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Abstract

In the present work, we induced obesity in rats with high-energy-starch diet and studied exocrine pancreas response. The zymogen
granule (ZG) or purified plasma membrane (PM) from the exocrine pancreas was used for the isolation of the detergent-resistant mem-
branes (DRMs). Based on high content of cholesterol, GM1, the bile salt dependent lipase (BSDL), and GP2 enrichment, the low-density
fractions were defined as lipid rafts. Additionally, the rafts vesicles were determined by immunogold labeling with anti BSDL. By com-
bining MALDI-TOF/MS and nano-LC ESI Q-TOF MS/MS proteomic identification we have selected 33 proteins from the lipid rafts
which were classified into at least four functional families. Our data suggest that the acinar PM from the diet-induced obesity rats may be
organized into lipid rafts, and characterization of rafts proteome can contribute to improve our understanding of food digestion under
obesity.
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The exocrine pancreas is the major source of enzymes
responsible for food digestion in the small intestine and
its enzymatic adaptations to the diet composition has been
reported [1]. Digestive enzymes in the acinar cells are stored
in membrane vesicles called zymogen granules (ZGs).
Abbreviations: DRM, detergent-resistant membrane; GPI, glycosyl-
phosphatidylinositol; BSDL, bile salt dependent lipase; Nano-LC ESI Q-
TOF MS/MS, nano liquid chromatography electrospray ionization in a
quadrupole orthogonal acceleration time-of-flight mass spectrometry;
SDS–PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
SEM, standard error of the mean.
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While the ZGs formation has been well-studied, their
fusion to the PM and the regulation of digestive enzymes
secretion from the apical acinar cells remain poorly under-
stood. Our recent understanding of cell membranes suggest
that the PM may be organized into heterogeneous func-
tional microdomains and one of such microdomains
known as lipid rafts are enriched in glycosphingolipids/
cholesterol and specific proteins [2]. The lipid rafts have
been isolated from several mammalian cells, mostly by
their resistance to non-ionic detergent extraction and buoy-
ancy on gradient ultracentrifugation. Studies from our
group and others have shown that these methods per-
formed with caution remain to be one of efficient approach
to isolate and study the compositions of lipid rafts [3]. It
was reported that ZGs and GP2 interact with the lipid raft
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microdomains, and thus critical for the granule formation
and protein secretion [4]. In this study, we have induced
obesity in rat with high energy-starch diet (HESD) and
the exocrine pancreas secretion response to diets was
recorded. Lipid rafts from the exocrine pancreas were
determined from either the ZG or PM. The proteome of
the lipid rafts was simultaneously characterized by immu-
nodetection and a proteomic approach including
MALDI-TOF/MS and nano-LC ESI Q-TOF MS/MS.
Among the 33 proteins that were identified included an
important group of lipolytic proteins (pancreatic lipase,
BSDL, lysophospholipase, and the co-lipase). Although
the physiological relevance of these lipid rafts markers in
the pancreas of obese rats needs further investigation, our
data strongly indicate that these proteins may be involved
in digestive, signaling, trafficking, and secretion functions
of the pancreas.
Fig. 1. Long term feeding with HESD induced a characteristic bimodal
distribution of body weight. Outbred male Sprague–Dawley rats were fed
for 16 weeks either with the control diet (n = 12) or the HESD (n = 36)
ad libitum as described in feeding protocol.
Experimental procedures

Feeding protocols. Young male Sprague–Dawley rats were purchased
from Elevage Janvier (Le Genest St Isle, France) in a post-weaning stage
and kept under care in accordance with the principles of the guide for the
care and use of experimental animals. After 1 week of adaptation under
feeding with the standard diet A04 from Scientific Animal Food &
Engineering (France), the rats (190–200 g) were divided into two groups.
The control group was maintained under feeding with A04 (3.32 kcal/g)
and the second group was fed with a HESD. The composition of the
HESD (4.23 kcal/g) was casein (20%), lipids from vegetal oils (12%),
methionine (0.3%), vitamins mix (1%), mineral mix (5%), fructose (10%),
corn starch (47.2%), and sucrose (4.5%). The animals were weekly
weighted and once in every 4 weeks monitored for blood glucose, cho-
lesterol, triglyceride, and insulin levels after overnight fasting.

