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Abstract
Background/Objectives The incidence of obesity and metabolic syndrome (MetS) has rapidly increased worldwide. Roux-
en-Y gastric bypass (RYGB) achieves long-term weight loss and improves MetS-associated comorbidities. Using a mouse
model with a humanized lipoprotein metabolism, we elucidated whether improvements in lipid and glucose metabolism after
RYGB surgery are body weight loss-dependent or not.
Subjects/Methods Male ApoE*3Leiden.CETP (ApoE3L.CETP) mice fed Western type diet for 6 weeks underwent RYGB
or Sham surgery. Sham groups were either fed ad libitum or were body weight-matched (BWm) to the RYGB mice to
discriminate surgical effects from body weight loss-associated effects. Before and after surgery, plasma was collected to
assess the metabolic profile, and glucose tolerance and insulin sensitivity were tested. Twenty days after surgery, mice were
sacrificed, and liver was collected to assess metabolic, histological and global gene expression changes after surgery.
Results RYGB induced a marked reduction in body weight, which was also achieved by severe food restriction in BWm
mice, and total fat mass compared to Sham ad libitum mice (Sham AL). Total cholesterol, non-high-density lipoprotein
cholesterol (non-HDL-C) and ceramide were strongly reduced 20 days after surgery in RYGB compared to BWm mice.
Glucose tolerance and insulin sensitivity improved 13 days after surgery similarly in RYGB and BWm mice. Liver histology
confirmed lipid reduction in RYGB and BWm mice while the transcriptomics data indicated altered genes expression in lipid
metabolism.
Conclusions RYGB surgery improves glucose metabolism and greatly ameliorates lipid metabolism in part in a body
weight-dependent manner. Given that ApoE3L.CETP mice were extensively studied to describe the MetS, and given that
RYGB improved ceramide after surgery, our data confirmed the usefulness of ApoE3L.CETP mice after RYGB in deci-
phering the metabolic improvements to treat the MetS.
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Introduction

Obesity is a major healthcare problem worldwide [1], and
along with its comorbidities, such as type 2 diabetes mel-
litus (T2DM) [2], hypertension, non-alcoholic fatty liver
disease (NAFLD) [3], hypertriglyceridaemia [4] and cardi-
ovascular disease (CAD) [5], constitutes the metabolic
syndrome (MetS) [5, 6].

Several obese rodent models like ob/ob [7] and db/db
mice [8] or Zucker rats [9] do not reflect all aspects of MetS,
and the underlying cause of their obesity differs from
common obesity in humans, which is typically not mono-
genic in nature. The ApoE*3Leiden.human Cholesteryl
Ester Transfer Protein (ApoE3L.CETP) mouse provides an
alternative tool to model MetS pathophysiology [10]. The
ApoE3*3Leiden mutation is distinguished by a tandem
duplication of codons 120–126 and bows a mature protein
of 306 amino acid residues. ApoE*3Leiden mice contain
ApoE and ApoC1 and display hyperlipoproteinaemia,
which becomes more prominent during cholesterol feeding
[11, 12]. The introduction of the human CETP gene [13]
results in mice with humanized lipoprotein metabolism:
they develop atherosclerosis when fed a high-fat high-
cholesterol (HFDC) diet and show a human-like response
when treated with statins [14]. Moreover, ApoE3L.CETP
mice, like humans, present low levels of high-density
lipoprotein cholesterol (HDL-C), and high levels of very
low-density lipoprotein (VLDL) and low-density lipopro-
tein cholesterol (LDL-C) when fed a HFDC diet. Increased
concentrations of VLDL/LDL-C are the result of the
ApoE3Leiden transgene that impedes the uptake of VLDL
remnants by the liver [11]. The introduction of the human
CETP gene is responsible for the transport of cholesterol
ester from HDL to apolipoprotein-B (apo-B) containing
lipoproteins in exchange of triglycerides (TG) and results in
decreased HDL-C [13].

Bariatric surgery, and in particular Roux-en-Y gastric
bypass (RYGB), is the “gold standard” procedure to treat
obesity and MetS [15]. RYGB not only produces significant
and long-term maintenance of body weight loss [16, 17],
but also improves glucose homoeostasis [18], reduces CAD
and NAFLD [19, 20], and ameliorates lipid metabolism
decreasing total cholesterol (TC), TG, [21, 22] and cer-
amide [23, 24]. Noteworthy, several metabolic improve-
ments associated with RYGB were achieved independently
from body weight reduction [21, 22]. Among them was a
decrease in sphingolipids [22], which has been linked to
improvements in the pro-inflammatory state and insulin
sensitivity [24].

