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Abstract: Since hyperglycemia aggravates acute pancreatitis and also activates the receptor for advanced glyca-
tion endproducts (RAGE) in other organs, we explored if RAGE is expressed in the pancreas and if its expression is
regulated during acute pancreatitis and hyperglycemia. Acute pancreatitis was induced by cerulein in untreated and
streptozotocin treated diabetic mice. Expression of RAGE was analyzed by Western blot and immunohistochemistry.
To evaluate signal transduction the phosphorylation of ERK1/ERK2 was assessed by Western blot and the progres-
sion of acute pancreatitis was monitored by evaluation of lipase activity and the pancreas wet to dry weight ratio.
RAGE is mainly expressed by acinar as well as interstitial cells in the pancreas. During acute pancreatitis infiltrat-
ing inflammatory cells also express RAGE. Using two distinct anti-RAGE antibodies six RAGE proteins with diverse
molecular weight are detected in the pancreas, whereas just three distinct RAGE proteins are detected in the lung.
Hyperglycemia, which aggravates acute pancreatitis, significantly reduces the production of two RAGE proteins in
the inflamed pancreas.
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Introduction

Acute as well as chronic pancreatitis often cor-
relates with hyperglycemia in patients [1-4].
This correlation may be explained by two causal
relationships. On the one hand it is well accept-
ed that pancreatitis can cause the develop-
ment of diabetes mellitus [2]. On the other
hand several publications suggest that diabe-
tes causes also the aggravation of pancreatitis
[2]. For example, hyperglycemia may predis-
pose patients with acute pancreatitis to sys-
temic organ failure and patients with diabetes
have a higher risk for pancreatitis [5-9].
Moreover, blood glucose level is an important
criterion for assessing the prognosis of acute
pancreatitis by the Ranson score and is also an
accurate predictor of the outcome in gallstone
pancreatitis [10, 11]. In addition, experiments
using an animal model for reversible edema-
tous acute pancreatitis have demonstrated
that hyperglycemia indeed aggravates pancrea-
titis by enhancing inflammation and inducing

cell death, which results in ample atrophy of the
pancreas [12].

A membrane bound receptor, which has been
implicated in regulating inflammation, is the
receptor for advanced glycation end products
(RAGE) [13, 14]. This receptor is activated by a
diverse group of molecules such as S100 pro-
teins, high mobility group box-1 (HMGB1) pro-
tein, lipopolysaccharide (LPS) or advanced gly-
cation end products (AGEs) [15]. The association
of these ligands with N-terminal domains of
RAGE results in the induction of pro-inflamma-
tory intracellular signaling cascades, such as
the ERK1/ERK2 MAPK or the NF-kB signaling
pathway [13]. Membrane bound RAGE has,
therefore, a pro-inflammatory function during
various pathologies such as rheumatoid arthri-
tis, atherosclerosis, septic shock and endotox-
emia [16-19]. Some truncated isoforms of
RAGE, however, do not contain the membrane
binding domain, but span the N-terminal extra-
cellular ligand-binding domain. These isoforms
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are not membrane bound, but soluble, and
have been proposed to have anti-inflammatory
function by acting as a decoy for RAGE ligands
[20]. Such soluble RAGE isoforms are produced
by either proteolytic cleavage of the membrane
bound RAGE or alternative splicing of the RAGE
pre-mRNA [21-25]. Indeed, administration of
soluble RAGE has been demonstrated to inhibit
various diseases, such as atherosclerosis,
ischemia/reperfusion injury and autoimmune
diabetes [17, 26-28]. Thus, different forms of
RAGE have pro- and anti-inflammatory func-
tions.

The aim of the present study was to assess i) if
RAGE is expressed in the pancreas, ii) if the
expression is altered during acute pancreatitis
and iii) if the expression correlates with hyper-
glycemia induced aggravation of acute pancr-
eatitis.