Rats exocrine pancreas response to diets. In standard experiment 16-
weeks fed rats were fasted for 12 h before surgery. A PE-50 cannula was
inserted into the right jugular vein for hormones infusion on animals
anesthetized under the mixture of ketamine and xylazine at 60 mg/kg and
5 mg/kg, respectively. A midline incision of the abdomen was made then
another cannula was placed in the distal end of the biliopancreatic duct. A
ligature was placed around the common bile duct to collect the basal pure
pancreas juice (PPJ). After 20 min collection of the pancreas fluid, CCK-8
and secretin in normal saline solution were infused at a rate of 0.25 lg/
30 min, and the PPJ under the hormones stimulation was collected every
20 min. Pancreatic secretions were collected in a tube without or with 2–
5 ll protease cocktail at 4 �C. The fluid volume was rapidly measured and
the sample was saved in liquid nitrogen or at �80 �C. The protein con-
centration of the PPJ was determined and the amylase activity was mea-
sured using amylose as substrate [5]. The lipase activity was determined
titrimetrically with olive oil emulsion in sodium taurocholate as substrate.

Isolation of zymogen granule and plasma membrane. After 16-weeks of
feeding with AO4 or HSED, rats were fasted overnight prior to sacrifice.
Trunk blood was collected for insulin and metabolite analysis. The pan-
creas were removed, weighted, and washed in homogenization buffer (HB)
containing 20 mM Tris–HCl pH 8.2, 150 mM NaCl, 1 mM benzamidine,
1 mM PMSF, 250 lg/ml leupeptin, 1 mg/ml aprotinin, 1 mM pepstatin,
and 5% sucrose. The tissue was excised into pieces, and homogenized HB
with Ultra-Turrax T8 homogenizer and filtered through gauze then cen-
trifuged at 500g for 10 min. One-half of the post-nuclear supernatant was
centrifuged at 2000g for 10 min to pellet the ZG which was homogenized
using Dounce homogenizer and ZG membranes were recovered by cen-
trifugation at 10,000g for 30 min. The other half fraction was centrifuged
at 2600g for 10 min and the pellet was suspended in HB and adjusted to
40% sucrose in a centrifuge tube and overlaid with HB. After centrifu-
gation at 100,000g for 1 h, the floating membrane at the interface was
collected and suspended in 4 volumes of HB (w/v) and membranes were
pelleted and washed twice with HB. Activity of alkaline phosphatase
activity and Na+/K+ ATPase was determined for PM enrichment [6].

Protein identifications by nano-LC ESI Q-TOF MS/MS. The in-gel
digested peptides were analysed by nano-electrospray ionization (ESI)
quadrupole time-of-flight (Q-TOF) MS/MS (nano-ESI-Q-TOF Ultima,
Waters-Micromass, UK) coupled with a nano-liquid chromatography.
The samples (1 ll) were loaded onto a pre-column reversed phase C18 in-
line with a nano-column (Atlantis� dC18 5/3 lm NanoEase�). Gradient
elution was performed from 5% to 95% B for 136 min with A: 5% ace-
tonitrile/0.1% formic acid; B: 95% acetonitrile/0.1% formic acid. The data
acquisition of MS and MS/MS spectra were performed in a positive ion
mode using the Micromass software Mass Lynx. Doubly and triply
charged ions above a determined threshold were automatically selected
and fragmented. Statistical studies were achieved using NEMROD Soft-
ware [7]. Differences with p < 0.05 were considered statistically significant.

