Obesity Surgery (2019) 29:2158-2165
https://doi.org/10.1007/511695-019-03800-z

ORIGINAL CONTRIBUTIONS

Check for
Gastric Bypass Surgery Improves the Skeletal Muscle updates

Ceramide/S1P Ratio and Upregulates the AMPK/ SIRT1/ PGC-1a
Pathway in Zucker Diabetic Fatty Rats

Hazel Huang' - Ali Aminian? - Monique Hassan? - Olivia Dan? - Christopher L. Axelrod ' - Philip R. Schauer?
Stacy A. Brethauer? - John P. Kirwan '

Published online: 26 February 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Purpose Roux-en-Y gastric bypass (RYGB) is associated with remission of type 2 diabetes. However, the cellular and molecular
mechanisms remain unknown. We hypothesized that RYGB would increase peroxisome proliferator-activated receptor gamma
coactivator l-alpha (PGC-1«), sirtuin-1 (SIRT1), AMPK/pAMPK, and citrate synthase (CS) protein expression and decrease
insulin resistance and these changes would be mediated by sphingolipids, including ceramides and the sphingolipid metabolite
sphingosine-1 phosphate (S1P).

Materials and Methods Male ZDF rats were randomized to RYGB (1 = 7) or sham surgery (n =7) and harvested after 28 days.
Total tissue ceramide, ceramide subspecies (C14:0, C16:0, C18:0, C18:1, C20:0, C24:0, and C24:1), and S1P were quantified in
the white gastrocnemius muscle using LC-ESI-MS/MS after separation with HPLC. Total SIRT1, AMPK, PGC-1«, and CS
protein expression were measured by Western blot.

Results Body weight, fasting glucose, insulin, and HOMA-IR decreased significantly after RYGB compared with sham control.
These changes were paralleled by lower total ceramide (483.7 +32.3 vs. 280.1 +38.8 nmol/g wwt), C18:0 ceramide subspecies
(P <0.05), higher SIP (0.83+0.05 vs. 1.54+0.21 nmol/g wwt, P<0.05), and a lower ceramide/S1P ratio (P <0.05) in the
RYGB versus sham group. AMPK, pAMPK, SIRT1, PGC-1«, and CS protein expression was also higher after RYGB
(P<0.05). The ceramide/S1P ratio correlated with weight loss (#=0.48, P=0.08), insulin resistance (»=0.61, P=0.02),
PGC-1 (r=—10.51, P<0.06), CS (r=—10.63, P=0.01), and SIRT1 (»r=—10.54, P<0.04).

Conclusion Our data demonstrate that sphingolipid balance, and increased AMPK, SIRT1, PGC-1«, and CS protein expression
are part of the mechanism that contributes to the remission of diabetes after RY GB surgery.

Keywords PGC-1x - SIRT1 - AMPK - Citrate synthase - Ceramide - Sphingosine-1 phosphate - Gastric bypass - Obesity -
Diabetes - Weight loss - Bariatric - Lipotoxicity
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Introduction

Bariatric surgical procedures, including Roux-en-Y gastric
bypass (RYGB), biliopancreatic diversion (BPD), and vertical
sleeve gastrectomy (VSG), result in a rapid and durable remis-
sion of type 2 diabetes (T2D) [1-3]. Restoration of
euglycemia has been reported within days after surgical inter-
vention, suggesting that the metabolic effects are weight loss
independent [4]. However, the mechanisms driving surgical
remission of T2D remain elusive.

Progression of peripheral insulin resistance and defec-
tive insulin secretion are observed in both obesity and
T2D. This is most notably demonstrated by epidemiologi-
cal studies identifying that approximately 90% of T2D’s
are overweight and/or obese [5]. Increased visceral adipos-
ity is observed in obesity and T2D and leads to the accu-
mulation of lipid in non-adipose tissue, such as the pancre-
as, skeletal muscle, kidney, and liver. This ectopic lipid
accumulation can activate stress and apoptotic signaling
pathways, ultimately leading to cellular dysfunction and
death. Indeed, this process, referred to as lipotoxicity, can
exacerbate skeletal muscle and liver sensitivity to insulin
[6], pancreatic beta cell failure [7], and eventually chronic
hyperglycemia [8].