The major aim of this study was to elucidate the effects
of RYGB surgery on lipid and glucose metabolism in the
ApoE3L.CETP mice compared to mice where weight loss
was achieved by severe food restriction. Therefore, we

introduced a body weight-matched (BWm) control group of
mice to assess which physiological changes had been
attributed to the body weight loss. Since, our study focused
on the metabolic changes after RYGB surgery, we mea-
sured various blood parameters (TC, HDL-C, LDL-C, TG,
glucose levels) and performed extensive histology and
metabolic liver analysis. ApoE3L.CETP mice can be dif-
ferentiated into two phenotypes, the so-called responder and
non-responder mice [10]. Here, we used only male
responder mice which develop the typical obese and dys-
metabolic phenotype when exposed to Western type diet
[10].

Materials and methods

Animals and housing conditions

All experiments were performed with 9–12 weeks old male
ApoE3L.CETP mice obtained from TNO (TNO, Innovation
for Life, The Hague, The Netherlands) [13, 25]. Only mice
of the responder phenotype were used [10]. After 2 weeks
to acclimate, mice were switched to HFDC diet containing
60% fat and 0.25% cholesterol (D14010701, HFDC,
Research Diets, New Brunswick NJ, USA) for 6 weeks
prior to RYGB or Sham surgery. The Cantonal Veterinary
Office of Zurich approved all the animal experiments
(license 122/2014).

Bariatric surgery

Mice were allocated to RYGB or Sham surgery according
to their body weight at the initiation of the HFDC diet
feeding. Surgical procedures were adapted from Bruinsma
et al. [26] and Hao et al. [27]. A detailed description of the
method is reported in the Supplementary Data.

Body weight, food intake and water intake

Mice were single housed after surgery. Body weight was
measured weekly prior to surgery and daily after surgery.
Daily food and water intake were measured manually, 4 h
prior to dark onset and expressed as grams/day and ml/day,
respectively.

Body composition

Total lean mass and subcutaneous and intra-abdominal fat
mass were measured by quantitative microcomputed
tomography (LaTheta LCT-100A scanner; Hitachi-Aloka
Medical Ltd, Tokyo, Japan) on the carcasses of mice after
sacrifice. Analysis was performed by LaTheta software
(version 2.10, Hitachi-Aloka Medical Ltd, Tokyo, Japan) in
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the lumbar region between vertebrae L1-L5 from 1 mm
slices images, 250 × 250 pixel size [28].

Glucose metabolism: oral glucose tolerance test and
insulin sensitivity test

The same mice underwent oral glucose tolerance (OGTT)
and insulin sensitivity (IST) tests. Before surgery, the tests
were done when mice were chow fed (11–14 weeks of age)
and after the switch to HFDC diet at 17–20 weeks of age.
OGTTs and ISTs were repeated 13 and 19 days after sur-
gery, respectively, with seven days of recovery in between.
A detailed description of the method is reported in the
Supplementary Data.

Lipid parameters

Blood was collected in microvette Lithium-heparin (Sar-
stedt, Nümbrecht, Germany) prior to surgery from the
sublingual vein and 20 days after surgery by cardiac
puncture in a terminal experiment to perform lipid analysis.
Sphingolipid analysis was performed on a LC-MS system at
the Institute of Clinical Chemistry, University of Zurich and
University Hospital Zurich, Switzerland. A detailed
description of these methods is reported in the Supple-
mentary Data.

Cytokines measurements

At the terminal blood sampling, blood was collected by
cardiac puncture in microvette EDTA (Sarstedt, Nüm-
brecht, Germany), immediately centrifuged at 11,000 r.p.
m. for 5 min at 4 °C, aliquoted and stored at −80 °C prior
to analysis. Cytokines were measured with V-Plex
Cytokine kit (K152A0H-1; Meso Scale Discovery, Gai-
thersburg, MD, USA) following the manufacturer’s
protocol.

Tissue histology

At study end, all animals were anaesthetized by isoflurane,
sacrificed via opening the thoracic cavity and exsanguina-
tion by cardiac puncture and a complete necropsy was
performed. Tissues of interest (liver and pancreas) were
removed and fixed in 10% neutral-buffered formalin (For-
mafox, Hittmau, Switzerland) or snap-frozen, and routinely
stained with hematoxylin eosin (HE). Microscopic findings
in the HE-stained livers were classified with standard
pathological nomenclature and severities of findings were
graded on a scale of 0 to 4 [29].

Oil red O (ORO) staining was performed on snap-frozen
cryomold-embedded livers. Briefly, a threshold classifica-
tion allowed recognition of positive (red) hepatocellular

cytoplasm and negative hepatic parenchyma, and the results
were expressed as positive area vs total area in the whole
liver section (see Supplementary Data).