Results and discussion

High energy-starch diet induced obesity in Sprague–Dawley

(SD) rats

The rise of obesity around the world in the past decades
is greatly influenced by diet. Our initial investigation on the
effects of the diet composition indicated that the SD rats
fed with HESD diverged into two distinct groups based
on body weight (BW) gain. The rats that gained the highest
and lower weight under feeding with HESD were therefore
designated as diet-induced obese (DIO) and obesity resis-
tant (OR) rats, respectively. In contrast to the HESD, ani-
mals fed with the standard diet did not display significant
difference based on BW gain. Although DIO rats exhibited
the same BW compared to the control animal groups on
standard diet after 6-weeks feeding (Fig. 1), the DIO gained
more BW than the OR rats (446 ± 7 g vs 434 ± 4 g,
p < 0.01). The food intake by DIO rats was about 1.5-fold
compared to OR during the first 3 weeks feeding (data not
shown). Similar assignment of rats into obese and lean



groups was previously reported with the high-energy-fat
diets [8,9]. It should be noted that the high-energy-fat diets
have been associated with hyperphagia, therefore may
Table 1
Summary of effects after long term feeding with HESD in rats

AO4

BW (g) 673 ± 4
Pancreas weight/BW 3.65 · 10�3

Obesity indexa 334 ± 1.23
Plasma glucose (mmole/l) 7.39 ± 0.5
Cholesterol (g/l) 0.58 ± 0.05
Triglycerides (g/l) 1.24 ± 0.08
PPJ volume ll/20 min at 60 minb 180 ± 20
Lipase SAc 28 ± 2
Amylase SAc 98 ± 9

After 16-weeks feeding with HESD body weight, length, and pancreas weig
sacrifice to estimate glucose, insulin, cholesterol, and triglyceride levels as desc
N = 12–18 rats/group.
**p < 0.05 and *p < 0.01 for comparison between DIO and OR.

a Obesity index was calculated by dividing cubic root of the body weight an
b Volume of the pancreas fluid collected in 20 min after 40 min of hormones
c The enzyme specific activity (SA) was defined as the release of 1 lmol of s

Fig. 2. Schematic overview of purification of lipid rafts from the exocrine panc
ZGM, PM, and raft fractions were isolated by sub-cellular fractionation as des
the DRMs. Total proteins (25 lg) from either ZM or PM were treated w
immunoblotted using the BSDL or GP2 specific antibody.
induce obesity earlier than the carbohydrate based diets.
A summary of parameters studied from the animals after
16-weeks feeding is given in Table 1. Based on the obesity
HESD-DIO HESD-OR

751 ± 5* 708 ± 7
3.31 · 10�3 3.54 · 10�3

348 ± 2.27* 340 ± 1.89
7.61 ± 0.2 6.72 ± 0.9
0.68 ± 0.09** 0.61 ± 0.07
2.35 ± 0.1* 1.39 ± 0.04
220 ± 15* 200 ± 20
111 ± 5* 39 ± 3
209 ± 14* 142 ± 11

ht were measured. Blood sample was collected from each animal before
ribed under Experimental procedures. Data are presented as means ± SE.

d the length (mm) · 104.
infusion was initiated.

ubstrate/min/mg protein from the PPJ.

reas of obese rats. (A) Flow chart illustrating the lipid rafts isolation. The
cribed under experimental procedures. (B) BSDL and GP2 distribution in
ith detergents then the pellet (P) and supernatant (S) were tested by