Materials and methods
Animals

8-12 weeks old C57BL/6J mice were grouped
into 4 cohorts, which were either sham (Sham),
cerulein (Cer), streptozotocin (STZ) or strepto-
zotocin plus cerulein treated (STZ+Cer). Ex-
periments were performed under analgesia as
described previously [12]. In brief, diabetes
was induced in two cohorts (STZ, STZ+Cer) by
intraperitoneal (i.p.) injection of 50 mg/kg
streptozotocin (Sigma-Aldrich, St Louis, MO,
USA) on 5 consecutive days and diabetes was
monitored with the blood glucose meter
Contour (Bayer Vital, Leverkusen, Germany) for
3 weeks before pancreatitis was induced in two
cohorts (Cer, STZ+Cer). Acute pancreatitis was
induced either by administration of six i.p. injec-
tions of 50 ug/kg cerulein (Sigma-Aldrich) at a
rate of one every hour (analysis: 5.5 hours after
the first cerulein injection) or by administration
of eight i.p. injections of 50 pg/kg cerulein at a
rate of one every hour over 2 consecutive days
(analysis: 33 hours after the first cerulein injec-
tion). All control mice were sham treated appro-
priately (0.9% wt/vol. saline solution instead of
cerulein, 50 mmol/I sodium citrate pH 4.5
instead of STZ).

Analysis of plasma and tissue

Oedema formation was quantified as pancreas
wet to dry weight ratio by dividing the weight of
the pancreas after drying (for 48 h at 60°C) by
the weight of the native pancreas. Blood sam-
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ples were taken at the indicated time points
after the first cerulein injection. The activity of
lipase and amylase in plasma was analyzed
using the Cobas c¢l111 spectrophotometer
(Roche Diagnostics, Mannheim, Germany).
Pancreas and lung tissue for Western blots and
immunohistochemistry was preserved at the
indicated time points after the first cerulein
injection and processed as described previous-
ly [12]. Western blots were performed by sepa-
rating 10 mg pancreas lysate or 0.4 mg lung
lysate on 12% (wt/vol.) SDS gels. After transfer-
ring the proteins to a polyvinyldifluoride mem-
brane (Immobilon-P; Millipore) the membrane
was blocked with 2.5% (wt/vol.) bovine serum
albumin (BSA) and incubated overnight at 4°C
with primary antibodies. As primary antibodies
a goat anti-RAGE antibody raised against an
epitope at the N-terminus of RAGE (Santa Cruz
Biotechnology, Santa Cruz, USA; code sc8230,
1:1250), a goat anti-RAGE antibody raised
against GIn24 to Ala342 of mouse RAGE (R&D
Systems, Wiesbaden, Germany, code AF1179,
1:500), ora rabbit anti-phospho-ERK1/2(T202/
Y204)/ERK2(T185/Y187) antibody (R&D Sys-
tems, code MAB1018, 1:1000) were used.
After washing, the membrane was incubated
for 2 hours at room temperature with a second-
ary peroxidase-linked anti-goat-antibody (Santa
Cruz Biotechnology, code sc2020, 1:15000) or
peroxidase-linked anti-rabbit-antibody (Cell
Signaling, Boston, USA, code 7074, 1:5000).
For analysis of B-tubulin or ERK1/ERK2 produc-
tion, membranes were stripped, blocked by
2.5% (wt/vol.) BSA and incubated with a rabbit
anti-B-tubulin antibody (Santa Cruz Biotech-
nology, code sc9104, 1:500) or a mouse anti-
ERK1/ERK2 antibody (R&D Systems, code
MAB15761, 1:500) followed by incubation of
peroxidase conjugated anti-rabbit antibody
(Cell Signaling, code 7074, 1:15000) or a per-
oxidase conjugated anti-mouse antibody (Sig-
ma-Aldrich, code A9044, 1:20000). Proteins
were detected by luminol-enhanced chemilumi-
nescence and quantified by densitometry. The
signal intensities of phospho-ERK1/ERK2 were
corrected with the corresponding signal intensi-
ties of ERK1/ERK2. The signal intensities of all
other proteins were corrected with the corre-
sponding signal intensities of B-tubulin.
Immunohistochemistry for RAGE was per-
formed using a goat anti-RAGE antibody (Santa
Cruz Biotechnology, code sc8230, 1:1000) and
peroxidase conjugated donkey-anti-goat anti-