Excess lipid accumulation, as observed in human obesity
and T2D, results in numerous adaptations to the mitochondria,
including reduced content [9], elevated production of reactive
oxygen species (ROS) [10], increased mitochondrial fission
[11], and blunted gene expression [12]. Furthermore, chronic
nutrient oversupply to the mitochondria can cause incomplete
fatty acid oxidation, leading to the accumulation of lipid
byproducts and activation of pathways that drive insulin resis-
tance [13, 14]. Peroxisome proliferator-activated receptor co-
activator 1 alpha (PGCl1«) is the main regulator of pathways
that lead to mitochondrial biogenesis [15]. Its activation by
AMP-activated protein kinase (AMPK) and silent information
regulator 1 (SIRT1) promotes mitochondrial biogenesis and
expression of numerous reactive oxygen species-detoxifying
enzymes [16, 17].

Sphingolipids, including multiple ceramide species, have
been shown to contribute to ectopic lipotoxicity [18, 19] and
may interfere with cellular signaling pathways, thus promoting
insulin resistance and type 2 diabetes. Elevated ceramide levels
have been observed in both human obese and T2D patients
[20-22], and pharmacologic inhibition in mice restored insulin
sensitivity [23]. The aims of this experimental study were to
assess changes in insulin sensitivity and regulatory mechanisms
after surgically induced weight loss. Specifically, we hypothe-
sized that RYGB would produce significant weight loss, in-
crease PGCla, SIRT1, AMPK, and citrate synthase (CS) pro-
tein expression and decrease insulin resistance, and these events
would be associated with changes in levels of sphingolipids
including ceramides and sphingosine-1-phosphate (S1P).

Materials and Methods
Animal Care and Surgery

Age-matched 12-14week-old homozygous recessive males
(fa/fa) of the inbred Zucker diabetic fatty (ZDF) rat model
were purchased from Charles River (Wilmington, MA). The
animals were housed individually in controlled facilities (tem-
perature 26°C £+ 1°C, 40% humidity, 12 h light-dark cycle)
with free access to water and a high carbohydrate diet
(Purina 5008, Research Diet, New Brunswick, NJ). After a
one-week quarantine period, the rats were randomly divided
into two groups: RYGB surgery and sham surgery with 7 rats
in each group. All experiments were approved by the
Institutional Animal Care and Use Committee.

T2D was confirmed by the presence of hyperglycemia (>
250 mg/dL). Rats were fasted overnight and anesthetized with
2% isoflurane. Before surgery, ceftriaxone 75 mg/kg was ad-
ministered intramuscularly for antimicrobial prophylaxis, and
10 ml of saline was given subcutaneously for hydration.

We used the gastric bypass model and bowel limb lengths
as proposed by Meguid et al. [24] to achieve durable weight
loss. A 4-cm upper midline incision was made. The stomach
and distal esophagus were dissected free and a 20% proximal
gastric pouch created. The jejunum was transected 30 cm dis-
tal to the ligament of Treitz, creating a 30-cm biliopancreatic
limb. A 5-mm side-to-side gastrojejunostomy was made. A
side-to-side jejuno-jejunal anastomosis was performed
10 cm below the gastrojejunostomy, creating a 10-cm alimen-
tary limb. The abdomen was closed in layers. For the sham
operation, the terminal esophagus and stomach were likewise
exposed and dissected free. A 5-mm gastrotomy was made on
the anterior surface of the gastric fundus and closed with
interrupted sutures. The jejunum was also divided 30 cm be-
low the ligament of Treitz and then reconnected. There was no
surgical mortality in either group.

Pain was controlled with subcutaneous buprenorphine for
the first 2 days postsurgery. The animals were provided an ad
libitum liquid diet with Boost (Nestle, Buffalo Grove, IL) for
5 days after the surgery. For the remainder of the study, they
were fed an ad libitum Purina 5008 diet. Body weight was
measured weekly, and the gastrocnemius muscles were har-
vested at postoperative day 30.