TG and non-esterified fatty acids in livers

To measure liver TG content, approximately 50 mg of tissue
was used and measured with Cobas Mira Roche-
Autoanalyzer (F. Hoffmann-La Roche Ltd, Basel, Switzer-
land), according to the manufacturer’s protocol. Liver non-
esterified fatty acids (NEFA) content was measured fol-
lowing the manufacturer’s indication with Free Fatty Acid
Quantitation Kit (MAK044; Merck KGaA, Darmstadt,
Germany). A detailed description of the method is reported
in the Supplementary Data.

Liver transcriptomics

Analysis were performed at the Institute of Molecular
Biology and Biotechnology, Foundation for Research and
Technology of Hellas (IMBB-FORTH), at Heraklion,
Greece. A detailed description of the method is reported in
the Supplementary Data.

Data analysis and statistics

All data were expressed as mean ± standard error of the
mean (SEM), unless mentioned otherwise. One-way or two-
way ANOVA followed by Bonferroni post hoc tests were
used for comparison among the three groups (RYGB, BWm
and Sham AL), as appropriate. For all statistical analysis, a
P value lower than 0.05 was considered significant. Data
were analysed using Prism GraphPad 8.0.

Results

RYGB mice had reduced body weight, but not food
intake, after surgery

RYGB induced a marked body weight loss (Fig. 1a) com-
pared to Sham AL mice, which was considered significant
starting from day 8 after surgery. Overall, RYGB-operated
mice lost approx. 32% of their initial body weight 20 days
after surgery, compared to a 9% weight loss in Sham AL
mice. Weight loss in the BWm group (approx. 34%) was
induced by food restriction, to discriminate RYGB surgery-
specific metabolic effects from effects induced by decreased
food uptake on its own. Importantly, extent of weight loss
was comparable between BWm and RYGB mice at the time
when metabolic testing was performed 13–19 days after
surgery. The major body weight loss in RYGB mice was
already seen during the first 8 days after surgery (Fig. 1a).
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The initial weight loss in the Sham AL group was most
likely the result of the post-operative feeding regimen,
which included 3 days of chow feeding. Body weight in the

Sham AL group stabilized following return to HFDC diet
on post-surgical day 4 onwards, and remained stable in the
remaining post-operative days.
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Before surgery, all groups of mice ate the same amount
of food (data not shown). Food intake was also similar in
the first post-operative week in the three groups of mice (P
< 0.05; Fig. 1b); RYGB mice ate on average approx. 1.3 ±
0.1 g of food per day, similarly to BWm (1.3 ± 0.2 g) and
Sham AL (1.3 ± 0.1 g). The low food intake in the RYGB
and Sham AL groups during the first week post-surgery was
due to the specific post-operative feeding regimen including
3 days of chow feeding before the HFDC diet and to the
post-operative treatment. During the following 2 weeks, no
differences in average daily food intake were seen between
RYGB and Sham AL mice, while BWm mice had to be
severely food restricted for the entire experiment to main-
tain the same body weight as RYGB mice (week 2: 44.8%
and week 3: 49.4% compared to food intake in RYGB
mice). Water intake assessed in the post-operative period
showed no differences in the three groups of mice (P < 0.05;
Fig. 1c).

This highlights that the extensive weight loss in RYGB
mice is not due to a sustained reduction in food

consumption, which confirms previous mouse studies [30]
but is different from RYGB-operated rats [31].

RYGB surgery induced a reduction in fat mass
without changing lean mass

Body composition analysis was performed 20 days after
surgery, i.e. at the time when mice were sacrificed, and
indicated that despite the lack of significant differences in
lean mass among groups (Fig. 1d), body fat was markedly
reduced in RYGB mice (0.7 ± 0.1 g) compared to BWm
(1.5 ± 0.3 g) and Sham AL mice (6.2 ± 0.2 g) (Fig. 1e). The
reduction in total fat mass in RYGB and BWm mice was
due to a reduction in both subcutaneous and intra-
abdominal fat depots (Fig. 1f, g); despite a difference in
total fat mass between RYGB mice and BWm mice, the
relative reduction in the respective fat depots was similar.

RYGB mice improved glucose metabolism after
surgery

OGTT and IST were performed before surgery, in 11- to 14-
week-old mice when chow fed, and again in 17- to 20-
week-old mice after switching to HFDC diet (Fig. 1h, k).
After 6 weeks of HFDC diet, mice developed impaired
glucose tolerance (Fig. 1h) compared to chow fed mice.
Two weeks after surgery, glucose tolerance appeared to be
improved in all groups, including the Sham AL mice,
despite the continued exposure to the HFDC diet (Fig. 1i).