Int J Clin Exp Pathol 2013;6(10):2021-2029



Hyperglycemia, pancreatitis and RAGE

A RAGE isoforms
R&D AF1179 sc-8230
-130-
-100-
L
X-RAGE, ks -1
A
RAGE- wes W - -- -2
sRAGE- — — -3
-4
-35
- 5
-25 - -G
lung pancreas lung pancreas

<X g

Do

Figure 1. Detection of RAGE proteins in murine lung
and pancreas. Western blots using two distinct anti-
RAGE antibodies, R&D AF1179 and sc-8230, detect-
ed three and six RAGE proteins in murine lung and
pancreas, respectively (A). Immunohistochemistry
on pancreas tissue using the sc-8230 anti-RAGE an-
tibody detected RAGE in acinar cells (B), in the islets
of Langerhans (C), and in interstitial cells (D), while
no staining was observed in the negative control
when the primary antibody was omitted (E). Bar=20
micrometer.

body (Santa Cruz Biotechnology, code sc2020,
1:100).

Statistics

Data are presented as box plots indicating the
median, the interquartile range in form of a box,
and the 10" and 90™ percentiles as whiskers.
Graphs were made by using SigmaPlot soft-
ware version 12.0. The significance of data was
assessed by SigmaStat software version 3.5
(SigmaStat, Jandel Corporation, San Rafael,
CA, USA). Differences between the groups were
calculated using Kruskal-Wallis One Way An-
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alysis of Variance on Ranks with the pairwise
multiple comparison procedure as suggested
by the software and indicated in the figure leg-
ends. The criterion for significance was p<0.05.

Results
RAGE expression in the native pancreas

In order to compare RAGE expression in the
pancreas to its well characterized expression in
lung, the tissue lysates of both native organs
were analyzed by Western blot using two dis-
tinct anti-RAGE antibodies (Figure 1A). In lung
three RAGE proteins, the membrane bound
X-RAGE, RAGE and a soluble sRAGE, were
detected in agreement with previously pub-
lished data [24, 29]. In pancreas, however, six
RAGE proteins were consistently detected by
both antibodies (Figure 1A). Experiments leav-
ing the pancreas up to 20 minutes at room tem-
perature before lysing the tissue confirmed that
the RAGE proteins with lower molecular weight
were not degradation products of the RAGE
proteins with higher molecular weight (data not
shown). Immunohistochemistry revealed strong
RAGE expression in acinar and interstitial cells
as well as weak expression in the islets of
Langerhans (Figure 1B-E).

Regulation of RAGE expression by hyperglyce-
mia and pancreatitis

In order to assess if the expression of any of
the six RAGE proteins (RAGE 1-6) is altered by
hyperglycemia or acute pancreatitis, four dis-
tinct cohorts of mice were sham, cerulein,
streptozotocin or streptozotocin plus cerulein
treated. Repetitive cerulein injections induced
acute pancreatitis 33 hours after the first ceru-
lein administration, as characterized by incr-
eased lipase activity in the blood (Sham:
31/26-43, cerulein: 657/512-689, STZ: 27/25-
31, STZ+cerulein: 1636/1076-1795, median/
interquartile range in units/l). Consistent with
previously published data, STZ+cerulein treat-
ment caused higher lipase activity compared to
cerulein-treated mice [12]. In mice treated with
STZ three weeks before tissue asservation, the
blood glucose concentration was strongly
increased at the time point when pancreatitis
was induced (Sham: 6.7/6.1-7.2, cerulein:
6.6/6.0-7.3, STZ: 31.5/28.2-33.3, STZ+ceru-
lein:  29.0/19.2-32.6, median/interquartile
range in mmol/l). The expression of RAGE 1
was modestly reduced by application of STZ,
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Figure 2. Influence of hyperglycemia and pan-
creatitis on RAGE proteins in the pancreas 33
hours after the first cerulein administration.
Pancreas of control (sham), cerulein (Cer),
streptozotocin (STZ) or streptozotocin plus ce-
rulein (STZ+Cer) treated mice were analyzed
by Western blots using the sc-8230 anti-RAGE
antibody (A) and an anti-B-tubulin antibody
as control (B). Densitometry of Western blots
compared the expression of RAGE 1-6 (C-H)
and revealed a significant reduction of RAGE 5
and 6 in STZ+cerulein treated mice (G and H).
Values denote median and interquartile range.
*p<0.038 versus cerulein treated mice using
Kruskal-Wallis One Way Analysis of Variance on
Ranks followed by Tukey Test for all pairwise
comparisons.