Blood Sampling

Blood samples were collected at baseline and postoperative
day 28 from the femoral vein, which was accessed using a cut-
down technique. Blood samples were collected in EDTA
tubes. After centrifugation, plasma was immediately separated
and stored at — 80°C for subsequent measurements. Glucose
was measured using the glucose oxidase assay (YSI Life
Sciences, Yellow Springs, OH). Insulin was measured using
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a multiplex kit (Millipore, Billerica, MA). Insulin resistance
was estimated from fasting plasma glucose and insulin levels
using the homeostasis model assessment of insulin resistance
(HOMA-IR, fasting serum insulin (nU/ml) X fasting plasma
glucose (mg/dl)/405) [25].

Immunoblotting

SIRT1, AMPK, phosphorylation of AMPK at the threonine
172 residue (pAMPK), PGC-1«, and CS protein expression
were determined in white gastrocnemius muscle samples
using a Western blot approach. Frozen muscle was homoge-
nized with a glass homogenizer in freshly prepared phosphor-
protein lysis buffer (cell extraction buffer, 10x of phosphatase-
inhibitor cocktail, 0.3 M PMSF in DMSO, 10 ul of buffer per
mg of muscle). The homogenate was incubated on ice for at
least 30 min and centrifuged for 10 min at 12,000 rpm at 4 °C.
Protein concentration was quantified using a commercial
BCA protein assay kit (Pierce, Rockford, IL). A 20 pg protein
extract was mixed with LDS sample buffer, and the protein
was separated by 4-20% SDS-PAGE. After electrophoresis,
the proteins were electrotransferred to a PVDF membrane
(Bio-Rad, Hercules, CA). After blocking in PBST (5% instant
nonfat dry milk, 0.1% Tween-20) for 1 h, the membranes were
incubated overnight at 4 °C with primary antibody (1:1000
dilution) to either SIRT1, PGC-1x, AMPK, pAMPK (cell
signaling), and citrate synthase (Alpha Diagnostics, San
Antonio, TX). The membranes were washed 5 times for
5 min per each wash before incubation with secondary anti-
rabbit IgG antibody (Diagnostic International, San Antonio,
TX) for 1 h at room temperature. The membranes were
washed with PBST again and subjected to enhanced chemilu-
minescence (Amersham Biosciences, Piscataway, NJ). The
membranes were subsequently stripped with 0.5 M NaOH
for 15 min at room temperature and reprobed with beta-actin
primary antibody for 1 h at room temperature (Sigma, St
Louis, MO). The membranes were washed several times with
PBST before incubation with a secondary anti-mouse IgG
antibody (Sigma, St Louis, MO). Membranes were developed
using ECL prime reagent (GE Healthcare). The results were
quantified by ImagelJ, and changes in protein expression were
normalized to beta-actin.