Nonetheless, even though RYGB and Sham AL mice had
similar baseline glucose levels (10.3 ± 1.2 and 10.7 ±
0.5 mmol/l), RYGB mice glucose levels peaked much higher
15 min after the glucose bolus than the other groups, prob-
ably reflecting the rapid transit of glucose through the sto-
mach pouch into the small intestine. BWm mice displayed
lower baseline glucose levels (6.7 ± 0.8 mmol/l, compared to
RYGB 10.3 ± 1.2 mmol/l and Sham AL 10.7 ± 0.5 mmol/l),
likely due to the restrictive feeding conditions. Glycaemia in
RYGB mice normalized faster than in the other two groups;
during the OGTT, glucose levels in RYGB mice presented a
greater decrease (8.2 ± 0.9 mmol/l) at 30 min after glucose
administration, as compared to Sham AL (11.4 ± 0.5 mmol/
l) and BWm (10.1 ± 0.6 mmol/l) (P < 0.05). At 120min,
blood glucose levels in BWm mice were lower (7.1 ±
0.7 mmol/l) than in RYGB (8.3 ± 0.9 mmol/l) or in Sham AL
mice (9.9 ± 0.4 mmol/l). The difference between RYGB and
Sham AL mice was then no longer significant.

After 6 weeks of HFDC diet, mice showed reduced
insulin sensitivity compared to when they were chow-fed
(Fig. 1j). Three weeks after surgery, RYGB and BWm mice,
but not Sham AL mice, displayed improved insulin sensi-
tivity compared to the pre-operative state, also compared to
post-operative Sham AL mice (Fig. 1j, k). RYGB and Sham

Fig. 1 a Body weight in Sham ad libitum (Sham AL, n= 14), body
weight-matched (BWm, n= 11) and Roux-en-Y gastric bypass
(RYGB, n= 14) operated ApoE3L.CETP male mice. RYGB and
BWm decreased body weight by more than 30% compared to the
initial values. Imposed food restriction in BWm mice started on day 8
after surgery. b Average daily food intake in Sham AL (n= 14), BWm
(n= 11) and RYGB (n= 14) groups in the first three post-operative
weeks. BWm mice were food restricted in the second and third week
post-surgery to maintain the same body weight as RYGB-operated
mice. Importantly, no difference in spontaneous average food intake
was found between RYGB and Sham AL mice at any time after sur-
gery. c Average of daily water intake in Sham AL (n= 7), BWm (n=
7) and RYGB (n= 7) groups in the first three post-operative weeks.
No difference in spontaneous average water intake was found among
the three groups at any time after surgery. d–g Body composition
analysed by quantitative microcomputed tomography (LaTheta LCT-
100A Scanner; Hitachi-Aloka Medical Ltd, Tokyo, Japan). d Lean
mass was similar in all groups; e total fat mass was reduced in RYGB
(n= 11) compared to BWm (n= 9) and Sham AL (n= 12); the ratio
of reduced subcutaneous fat (f) and intra-abdominal fat (g) was similar
in RYGB and BWm. h–i Oral glucose tolerance test (OGTT; 2 g/kg)
performed when mice were chow fed (n= 34) or after 6 weeks of high
fed diet+ 0.25% cholesterol (HFDC, n= 34) (h); and 13 days after
surgery (n= 13, 10, 11) (i). Inset (h) represents the area under the
curve (AUC) during the OGTT; inset (i) represents the AUC after
RYGB/Sham surgery. The AUC over 120 min was calculated during
the OGTT, above baseline of each respective animal. j, k Insulin
sensitivity test (IST; 0.5 U/kg i.p.) performed when mice were chow
fed (n= 27) or after 6 weeks of HFDC (n= 32) (j). k Nineteen days
post-surgery (n= 12, 10, 8). Inset represents the area under the curve
(AUC) during the IST; inset (k) AUC after RYGB/Sham surgery. The
AUC over 120 min was calculated during the IST, above baseline of
each respective animal. Data are means ± SEM. Parameters with dif-
fering superscripts (a–c) differ from each other (Sham AL, BWm and
RYGB) at the P < 0.05 levels by post hoc Bonferroni adjustment when
significant intergroup differences were found by one-way ANOVA (b,
c, d, e, f, g insets h, i, j, k) and two-way ANOVA (a, h, i, j, k). **P <
0.01, ***P < 0.001. The order of the superscript (a, b, c) refers to
significances as symbols are displayed in the charts
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AL mice had slightly higher glucose baseline levels (8.8 ±
0.8 and 8.5 ± 0.4 mmol/l) than BWm (6.8 ± 0.7 mmol/l),
similarly to what has been observed during the OGTT (Fig.
1h). Importantly, 15 min post insulin injection, glucose
levels dropped markedly in RYGB mice and were similar to
BWm, and lower compared to Sham AL (7.1 ± 0.4 mmol/l).
RYGB mice maintained these low glucose levels until the
end of the test (Fig. 1k). BWm mice also maintained a lower
glucose level which can be explained not only by the
restrictive feeding conditions, but also by improved insulin
sensitivity, similarly to the RYGB mice (Fig. 1b, k). In
summary, improvements in insulin sensitivity were similar
in RYGB and BWm mice, regardless of whether weight loss
was achieved by surgery or food restriction.