cerulein or the application of STZ+cerulein
compared to sham-treated mice (Figure
2A-C). In contrast, the expression of RAGE
2-6 was reduced mainly by application of
STZ+cerulein (Figure 2D-H). Especially
RAGE 5 and 6 were reduced significantly
by application of STZ+cerulein compared
to cerulein-treated mice (Figure 2G and
2H). Evaluation of the pancreatic tissue by
immunohistochemistry suggests a reduc-
tion of RAGE expression in acinar cells
during inflammation (Figure 3A-D).
However, at the same time point infiltrat-
ing inflammatory cells express RAGE
strongly (Figure 3A-D). In summary, these
data correlate the reduced expression of
RAGE 5 and 6 with the previously pub-
lished aggravation of acute pancreatitis
caused by hyperglycemia [12].

Time course of ERK1/ERK2 activation
and RAGE expression

In order to evaluate at which time point a
classical RAGE induced signal transduc-
tion pathway, the ERK1/ERK2 MAPK path-
way, is activated during acute pancreati-
tis, we evaluated the phosphorylation of
ERK1/ERK2 on various time points during
the first and second day of repetitive ceru-
lein administration. Cerulein induces the
phosphorylation of ERK1/ERK2 within 1.5
hours after the first cerulein injection and
the phosphorylation reaches its maximum
at 5.5 hours after the first cerulein admin-
istration (Figure 4A-C). At 5.5 as well as
10 hours after the first cerulein injection
the amount of RAGE protein 5 and 6 was

Int J Clin Exp Pathol 2013;6(10):2021-2029
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Figure 3. Influence of hyperglycemia and pancreatitis
on RAGE in the pancreas 33 hours after the first ce-
rulein administration. Pancreas of sham (A), cerulein
(B), streptozotocin (C) or streptozotocin plus cerulein
(D) treated mice were analyzed by immunohisto-
chemistry using the sc-8230 anti-RAGE antibody. In-
filtrating inflammatory cells produce RAGE indicated
by arrows in B and D. Bar=20 um.

moderately increased (Figure 4D and 4E).
These data suggest that phosphorylation of
ERK1/ERK2 might be studied best 5.5 hours
after the first cerulein injection.

ERK1/ERK2 activation and RAGE expression
during the early phase of acute pancreatitis