Tissues Ceramide Analysis

Ceramide species were quantified by high-performance liquid
chromatography-mass spectrometry (LC-ESI-MS/MS).
Frozen tissue samples were powdered under liquid nitrogen.
For each analysis, an aliquot of tissue powder (7—15 mg wet
weight) was suspended in ice-cold saline solution (500 pl,
1 M NaCl) and homogenized with a glass mortar and pestle.
Calibration curves for ceramide standards using C17 and C25
ceramides as internal standards were prepared and processed
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in parallel with tissue samples. Ceramides from tissue homog-
enates were extracted using the protocol of Bligh and Dyer
[26]. Briefly, 2 ml of an ice-cold chloroform, methanol (1:2,
v/v) mixture was added to homogenized tissue and vortexed at
4°C. The pooled organic phase was filtered using a glass wool
filter packed in a Pasteur pipette to remove any solid particles.
The collected eluent was dried and the residue was
reconstituted in HPLC elution buffer and analyzed by mass
spectrometry. Ceramide species were quantified by HPLC on-
line electrospray ionization tandem mass spectrometry (LC/
ESI/MS/MS) [27]. Extracted samples (40 ul) were injected
onto a Waters HPLC (2690 Separation Module, Waters,
Corp., Franklin, MA) and separated through an Ascentis
C18 column (2.1 x 50 mm, 5 um, SUPELCO, Bellefonte,
PA) using a gradient starting from 15% mobile phase A (water
containing 0.2% formic acid) at a flow rate of 0.3 ml/min, to
100% mobile phase B (acetonitrile/2-propanol (60:40.v/v)
containing 0.2% formic acid) over 3 min, and then with
100% B for 22 min. The HPLC column effluent was intro-
duced onto a micromass triple quadruple mass spectrometer
(Quattro Ultima, Waters Inc., Beverly, MA) and analyzed
using electrospray ionization in positive mode. All the tissue
ceramides were quantified using multiple reaction monitoring.
The MS/MS transitions (m/z) were 538—264 for C16:0,
552—264 for C17:0, 564—264 for C18:1, 566—264 for
C18:0, 594—264 for C20:0, 622—264 for C22:0, 648—264
for C24:1, 650—264 for C24:0, and 664—264 for C25:0.
Ceramide subspecies were quantified (nmol/ml) using calibra-
tion curves and the ratios of the integrated peak areas
(MassLynx 3.5, Manchester, UK) of ceramide subspecies
and internal standards. C17:0 ceramide was used as an internal
standard for quantification of C16:0, C18:0, and C20:0 sub-
species. Concentrations of C24:0 and C24:1 were quantified
using C25:0 as an internal standard. Total measured ceramide
was calculated from the sum of C16:0, C18:0, C18:1, C20:0,
C22:0, C24:0, and C24:1 ceramide subspecies. All ceramide
measurement experiments were normalized for wet tissue
weight.

Tissue S1P Analysis

Tissue S1P was quantified by high-performance liquid
chromatography-mass spectrometry (LC-ESI-MS/MS).
Frozen tissue samples were powdered under liquid nitrogen.
For each analysis, an aliquot of tissue powder (~25 mg wet
weight) was suspended in ice-cold saline solution (500 pl,
1 M NaCl and 25 mM HCI) and homogenized with a glass
mortar and pestle. Calibration curves for S1P standards using
C17 SI1P as internal standard were prepared and processed in
parallel with tissue samples. Samples were ultrasonicated in
ice-cold water for 1 min. Lipids were extracted by the addition
of 0.5 ml of chloroform. The alkaline aqueous phase contain-
ing SI1P was transferred to a glass tube and extracted twice
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with a methanol/l M NaCl (1:1 v/v) solution. The samples
were dried in a speed vac overnight. The dried SIP residue
was dissolved in 200 ul of methanol/water/acetic acid
(50:50:1 v/v/v) and reconstituted in an LC-MS vial. All S1P
measurements were normalized for wet tissue weight.

Statistical Analysis

Data are presented as mean + standard error (SE). All statisti-
cal analyses were performed using GraphPad Prism version
7.0 (GraphPad Software, La Jolla, CA). Comparisons between
RYGB and sham control for the ceramide sub-species was
performed via two-way analysis of variance (ANOVA) with
Sidak’s multiple comparisons test. All other comparisons be-
tween groups were assessed using an unpaired Student’s ¢ test.
If unequal variance between groups existed, the ¢ test was
adjusted using Welch’s correction. Associations between
study variables were determined using Pearson’s 7. In all tests,
P <0.05 was considered statistically significant.

Results

Baseline characteristics including body weight, fasting glu-
cose, and insulin were similar between study groups. At
28 days postoperatively, the animals who undergone RYGB
had significantly lower body weight (P < 0.01), fasting plasma
glucose (P<0.05), insulin (P<0.001), triglycerides
(P<0.05), and HOMA (P <0.001) compared with the sham
group (Table 1).