Lipid profile improved after RYGB surgery

RYGB and BWm mice had significantly reduced plasma
TC, non-HDL-C, TG and NEFA 20 days after surgery
(Table 1). The reduction in TC and non-HDL-C was sig-
nificantly stronger in RYGB than in BWm mice. No dif-
ferences were found for plasma HDL-C and beta-
hydroxybutyrate (BHB) among groups.

Total ceramide significantly decreased in RYGB compared
to Sham AL mice (Table 1), as a function of the specific
species Cer(d18:0/24:0) and Cer(d18:1/16:0). Notably, Cer
(d18:1), including Cer(d18:1/22:0), Cer(d18:1/23:0) and Cer
(d18:1/24:0), and the class Cer(d18:2) were significantly

reduced in RYGB, compared to BWm and Sham AL (Fig.
2SA, C, D). Sphingosin-1-phosphate (S1P) was found to be
reduced only in RYGB mice, while no differences in total 1-
deoxyceramide (1-deoxyCer) and total hexosylceramide
(HexCer) were found among groups (Table 1, Fig. 2S).

Total sphingomyelin (SM) decreased in parallel with
body weight loss since no difference was seen between
RYGB and BWm (Table 1), as further confirmed by SM
(18:1/16:0), SM (d18:1/22:0), SM(d18:1/24:1) and SM
(d18:2) (Fig. 3S).

Liver histology and physiology

Livers from RYGB showed decreased lipidosis scores
compared to BWm (1.3 ± 0.4), and to Sham AL livers
(Table 2, Fig. 2a–c). Histomorphometrical analysis of lipid

Table 1 Lipid parameters 20 days post-surgery in Sham AL (n= 12),
BWm (n= 11) and RYGB (n= 11) operated male ApoE*3Leiden.
CETP mice

Sham AL BWm RYGB

TC (mg/dl) 261 ± 13a 218 ± 10b 109 ± 5c

Non-HDL-C (mg/dl) 216 ± 15a 124 ± 13b 70 ± 5c

HDL-C (mg/dl) 45 ± 3a 42 ± 5a 38 ± 4a

TG (mg/dl) 269 ± 34a 114 ± 27b 110 ± 17b

NEFA (µmol/l) 1073 ± 52a 764 ± 55b 697 ± 78b

BHB (µmol/l) 204 ± 64a 246 ± 75a 153 ± 27a

Cer (µM) 2.7 ± 0.2a 2.3 ± 0.2a,b 1.6 ± 0.1b

1-DeoxyCer (µM) 10.4 ± 1.9a 14.1 ± 2.1a 13.9 ± 3.2a

hexCer (µM) 4.8 ± 0.6a 3.8 ± 0.5a 3.7 ± 0.9a

S1P (nM) 465 ± 37a 414 ± 31a 325 ± 41b

SM (µM) 78.5 ± 5.9a 106 ± 4.8b 71.7 ± 7.9b

Total cholesterol (TC), high-density cholesterol (HDL-C), non-HDL-
C, non-esterified fatty acids (NEFA), beta-hydroxylbutyrate (BHB),
total ceramide (Cer), total 1-deoxyceramide (1-deoxyCer), total
Hexosylceramide (hexCer), Sphingosin-1-phosphate (S1P), and total
sphingomyelin (SM)

Data are represented as mean ± SEM. Parameters with differing
superscript (a, b, c) differ from each other P < 0.05 after post hoc
Bonferroni adjustment significant intergroup differences were found
by one-way ANOVA multiple comparisons

Table 2 Incidence and severity of histological findings in the liver of
Sham AL, BWm and RYGB-operated ApoE*3Leiden.CETP mice

Sham AL BWm RYGB

Age mice (weeks) 17–20 17–20 17–2

Livern 12 11 11

Hepatocellular lipidosis§ 12/12 8/11 2/11

Grade 0 0 3 9

Grade 1 0 4 1

Grade 2 0 3 1

Grade 3 2 0 0

Grade 4 10 1 0

Average severity$ 3.8 ± 0.1a 1.3 ± 0.4b 0.3 ± 0.2c

Chronic inflammation§ 5/12 8/11 9/11

Grade 0 7 3 2

Grade 1 5 8 7

Grade 2 0 0 2

Grade 3 0 0 0

Grade 4 0 0 0

Average severity$ 0.4 ± 0.1a 0.7 ± 0.1b 1.0 ± 0.2b

Hepatocellular eosinophilic
cytoplasmic inclusions§

11/12 10/11 9/11

Grade 0 1 1 2

Grade 1 11 9 8

Grade 2 0 1 1

Grade 3 0 0 0

Grade 4 0 0 0

Average severity$ 0.9 ± 0.1a 1 ± 0.1a 0.9 ± 0.2a

n: number of liver samples analysed, §: incidence of the findings, $:
average severity calculated as sum of all scores divided by the total
number of liver samples analysed within each group