In order to assess, if the ERK1/ERK2 MAPK
signal transduction pathway is altered by hyper-
glycemia or pancreatitis 5.5 hours after the
first cerulein injection, the phosphorylation of
ERK1/ERK2 was assessed in sham, cerulein,
STZ and STZ+cerulein-treated animals 5.5
hours after the first cerulein administration.
Both cerulein as well as STZ+cerulein treat-
ment caused strong phosphorylation of ERK1/
ERK2 (Figure 5A and 5B). However, STZ+ce-
rulein administration did not lead to a signifi-
cantly altered phosphorylation of ERK1/ERK2
compared to cerulein-treated mice (Figure 5C).
The expression of RAGE 5 and 6 was also
almost unchanged when comparing the
STZ+cerulein with cerulein-treated mice (RAGE
5: cerulein 1.4/0.9-2.1, STZ+cerulein 1.3/0.9-
1.3, RAGE 6: cerulein 1.4/1.2-1.7, STZ+cerulein
1.3/1.1-1.7, median/interquartile range in rela-
tive expression intensity). At this early time
point cerulein as well as STZ+cerulein applica-
tion caused increased wet to dry weight ratio of
the pancreas (Figure 5D). Furthermore lipase
as well as amylase activity were increased in
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Figure 4. Time course of ERK1/ERK2 activation and
RAGE expression during repetitive cerulein admin-
istration. The phosphorylation of ERK1/ERK2 was
analyzed by Western blots (arrowheads, A) and com-
pared to ERK1/ERK2 expression (arrows, B) at the
indicated time points after the first cerulein adminis-
tration. The phosphorylation intensity of ERK1/ERK2
reveals a maximum of phosphorylation at 5.5 hours
after the first cerulein administration (C). No obvious
effect on the expression level of any of the six RAGE
proteins was observed 5.5 hours after the first ceru-
lein administration (D) compared to B-tubulin expres-
sion (E).

the blood plasma compared to sham-treated
mice (Figure 5E and 5F). However, STZ+cerulein
administration, compared to cerulein-treated
mice, did neither lead to a significantly altered
wet to dry weight ratio of the pancreas nor to
significantly altered lipase or amylase activities
at this early time point (Figure 5D-F). Hyperg-
lycemia, therefore, has no obvious effect on the
early phase of acute pancreatitis in contrast to
strong aggravation of pancreatitis at a later
time point [12].
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Figure 5. Influence of hyperglycemia and cerulein administration on RAGE proteins and on parameters of pancre-
atitis 5.5 hours after the first cerulein administration. Pancreas and blood plasma of control (sham), cerulein (Cer),
streptozotocin (STZ) or streptozotocin plus cerulein (STZ+Cer) treated mice were analyzed. The phosphorylation of
ERK1/ERK2 (arrowheads, A) was compared to ERK1/ERK2 expression (arrows, B) by Western blots. The quantifica-
tion by densitometry reveals increased phosphorylation of ERK1/ERK2 after cerulein as well as STZ+cerulein treat-
ment (C). Pancreatitis was quantified by pancreas wet to dry weight ratio (D) and lipase (E) and amylase (F) activity
in blood plasma. Box plots indicate the median, the interquartile range in the form of a box and the 10™ and 90*
percentiles as whiskers. *p<0.01 versus sham treated mice and #p<0.003 versus STZ treated mice using Kruskal-
Wallis One Way Analysis of Variance on Ranks followed by Tukey Test (C) or Dunn’s Method (D-F) for all pairwise
comparisons.

Discussion a peptide mapping directly at the N-terminus of

RAGE [29] or were raised against GIn24 to
The evaluation of RAGE expression in the pan- Ala342 of RAGE. Since the N-terminal Ig
creas demonstrates that i) six RAGE proteins domain, called V domain (amino acid 34-110 of
with distinct apparent molecular weight can be mouse RAGE), is the primary binding site for
detected in the pancreas (Figures 1A and 2A), most ligands, we reason that all six detected
ii) the expression of two RAGE proteins is sig- RAGE proteins in the pancreas may bind RAGE
nificantly reduced in hyperglycemic mice during ligands [30]. RAGE 2 has a similar molecular
the late phase of acute pancreatitis (Figure 2A) weight as the membrane bound RAGE isoform
and iii) that this reduction correlates with an in the lung and might therefore be a membrane
aggravation of acute pancreatitis [12]. bound full length RAGE protein [24, 29]. RAGE

proteins with lower molecular weight, such as
For the detection of the six RAGE proteins in RAGE 4, 5 and 6, contain the N-terminus of
pancreas, two different RAGE antibodies were RAGE, but probably not the entire C-terminal
used to control for possible unspecific binding domain. Since the membrane binding domain
of an antibody to other proteins. These two of RAGE is encoded by amino acids 341-361
anti-RAGE antibodies were either raised against close to the C-terminus [30], such proteins