Fig. 3. Lipid rafts characterization. DRMs fractions were prepared from PM, and fractions were collected as described in experimental procedures. (A)
The total protein and cholesterol content of each fraction was determined. (B) Equal total protein (10 lg) of every fraction was separated by 12.5% SDS–
PAGE and immunoblotted with appropriate antibodies for BSDL, GP2, and Na+/K+ ATPase. For ganglioside GM1 blots were incubated with 1 lg
HRP-cholera toxin B. The data are the representative of four experiments. (C) BSDL immunogold labeling of lipid raft vesicles. The LDFs (4–5) obtained
either from the ZG or the PM were embedded for immunoelectron microscopy then incubated without (a, b, and e) or with the anti-BSDL antibodies (c, d,
f, and g). Heterogeneous sizes of the rafts-like-vesicles with lining membrane are observed. The raft vesicles from the PM were smaller (e and f) and the
intense labeling of the reverse membrane sheet particularly in (h) suggesting that the BSDL may be associated to one leaflet of membrane. Bars, 0.2 lm.
Data shown are from DIO and no significant differences was noticed with OR.
index in rats [10], the DIO exhibited a significant increase
of this parameter compared to OR and standard AO4 diet
(348 ± 2.2 vs 340 ± 1.8 and vs 334 ± 1.2, p < 0.01). In
order to determine the pancreas secretion response in rela-
tion to diets the PPJ volume, and the activities of lipase and
amylase in PPJ were measured. Twenty minutes prior to
hormones infusion, the same low volume of about
30 ll ± 5 was collected from each of the three groups and
they exhibited similar lipase or amylase specific activities.
In contrast to the basal conditions, following CCK-8/secre-
tin stimulation, more than 160 ll of PPJ was recovered and
the maximum secretion was obtained 40 min after hormone
infusion (Table 1). As expected, lipase and amylase SA
were increased in animals fed with HESD compared to
AO4 groups. Remarkably, amylase and lipase specific
activity (SA) were elevated in DIO compared to OR by
1.5- and 3-fold (p < 0.01), respectively. In contrast to
PPJ, identical intracellular SA of lipase and amylase were
measured in the pancreas extract from DIO and OR (data
not shown). These results indicated that the differences
between DIO and OR may be explained by the enzymes
secretion of the pancreas in response to HESD. Fasting
plasma glucose and insulin levels were similar between
the three groups, whereas a significant increase of fasting



Table 2
Nano-LC ESI Q-TOF MS/MS identification of the lipid rafts proteins from the DIO rat exocrine pancreas

No. Swiss-Prot-number Identified protein MW (kDa) Score Coverage (%) Matched peptides aR-PM

1 P19218 GP2 60 56 10 5 R-PM
2 P07882 BSDL 67 303 10 6 R-PM
3 P27657 Pancreatic lipase 52 367 24 8 R-PM
4 P54316 Pancreatic Lipase protein 1 precursor 53 40 5 2 R-PM
5 Q5SVC6 VDAC1 32 301 34 7 R-PM
6 P81155 VDAC2 32 248 25 5 R-PM
7 Q6GSZ1 VDAC3 31 215 29 6 R-PM
8 P15999 ATP synthase a 59 35 5 2 R-PM
9 Q499W0 ATP synthase b 56 84 8 3 R-PM

10 Q6NYBY Rab1 23 67 10 2 R-PM
11 P35289 Rab15 24 67 10 2 R-PM
12 Q3U4W5 Rab6 23 53 5 1 R-PM
13 Q5U316 Rab35 23 67 10 2 R-PM
14 Q6P7A7 Ribophorin I 68 142 11 6
15 P25235 Ribophorin II 63 74 9 4
16 P67779 Prohibitin 30 258 32 7 R-PM
17 Q5XIH7 Prohibitin 2 33 234 23 6 R-PM
18 Q4V7D1 TRAP a 32 49 9 2
19 Q08013 TRAP c 21 76 7 1
20 Q07984 TRAP d 19 113 24 4
21 Q641Y0 Protein glycosyltransferase 49 161 12 5
22 Q63016 Integral membrane protein E16 56 31 2 1 R-PM
23 Q63584 Transmembrane protein Tmp 21 24 50 14 3
24 Q6AYQ4 Transmembrane protein 109 26 72 4 1
25 Q505I3 Sec61-a subunit 52 86 6 3 R-PM
26 Q4FZT0 Stomatin like 2 38 29 3 1 R-PM
27 P60711 Beta-actin 42 221 17 6 R-PM