Tissue expression of AMPK, pAMPK, SIRT1, PGC-1«,
and CS was significantly increased in RYGB compared with
the sham group (Fig. 1a—d). The concentration of ceramides,
S1P, and the distribution of ceramide subspecies in skeletal
muscles of ZDF rats are illustrated in Fig. 2. RYGB signifi-
cantly reduced C18:0 (P=0.001), whereas C16:0, C18:1,
C20:0, C22:0, C24:0, and C24:1 remained unchanged (Fig.
2a). Additionally, there was a reduction in total ceramides
(P=0.09) and the ratio of total ceramides to SIP (P <0.05)

Table 1  Characteristics of sham and RYGB mice 28 days after surgery
Sham (N=7) RYGB (N=17)
Age (weeks) 17+ 1.0 17+ 1.0
Body weight (g) 397.9 +£19.2 281.8 £ 19.7%*
Glucose (mg/dL) 275.6 +23.5 213.8 + 16.1*
Insulin (pM) 278.8 + 16.0 48.3 £ 7.0%**
Triglycerides (mg/dL) 295+24 17.7 £ 2.9%
HOMA 275+2.6 3.8 + 1.0%**

Values are presented as mean + SE. *P < 0.05, **P <0.01, ***P <0.001
vs. sham

(Fig. 2b and c). The concentration of S1P was significantly
increased (P<0.01) after RYGB compared with sham con-
trols (Fig. 2d).

In order to better determine potential relationships between
the ratio of total tissue ceramide and S1P levels with weight
change, the degree of insulin resistance, and the level of expres-
sion of SIRT1, PGC1-«, and citrate synthase, correlations were
assessed using Pearson’s . Twenty-eight days after surgery, the
ceramide/S1P ratio correlated with weight loss (»=0.50, P=
0.06, Fig. 3a), such that rats with the greatest weight loss also
had the greatest decrease in ratio. The decrease in ceramide/S1P
ratio was also positively correlated with a decrease in insulin
resistance as measured by HOMA (r=0.61, P=0.02, Fig. 3b)
and an increase in SIRT1 (r=—0.54, P =0.04, Fig. 3c), PGCI1-
la (r=—0.51, P=0.06, Fig. 3d), and citrate synthase (»=
—0.63, P=0.01, Fig. 3e) protein expression.

Discussion

Bariatric surgery is the most effective long-term treatment for
obesity and offers the greatest chance for improvement and
resolution of obesity-related comorbidities. In the current
study, we investigated cellular changes in proteins that have
been implicated in insulin resistance and type 2 diabetes, using
an obese diabetic rat model and RYGB surgery. We found that
RYGB markedly increased AMPK, SIRT1, PGC-1«, citrate
synthase, and S1P expression while reducing ceramide activ-
ity. Additionally, we observed that the ratio of ceramide to S1P
was decreased after RYGB, and these changes negatively cor-
related with metabolic improvements and cellular adaptations
after surgically induced weight loss. We therefore postulate
that a central adaptive mechanism to RYGB is upregulation
of energy sensing pathways, which then coordinate improve-
ments in substrate utilization, lipid trafficking, and peripheral
insulin sensitivity.

Insulin resistance is a principal defect underlying obesity-
induced T2D. Lipid accumulation in skeletal muscle and other
insulin targeted tissues, including the liver, damages the
insulin-signaling cascade and promotes insulin resistance, a
pathologic event that is called lipotoxicity [28-32]. Among
the different types of lipids involved in lipotoxicity, it is well
documented in animal and human studies that ectopic accu-
mulation of ceramides in the liver and skeletal muscle inhibits
insulin action and subsequent glucose uptake through inacti-
vation of Akt [33]. We have previously shown that plasma
ceramides are elevated in obese patients with T2D and the
high levels correlate with insulin resistance and inflammation
[20]. In addition, reduction in insulin resistance after bariatric
surgery is associated with a significant reduction in plasma
[11] and urinary ceramide levels [19]. The results of the cur-
rent study parallel previous data and show that total ceramide
and subspecies in skeletal muscle decrease after RYGB, and
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these changes are positively correlated with changes in body
weight and HOMA-IR.