Data are presented as mean ± SEM, sham AL (n= 12), BWm (n= 11),
and RYGB (n= 11). Parameters with differing superscript (a, b, c)
differ from each other at the P < 0.05 level by post hoc Bonferroni
adjustment after significant intergroup differences were found by one-
way ANOVA
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droplets in liver sections stained with ORO confirmed this
result, with livers from Sham AL mice showing higher
proportions of fat content vs total parenchyma (60%)
compared to BWm and RYGB-operated mice livers (41%

and 24% resp.) (Fig. 2a–c inset, d). The grade of hepatic
lipidosis was consistent with TG levels and NEFA in livers
of Sham AL, BWm and RYGB mice (Fig. 2e, f), respec-
tively. Overall, inflammation was found increased in RYGB
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compared to Sham AL, while hepatocellular eosinophilic
cytoplasmic inclusions showed no differences among the
groups (Table 2).

Liver transcriptomics

Transcriptome analysis of the liver samples using micro-
arrays revealed that RYGB surgery significantly altered the
hepatic gene expression profile of mice in comparison with
the BWm or Sham AL mice. More specifically, 1137 genes
(656 upregulated; 481 downregulated) were found to be
differentially expressed in the RYGB vs BWm group
indicating that the differential expression of these genes was
not due to the weight loss but rather due to the surgical
operation or the severe caloric restriction (Fig. 3a and
Appendix 1). Furthermore, 506 genes (300 upregulated; 206
downregulated) were found to be differentially expressed in
the RYGB vs Sham AL group indicating that these genes
reflect changes related to weight reduction and the surgical
procedure (Fig. 3a and Appendix 2). Interestingly, 239
differentially expressed genes were common in the two
groups (Fig. 3b), suggesting that the expression of these
genes is affected by body weight reduction and the RYGB
surgery. The top lists of common genes as well as the
unique genes in each comparison group are presented in
Fig. 4S. Ingenuity Pathway Analysis (IPA) indicated that
the observed gene expression changes in the two groups
were mainly associated with lipid metabolism (concentra-
tion of lipids, steroid metabolism, fatty acid metabolism and
hepatic steatosis among others) (Fig. 3c and Appendices 1–
3). Figure 3d lists the biological functions significantly
altered between the two groups of mice, using the z-score.
Although most functions are predicted to be activated in
both groups, some functions such as “concentration of D-
glucose” and “lean body mass” had a decreased z-score (≤2)
implying a decreased activation state of these biological
functions, which agrees with the improved phenotypic
profile of the RYGB mice vs the BWm and Sham AL mice
as was described above. Notably, we observed an upregu-
lation in many genes related to cholesterol biosynthesis,
which appears to be the most significantly changed

canonical pathway in RYGB vs BWm and RYGB vs Sham
AL groups, possibly in response to the decreased levels of
plasma TC and non-HDL-C (Fig. 5SA, B and Appendix 3).

Cytokines

Plasma cytokines were measured in all groups before and
after surgery (Fig. 4). Cytokines levels before surgery did
not show any differences among groups. IFN-γ increased
post-surgery in all groups, while IL-12p70, IL-2 and IL-6
increased only in the RYGB group.

Discussion

RYGB, the “gold standard” procedure in treating morbid
obesity and the ensuing MetS, induced rapid weight loss
and ameliorations in lipid and glucose metabolism in
ApoE3L.CETP male mice, a humanized mouse model
previously used to assess development and mechanisms
behind the MetS [10]. Some of the physiological and
metabolic changes among RYGB, Sham AL and BWm
groups observed in our study were not a specific con-
sequence of surgery, but were related to body weight loss
and reduced caloric intake [30, 32].

Some previously published data showed improvements
of lipid parameters independently from body weight loss
after bariatric surgery [22, 31], but other studies performed
in vivo and in humans support our data that improved lipid
and glucose parameters are, to some extent, most likely a
consequence of the caloric restriction in the post-surgical
period and the resulting body weight loss [32, 33].

Although caloric restriction alone improves many
aspects of lipid and glucose metabolism, we also revealed
that some specific effects were RYGB- surgery related, such
as greatly reduced concentrations of non-HDL-C and cer-
amide in plasma. This indicates that at least a part of the
observed changes was independent of body weight loss
alone, suggesting that certain physiological changes after
RYGB surgery specifically influence lipid metabolism.

