients
(21) and has been suggested to be linked to enhanced
gluconeogenesis. Therefore, GG modifies adipose tissue
distribution by preventing ectopic fat deposition and re-
duces liver glycogen accumulation possibly as a conse-
quence of the drastic reduction of ghrelin secretion and
of the less pronounced increase in GLP-1 levels, which
have been linked to changes in the gut microbiome and
circulating BAs (22-24).

GG also improved insulin signaling. We found a sig-
nificantly higher phosphorylation of Akt in both liver and
skeletal muscle of GG compared with SO rats. Once
phosphorylated on both Thr308 and Ser473, Akt is fully
activated and phosphorylates its downstream effector
GSK3p (25), which was significantly more phosphorylated
in GG than in SO rats. GSK3f phosphorylation on Ser9 or

Ser21, depending on tissue-specific isoform expression,
decreases its active site availability. Because GSK3 is a
protein kinase that phosphorylates and inactivates glycogen
synthesis, the rate-limiting enzyme in glycogen formation
(26), its inactivation stimulates glycogen production. There-
fore, although we did not measure it directly, the accumula-
tion of glycogen in SO rat tissues is a likely consequence of
impaired glycogen breakdown. Cellular glycogen results from
the balance between synthesis and glycogenolysis. Both hy-
perglycemia and hyperinsulinemia are potent inhibitors of
glycogenolysis (27,28); thus, HFD induction of insulin resis-
tance may reduce glycogenolysis with subsequent glycogen
accumulation. Furthermore, in hyperglycemic conditions, glu-
cose passively enters the hepatocytes by insulin-independent
GLUT?2 and is rapidly phosphorylated, with inhibition of its
release from hepatocytes (29).

Fully phosphorylated Akt, as observed in GG rats,
suppresses hepatic glucose production by decreasing the
expression of gluconeogenic enzymes by phosphorylation
and nuclear exclusion of the forkhead box protein FOXO1
and its progluconeogenic targets (30). These functional
cellular findings may explain why HOMA-IR, an index of
hepatic insulin resistance, and the AUC glucose-to-insulin
ratio, indicative of peripheral insulin resistance, were
markedly reduced only in GG rats. In fact, HFD impairs
the insulin signaling determining hepatic and peripheral
insulin resistance by reducing Akt and GSK phosphoryla-
tion and function. However, glycemia did not return to
baseline values in both GG and SO rats after the OGTT
(Fig. 1), suggesting that the glucose clearance from the
circulation to the metabolic compartment is not fully nor-
malized by GG.

For the mechanism of action of GG on the normaliza-
tion of insulin resistance, three possible factors, namely the
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abolition of ghrelin secretion, increased circulating GLP-1,
and elevation of BAs, might have played a significant role.
According to our findings (i.e., GG rats did not appreciably
lose weight), ghrelin_/_ mice fed an HFD do not show
appetite reduction or weight loss (31). Ghrelin™’~ mice
show improved glucose tolerance and increased insulin sen-
sitivity (32). Of note, also in ghrelin receptor knockout
mice (i.e., mice producing ghrelin that cannot bind to its
receptor), peripheral insulin sensitivity is greatly increased,
whereas hepatic glucose production is reduced (33). Thus,
the most important role of ghrelin appears to be that of
regulating insulin sensitivity and glucose homeostasis.

We cannot exclude, however, that the marked im-
provement of insulin sensitivity observed in this series is
partially explained by the increase of GLP-1 secretion or
by changes in gut microbiota profile and resultant changes in
BA pool size. The lack of DPP-4, the enzyme that degrades
GLP-1, has been demonstrated to improve HOMA-IR and
the OGTT AUC in genetically DPP-4-deficient rats (F344/
DuCrj) fed an HFD compared with F344/Crj control rats
(34). Microbially produced short-chain fatty acids, BAs, and
certain probiotic strains (e.g., Lactobacillus reuteri SD5865)
stimulate glucose-induced GLP-1 release (22,35,36).

The literature on the gut microbiota profiles in obesity
and after metabolic surgery are consistent in showing
dramatic effects on microbial make-up but less so in
terms of which organisms or microbial-related metabolic
activities are affected. The first studies in ob/ob mice dem-
onstrated that the Firmicutes were more represented,
whereas the Bacteroidetes were correspondingly reduced
(37), and this was considered an imprinting of obesity.
However, successively using an ob/ob mouse model fed
either a low-fat diet or an HFD and comparing it with
wild-type mice, Murphy et al. (38) demonstrated that an
increased Firmicutes/Bacteroidetes ratio was the result
of the HED rather than genetic obesity. Accordingly,
Turnbaugh et al. (39) found that in diet-induced obese
mice, the difference in Firmicutes/Bacteroidetes ratio was
mainly related to the increase in a single class of bacteria,
the Mollicutes, which belongs to the Firmicutes phylum.
After gastric bypass in a rat model, Li et al. (40) showed
a simultaneous reduction of both Firmicutes (4.5-fold) and
Bacteroidetes (twofold) compared with SO rats but a sig-
nificant increase of Proteobacteria (52-fold), which are a
phylum of gram-negative bacteria. In the current study, we
found no significant changes in the Firmicutes/Bacteroidetes
ratio between GG and SO rats fed an HFD; rather, we found
dramatic shifts in relative abundance within the Firmicutes,
with increased relative abundance of Lactobacillus and re-
duced abundance of Ruminococcus characterizing improved
metabolic health in the GG animals. Indeed, our random
forest analysis showed Lactobacilli to be the main bacteria
taxon distinguishing GG from SO animals.

GG was associated with reduced endotoxemia as shown
by the lower circulating levels of LPS compared with SO
rats. Luche et al. (41) demonstrated that metabolic endo-
toxemia increases macrophage number in mouse adipose
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tissue in a CD14-mediated manner. Accordingly, the vis-
ceral adipose tissue of SO rats showed an increased cellu-
lar infiltration and fibrosis not observed after GG rats.

We acknowledge some limitations of this study. The
model is markedly different from the human model,
where improvements in glycemic control are generally
observed during the period of weight loss. However, we
note that after biliopancreatic diversion, patients become
extremely insulin sensitive, even though they have lost
negligible amounts of weight (8) or pass from super obesity
to morbid obesity (42). In addition, the gastric anatomy of
the rat is different from that of humans, where the glands
containing endocrine cells are distributed throughout the
entire gastric surface, thus preventing replication of this
operation in patients. Finally, we did not test the mecha-
nistic aspects of the observed metabolic changes.

In conclusion, the GG we devised shows a role of the
stomach in glycemia even though the rats essentially remained
obese. It lowered insulin resistance—through the im-
provement of both insulin-mediated hepatic and periph-
eral insulin sensitivity, with an increase of Akt and GSK3
phosphorylation and insulin-independent glucose dis-
posal as demonstrated by the increased muscular phos-
phorylation of AMPK—and reduced ectopic fat deposition
and hepatic glycogen overaccumulation. These findings are
associated with body adipose tissue redistribution; net re-
duction of intraabdominal fat; dramatic reduction of circu-
lating ghrelin levels; increased GLP-1 plasma concentration;
and remodeling of the gut microbiome with an increased
taxonomic richness, increased relative abundance of Lacto-
bacilli, and increased dirculating BA pool. Collectively, these
data suggest that in the rat, the secreting portion of the
stomach plays a central role in improvement of the meta-
bolic syndrome.
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