SIP is a sphingolipid with important structural and func-
tional roles in cell signaling, proliferation, differentiation, sur-
vival, and apoptosis [34, 35]. Early studies identified in-
creased levels of S1P in human and rodent models of obesity
[36, 37]. In this view, SIP production occurs as a result of
increased free fatty acids and can drive comorbidities associ-
ated with obesity and T2D, such as atherosclerosis, and hy-
pertension [38, 39]. However, mice treated with a synthetic
analog of S1P, FTY 720, were protected against diet-induced
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(¢), PGC-1ax (r=—0.51, P=0.06) (d), and citrate synthase (»=—10.63,
P=0.01) expression (e)

obesity [40]. Additionally, FTY720-treated animals displayed
increased adipose tissue AMPK phosphorylation, similar to
the results described herein. Inhibition of S1P in pancreatic
beta cells impairs glucose-stimulated insulin secretion, further
supporting the metabolic role of sphingolipids [41]. Under
nonpathologic conditions, SIP is readily absorbed in the gas-
trointestinal tract [42]. Weight loss following RYGB is
achieved through both nutrient restriction, achieved by the
creation of a small gastric pouch, and malabsorption by alter-
nation of the jejunal anatomy [43]. Therefore, one may spec-
ulate that S1P-mediated metabolic improvements after RY GB
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result from impaired lipid degradation, subsequently increas-
ing uptake by peripheral tissues, and inhibiting endogenous
synthesis.

Mitochondrial content and biogenesis are reduced in
obesity and T2D. Reduced content in the presence of nu-
trient oversupply can overload the mitochondria, resulting
in impaired oxidation, accumulation of intracellular lipids,
and insulin resistance. Expression of PGCl1«, a transcrip-
tional regulator of mitochondrial biogenesis, is reduced in
obese and T2D’s [12, 44]. In the current study, RYGB
reduced insulin resistance and enhanced skeletal muscle
protein expression in the AMPK-SIRT1-PGC-1«x pathway.
We have previously demonstrated that RYGB results in
chronic upregulation in hepatic citrate synthase activity
and PGC-1« expression [45]. Others have shown in vitro
that increased PGC-1« expression induces insulin signal-
ing via the upregulation of specific genes involved in fatty
acid beta-oxidation, glucose transport, and oxidative phos-
phorylation [46, 47]. Phosphorylation by AMPK and
deacetylation by SIRT1 are two pathways that activate
PGC-1« which result in mitochondrial biogenesis.

AMPK is considered a key regulator of fat and carbohy-
drate metabolism [17], and its activation enhances pathways
that generate ATP, such as phosphorylation and activation of
PGC-1«, glucose transport and fatty acid oxidation, and in-
hibits ATP-consuming pathways including triglycerides and
cholesterol synthesis. New therapies designed to increase
AMPK have been examined in the treatment of insulin resis-
tance, T2D, and associated metabolic disorders [17, 48-51].
SIRT1 is the main deacetylase of PGC-1«, and it is known to
positively regulate mitochondrial and fatty acid utilization
genes [16]. Furthermore, SIRT1 increases lipolytic rates in
white adipose tissue [52] and insulin secretion in beta cells
of the pancreas [53]. In a rat model, RYGB surgery has been
shown to upregulate AMPK and SIRT1 signaling pathways
[41]. However, since we did not have a pair-fed group weight
matched to the RYGB group, it was not possible to determine
whether the mechanisms responsible for the metabolic im-
provements following RY GB were weight loss dependent.

In conclusion, the results of this study indicate that RYGB
reduces insulin resistance and skeletal muscle ceramide accu-
mulation. This occurred in conjunction with a significant in-
crease in skeletal muscle SIP and activation of AMPK-
SIRT1-PGC1« pathways. Further mechanistic and clinical re-
search is needed to better delineate the cellular and molecular
mechanisms responsible for reductions in lipotoxicity and in-
sulin resistance following bariatric surgery.
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