Body weight loss in RYGB mice continued for 16 days
before reaching a plateau, and spontaneous food intake was
reduced only in the first week post-surgery before reaching
similar food intake as in the Sham AL group. BWm mice,
instead, had to be strongly and continuously food restricted
to achieve a similar body weight as RYGB-operated mice.
Although food intake showed differences among the
groups, especially between RYGB and BWm, water intake
was similar in all mice. This indicated that RYGB surgery
and caloric restriction in BWm mice did not affect water
intake, and indicated that mice were not dehydrated. These
data are consistent with earlier data by Marshall et al. [34]
who showed that water intake seems to be largely

Fig. 2 a–c HE-stained liver sections from a Sham AL, b BWm and c
RYGB-operated mice at time of sacrifice. Insets: Oil red O (ORO)-
stained liver sections from the same mice; ORO-positive lipid content
in the hepatocytes is decreased in b and c compared to a. e Histo-
morphometrical analysis of fat content in ORO staining in Sham AL
(n= 8), BWm (n= 7) and RYGB (n= 7); d triglyceride levels in liver
extracts from Sham AL (n= 13), BWm (n= 9) and RYGB mice (n=
11), and after sacrifice f liver non-esterified fatty acids in Sham AL
mice (n= 13) BWm mice (n= 11) and RYGB mice (n= 11). Data are
presented as mean ± SEM. Parameters with differing superscripts (a, b,
c) differ from each other at the P < 0.05 levels by post hoc Bonferroni
adjustment when significant intergroup differences were found by one-
way ANOVA (d–f)
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unaffected in RYGB-operated rats, and suggest that differ-
ences in hydration status did not contribute to various
changes observed in the RYGB group.

The body weight loss correlated in both RYGB and
BWm groups with a significant reduction in total fat mass.
Interestingly, the effect on total fat mass was stronger in
RYGB mice, even though the reductions in subcutaneous
and intra-abdominal fat mass were not significantly larger
than in BWm mice. To note body weight loss reflected a
preferential loss of fat mass and a preservation of lean mass

in the RYGB group compared to sham controls; BWm mice
seemed to trend to a lower lean mass compared to RYGB
mice but the difference did not reach significance [35].

Considering the similar food intake in RYGB and Sham
AL mice, RYGB mice probably maintained lower body
weight and fat mass mainly because of their increased
energy expenditure, and perhaps in part increased faecal
energy loss, as previously described [35, 36]. While it was
beyond the scope of this study to measure energy expen-
diture, data from Nestoridi et al. [36] demonstrated that

Fig. 3 Differential gene expression analysis comparing livers from
RYGB (n= 6) vs Sham AL (n= 5) mice or RYGB vs BWm (n= 4)
mice under specific statistical criteria (one-way ANOVA, P < 0.05)
and absolute fold change cut-off (1.5). a Total number of differentially
expressed transcripts in each group of comparisons. b Venn diagram

showing the number of transcripts that are unique for each comparison
and the intersection of the two comparisons. c, d IPA functional
analysis including Diseases and Functions ranked by the P value (c) or
the z-score (d)
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increased energy expenditure directly contributes to the
RYGB-induced body weight loss in mice. Furthermore,
they also observed increased food intake and maintained

body weight loss starting from the second week after sur-
gery in the RYGB group [36], similarly to what we showed.
Our findings also confirmed the data reported by Hao et al.
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Fig. 4 Plasma cytokines in
plasma from Sham AL (n= 8),
BWm (n= 7) and RYGB (n=
6) mice before and after surgery:
a Interferon-γ, IFN-γ.
b Interleukin 10, IL-10.
c Interleukin 12p70, IL-12p70.
d Interleukin 1β, IL-1β.
e Interleukin 2, IL-2. f
Interleukin 4, IL-4. g Interleukin
5, IL-5. h Interleukin 6, IL-6.
i Keratinocyte chemoattractant/
growth-regulated oncogene, KC-
PRO and j tumour necrosis
factor α, TNF-α. IFN-γ
increased post-surgery in all
groups, while IL-12p70, IL-2
and IL-6 increased only in the
RYGB group. Data are
represented as mean ± SEM.
Parameters with differing
superscript (a, b, c) differ from
each other at the P < 0.05 level
by post hoc Bonferroni
adjustment after significant
intergroup differences were
found by two-way ANOVA
multiple comparisons
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[30] in terms of body weight loss, body composition, food
and water intake.

In agreement with these findings, the bioinformatics
analysis of our transcriptomics data revealed that the func-
tion of “energy homoeostasis” was statistically significant
between RYGB and BWm mice but not between RYGB
and Sham AL mice (Supplementary Appendix 3, Functions
and Diseases, p values). Statistically significant differences
were observed in pathways such as cholesterol biosynthesis,
fatty acid oxidation, PPAR signalling, TG metabolism,
protein metabolism and glucose metabolism in the RYGB
mice vs the BWm mice (Supplementary Appendix 1,
Functions and Diseases)” suggesting increased energy
expenditure. This is consistent with prior observations that
the weight loss induced by RYGB in mice is mainly an
effect depending on increased energy expenditure rather
than reduced food intake [30].