a R-PM the positive hit was identified from both the ZG and purified PM lipid rafts. No significant difference in lipid rafts identification profile was
noticed between DIO and OR animals.
blood triglyceride and cholesterol was observed in DIO
rats. In another study an increase of plasma glucose and
insulin were associated with a high-fat (45%) diet induced
obesity in SD rats [9]. These discrepancies may be due to
the differences among the SD phenotype strain and more
importantly the calorie density or the composition of the
diet. The high-energy diet selected here exhibited a calorie
density of 4.23 kcal/g, of which 2.46 kcal/g from carbohy-
drates (78% starch). Using similar calorie density
(3.93 kcal/g) of high-energy-carbohydrate diet but rich in
sucrose instead of starch, the obese animals showed elevat-
ed blood insulin and triglyceride levels compared to the
lean phenotype [11]. Together these results suggest that dif-
ferent forms of obesity could be generated by intake of
food composition. We propose that the diet-induced obes-
ity model developed here may be used to address BW reg-
ulation independently to the risk of morbidity from
hypertension, diabetes 2, and stroke. Food composition
and the regulation of the exocrine pancreas have been
well-documented essentially for the soluble digestive
enzymes. However, the dynamic membrane adaptation of
exocrine pancreas dependent on the physiologic state
induced by diet remains to be elucidated.

Purification of the lipid rafts from DIO and OR rats

In order to characterize the effect of HESD induced obes-
ity on pancreas membrane, the exocrine pancreas of both
DIO and OR rats were used to isolate the lipid rafts from
either the ZGM or PM (Fig. 2A). Previously, immunoblot-
ting of BSDL in the lipid rafts was reported in pancreatic
SOJ-6 cells [12]. In order to isolate the DRMs, non-ionic
detergent extraction was performed, and both BSDL and
GP2 were partially extracted with TX-100 and Brij 98 but
completely solubilized with OG (Fig. 2B). The low-density
fractions (LDFs) on sucrose gradient isolated after extrac-
tion with TX-100 at 4 �C may not be an artifact of lipid com-
plex induced by cold because similar distribution of BSDL
and GP2 was obtained after Brij 98 treatment at 37 �C.
The LDFs (4–5) were enriched in cholesterol and exhibited
low total protein content (Fig. 3A). Using the HRP-conju-
gated cholera toxin B, the ganglioside GM1 was present in
LDFs. while Na+/K+-ATPase, a PM protein not found in
lipid rafts (6), was only detected in high-density fractions
(HDFs) 9–11 (Fig. 3B). Additionally BSDL and GP2 were
shown to be enriched in the LDFs (Fig. 3B). Treatment of
the pancreas with 2% methyl-b-cyclodextrin for 30 min that
reduced 37 ± 4% cholesterol in the LDFs and significantly
shifted both BSDL and GP2 to HDFs (data not shown). Fur-
thermore, as shown by morphology studies in Fig. 3C, the
LDFs from the ZGM and PM exhibited rafts-like vesicles.
Immunogold labeling of BSDL showed an intense staining
on the membrane from the ZG and PM (Fig. 3C, d and g,
respectively). These data strongly support that the LDFs iso-
lated here exhibited most of the characteristics expected for
the lipid rafts microdomains. A comprehensive proteome



Fig. 4. Selected MS/MS peptide sequences. (A) Lipid rafts from the purified PM were isolated as described in the legend of Fig. 2A. Total protein (10 lg)
of the LDFs were separated by 12% SDS–PAGE and silver staining bands were analyzed by proteomic. (B) Immunoblot of the indicated polypeptide with
the specific antibody as described in the legend of Fig. 3. (C,D) MS/MS fragmentation spectra of LGAVYTEGGFVEGVNKK from (589.987500, 3+) and
LLLTNCYATPSGDRNDIVK from (717.353500, 3+) leading to identification of BSDL (C) and GP2 (D), respectively.
profile of lipid rafts from the exocrine pancreas is needed to
improve our understanding about potential roles of these
microdomains in digestive enzymes regulation. However,
due to high hydrophobic character and subsequent low sol-
ubilization, the resolution of lipid rafts protein separation in
2D gel electrophoresis was a challenge. Therefore, proteins
from the lipid rafts were solubilized and separated in 1D gel.