2026 Int J Clin Exp Pathol 2013;6(10):2021-2029
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would not be membrane bound, but soluble.
Such proteins have been described previously
in the literature and are generated by a shed-
dase which proteolytically processes full length
RAGE or by alternative splicing of the pre-mRNA
of RAGE [20-25]. Soluble RAGE (sRAGE) has
been demonstrated to inhibit inflammation in
several pathological processes such as athero-
sclerosis, ischemia/reperfusion injury and auto-
immune diabetes by serving as decoy receptor
for RAGE ligands [17, 26-28]. In pancreas we do
observe a RAGE protein with very similar molec-
ular weight to sSRAGE (RAGE 4). Its expression is
reduced after STZ+cerulein application com-
pared to cerulein treatment (Figure 2F). Due to
the anti-proliferative function of sSRAGE in other
distinct diseases, the reduced expression of
RAGE 4 in hyperglycemic mice could be partial-
ly responsible for the observed aggravation of
acute pancreatitis by hyperglycemia [12].
Interestingly, we also observe two additional
RAGE proteins with approximate molecular
weight of 32 (RAGE 5) and 27 kDa (RAGE 6).
The expression of these small RAGE proteins, is
significantly reduced after STZ+cerulein appli-
cation compared to cerulein treatment (Figure
2G and 2H). In analogy to sRAGE, the reduced
expression of RAGE 5 and RAGE 6 in hypergly-
cemic mice could be partially responsible for
the observed aggravation of acute pancreatitis
by hyperglycemia [12]. RAGE 5 and RAGE 6
might act as decoy receptor for HMGB1, LPS or
S100 proteins which stimulate inflammation by
binding to receptors such as TLR4 or mem-
brane bound RAGE [13, 31]. Since RAGE has
been described to be alternatively spliced, pro-
teolytically processed and N-glycosylated, any
of these processes or even a combination of
them might result in the six RAGE proteins in
the pancreas [20, 21, 23-25, 29, 32]. It has
been reported that PNGaseF treated lung
extract resulted in deglycosylated RAGE pro-
teins with an apparent molecular weight well
above 40 kDa [29]. Interestingly, RAGE 5 and 6
have an apparent molecular weight well below
35 kDa. Thus it is unlikely that a lack of
N-glycosylation alone can explain the low
molecular weights of RAGE 5 and RAGE 6. It is
more likely that these short proteins are gener-
ated by alternative splicing or proteolytic pro-
cessing of RAGE.

The aggravation of acute pancreatitis by hyper-
glycemia was observed at late time points such
as 33 hours after the first cerulein administra-
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tion and during the regeneration phase of the
pancreas [12], but was not observed during the
early phase of pancreatitis, 5.5 hours after the
first cerulein injection (Figure 5D-F). This sug-
gests, that hyperglycemia does not influence
early events during pancreatitis, but might have
a major influence on the perpetuation of inflam-
mation. Since RAGE has also been suggested
to regulate the perpetuation of inflammation in
other context [33], itis likely that it has a similar
function during pancreatitis. Hyperglycemia
might therefore aggravate pancreatitis by
increasing the concentration of AGEs or other
RAGE ligands and by reducing the expression of
soluble RAGE proteins with anti-inflammatory
functions.

Based on the correlation of RAGE 5 and RAGE
6 production in the pancreas and the progres-
sion of pancreatitis, additional research could
focus on the following questions: i) Can the
RAGE 5 and RAGE 6 proteins be isolated and
the amino acid sequences be defined? ii) Do
these two RAGE proteins inhibit inflammation?
iii) Are these RAGE proteins more or less potent
than sRAGE in inhibiting inflammation? And iv)
does RAGE influence pancreatitis?
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