Even though body weight loss was per se sufficient and
directly associated with the decrease of some lipid para-
meters in plasma [31], a further decrease in TC and non-
HDL-C levels in RYGB mice compared to BWm mice
20 days after surgery indicated the presence of specific
RYGB-induced metabolic effects [16]. Data in literature
strengthened our hypothesis that changes in lipid absorption
[37], mainly due to a reduction in cholesterol absorption
and increased faecal levels after RYGB surgery [38, 39],
could well explain part of the reduction seen in the mea-
sured lipid parameters. While we did not see an improve-
ment in HDL-C levels within the time-frame of our studies,
other studies in rats had reported changes in HDL-C after
20 weeks post-surgery [40], and in humans 1 year after
surgery [41].

Consistent with human studies [24, 42], total ceramide
were found reduced only in RYGB-operated mice, while
SM were found reduced in both RYGB and BWm groups.
Changes in ceramide and SM levels have been related to
MetS [43]; in particular, they seem to be correlated with an
increased risk for CAD and atherosclerosis [44]. Correla-
tions between elevated ceramide in obese subjects with
T2DM and MetS were also previously demonstrated
[43, 45].

It is well established that a reduction in body weight and
improved lipid metabolism after RYGB directly impact
liver histology and liver function [46, 47]. Liver histology at
the end of the study paralleled the improvement in meta-
bolic parameters. Hepatocellular lipidosis and NEFA were
significantly reduced in RYGB mice and liver TG levels
were reduced in RYGB and BWm mice compared to Sham
AL mice. A slight increase in inflammatory parameters was
observed in RYGB mice, which may have been associated
to the rapid body weight loss [48]. Even if most of these
effects may be due to the body weight loss, food deprivation
in BWm mice was not enough to reduce lipidosis and

probably RYGB mice had a reduced fat absorption reflected
by significant reduced hepatic lipidosis.

Overall, the functional analysis of liver metabolism was
in line with the histological and physiological changes
after RYGB.

Systemic cytokines measurements showed no difference
among groups before surgery. Generally, a pro-
inflammatory state is one of the underlying factors in
MetS and obesity [49] and the slight increase in inflam-
mation markers post-surgery could be a consequence of the
surgical procedure and modification in the adipose tissue
[50]. Importantly, metabolic parameters improved despite
the slight increase in some inflammatory parameters.

Thirteen days after surgery, RYGB-operated ApoE3L.
CETP mice had significantly improved glucose tolerance
and insulin sensitivity, as shown previously [32, 51],
despite the continued exposure to the HFDC diet. It is
important to note that appears to be an improvement in the
Sham AL group after surgery. However, the differences
between pre- and post-surgery may also be due to the dif-
ferent test conditions, i.e. the use of isoflurane in the test
before surgery. We initially wanted to collect larger blood
samples to measure insulin during glucose tolerance test but
this seemed quite complicated in the RYGB mice. There-
fore, we decided not to use isoflurane in the test post-sur-
gery, albeit it is known that isoflurane can induce increases
in glucose levels [52] and can alter glucose tolerance [53].
Nevertheless, our data show there is an impaired glucose
tolerance in HFDC animals compared to chow-fed animals
before surgery and there is significantly improved glucose
tolerance and insulin sensitivity in RYGB-operated mice
when compared to Sham AL mice.

The major contribution to this improved glucose meta-
bolism was due to an amelioration of insulin sensitivity in
RYGB mice [54, 55]. Reduced body weight after surgery
may have been a major driver in these effects because the
same was shown in BWm mice.

However, the mechanism driving weight loss is not due
to caloric restriction as RYGB mice did not reduce their
food intake post-operatively compared to Sham AL mice.
Indeed, this is consistent with previous studies that have
also demonstrated that the bypass of duodenum and the
proximal jejunum after RYGB surgery reduces insulin
resistance. These studies also show increased GLP-1
secretions have been an important aspect in helping and
restoring glucose homeostatis [31, 56].

In summary, our findings confirmed the beneficial effect
of RYGB surgery on lipid and glucose metabolism. Some
were body weight loss-dependent effects, such as the
reduced TG and total SM, and improved insulin sensitivity,
and others were RYGB-specific effects, such as reduced
TC, non-HDL-C and total ceramide. To our knowledge,
these experiments demonstrated for the first time an effect
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of RYGB on the reduction in ceramide levels in a huma-
nized murine model for the MetS. Since the ApoE3L.CETP
mouse model is studied to describe the MetS [14], parti-
cularly the atherosclerosis aspect [57] and since ceramide
are considered a potential biomarker for atherosclerosis
[42], we believe that our data may provide an important
proof-of-concept to the advantage of using the ApoE3L.
CETP mice after RYGB in deciphering the metabolic
improvements after bariatric surgery to treat the MetS.
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