Proteome characterization of the lipid rafts

In addition to the parameters we described previously
[3], the main criteria for protein identification by
MALDI-TOF/MS were the coverage of at least 24% and
an expectation value <0.1 (Supplementary Table 1).
Among 12 proteins identified, Gaq was an exception,
because its expectation value >0.2, however was detected
in raft fraction by immunoblotting (data not shown).
Due to intracellular membranes contamination in particu-
lar from mitochondria and probably the lack of an efficient
peptides separation with MALDI-TOF/MS analysis, only
samples from PM provided a comprehensive proteome
profile (Supplementary Table 1). In contrast to MALDI-
TOF/MS, 27 proteins were identified in lipid rafts by
nano-LC ESI Q-TOF MS/MS proteomic (Table 2). Never-
theless, some presumed mitochondrial proteins including
ATP synthases a/b, channels, and trafficking proteins were
found in the lipid rafts. Although the organelle contamina-
tions from subcellular fractionations cannot be excluded, it
should be noted that ATP synthases a/b have been report-
ed to distribute in raft domains and were shown to localize
in the PM of HepG2 hepatocytes by immunofluorescence
[13]. Nineteen proteins (Table 2) were identified from lipid
rafts prepare using the PM. Among them five proteins
(GP2, BSDL, pancreatic lipase, ATP synthase b, and b-ac-
tin) were simultaneously identified by the MALDI-TOF/
MS. These observations suggested that an elevated number
of proteins are identified by a single approach, therefore
combination of both methods can provide complementary
results for rafts proteome studies. The low number of pro-
teins identified by our proteomic approaches may be partly
due to limited proteins reside in the lipid rafts. In agree-
ment with the immunoblotting of GP2 and BSDL in the
lipid rafts (Fig. 4B), the fragmented peptide spectra of
LGAVYTEGGFVEGVNKK for BSDL (Fig. 4C) and
LLLTNCYATPSGDRNDIVK for GP2 (Fig. 4D) are
illustrated to confirm their identification. Sequencing pat-



tern of peptides leading to the identification of proteins in
Table 2 is given in Supplementary Fig. 1. In contrast to
GP2, syncollin previously described as lipid rafts protein
of the ZGs [4] was not found by our proteomic analysis.
However, immunoblotting using syncollin antibody
showed the presence of syncollin in the LDF (Fig. 4B), sug-
gesting that the rafts-associated syncollin may not be at
least totally excluded from the gel separation. Using the
iTRAQ labeling, a recent proteomic study of the whole
zymogen membrane has distinguished the membrane from
the so called non-membrane proteins group based on
117:114 ratio >1 and <1, respectively [14]. A significant
number of the lipid rafts proteome found here was in agree-
ment with their results. Furthermore, four of the proteins
in Table 2 (3, 4, 8, and 9) belonged to the non-membrane,
whereas 7 proteins (5, 6, 10, 12, 23, and 26) were classified
as membrane proteins. It should be noted that based on the
TMHMM transmembrane predication [15], up to 40% of
the rafts proteins exhibited at least one transmembrane
domain. Indicative for the validation of proteomic
approaches, most of the proteins found in the lipid rafts
can be taken as membrane or membrane-associated pro-
teins. Finally, based on their presumed interactions and
presumed functions, we propose that the proteins identified
in the lipid rafts (Supplementary Table 2) may fall into at
least four categories that include the lipolytic enzymes
(2–4), transporters or channel proteins (5–9), signaling
(10–13) and trafficking proteins (14–25). Combined with
the MALDI-TOF/MS results, colipase or lysophospholi-
pase may be added to the lipolytic group whereas Gaq

and annexin II could be assigned in the signaling and traf-
ficking group, respectively. How these digestive proteins
may target to lipid rafts and the physiologic significance
in relation with diet remains to be elucidated.

In conclusion, we developed an interesting form of obes-
ity with a high-energy-starch diet in rats. Although the
whole tract digestibility of intake food was not recorded
between DIO and OR, the results from the exocrine pan-
creas response indicated that HESD increased pancreas
fluid volume, amylase and in a more extent lipase SA in
the DIO rats. The finding of lipid rafts proteins which were
classified into functional groups may be crucial to provide
new insights into the molecular mechanisms that underline
the exocrine pancreas functions in relation to the diet.
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