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Homeostatic levels of nitric oxide (NO) protect efficiently against apoptotic death in both human and rodent
pancreatic b cells, but the protein profile of this action remains to be determined. We have applied a 2 dimensional LC-
MS-MALDI-TOF/TOF-based analysis to study the impact of protective NO in rat insulin-producing RINm5F cell line and in
mouse and human pancreatic islets (HPI) exposed to serum deprivation condition. 24 proteins in RINm5F and 22 in HPI
were identified to undergo changes in at least one experimental condition. These include stress response mitochondrial
proteins (UQCRC2, VDAC1, ATP5C1, ATP5A1) in RINm5F cells and stress response endoplasmic reticulum proteins
(HSPA5, PDIA6, VCP, GANAB) in HPI. In addition, metabolic and structural proteins, oxidoreductases and chaperones
related with protein metabolism are also regulated by NO treatment. Network analysis of differentially expressed
proteins shows their interaction in glucocorticoid receptor and NRF2-mediated oxidative stress response pathways and
eNOS signaling. The results indicate that exposure to exogenous NO counteracts the impact of serum deprivation on
pancreatic b cell proteome. Species differences in the proteins involved are apparent.

Introduction

Diabetes mellitus is characterized by the loss of pancreatic b
cell ability to respond to stressful conditions and proteomic stud-
ies have provided substantial evidence on the process.1-6 Thus,
exposure to inflammatory cytokines alters the expression of 19
proteins of a total of 1600 detectable proteins in rat islets.1 The
actions of this mediators of the inflammatory response are medi-
ated at least in part by the generation of micromolar amounts of
NO.7,8 Although damage to mitochondria and DNA is involved
in the process of NO-induced b cell death, additional evidence
indicates that the ER stress pathway is also implied.9 By contrast,
protective actions of both insulin and IGF-1 in both rodent and
human pancreatic b cells involve the generation of homeostatic
NO and the activation of the c-Src PI3K/Akt anti-apoptotic
pathway in a Pdx1-dependent manner.10-12 Despite the docu-
mented role of NO in the survival response in insulin producing
b cells, a comprehensive account of the molecular process
involved remains to be pictured. This study aimed to characteriz-
ing at the protein level protective action of NO against stress
induced by serum deprivation in both rodent and human islet
cells. The results reported here shows that homeostatic concentra-
tions of NO regulates the expression of chaperones,

peroxiredoxins, disulphide isomerases and proteins involved in
the mitochondrial and endoplasmic reticulum response to stress.
A group of proteins targeted by the transcription factor NRF2
was identified, thus suggesting that this factor might be involved
in regulation of the response against stress in b cells.

Results

Differential proteomic profile of nitric oxide-exposed
RINm5F cells

To investigate changes in protein profile of RINm5F cells
exposed to serum deprivation and the effect of the NO donor
DETA/NO, 2-D gel electrophoresis was performed in 3 biologi-
cal replicates of cells cultured in the presence of serum (C serum),
absence of serum (- serum), and absence of serum supplemented
with 10 mM DETA/NO (- serum C DETA/NO). Image analy-
sis of gels was performed by BioRad PDQuest 7.4 software and
includes manual editing of artifacts and speckles. One gel was
determined as the master gel and background was removed from
each gel accordingly. 417 spots were detected in the reference gel
(Fig. 1). Comparison of the 9 gels showed that the most abun-
dant and visible spots were present in all gels. To elucidate
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changes among the culture conditions, an image analysis using
PD Quest 7.4 software was performed as described in Materials
and Methods, for selecting differentially expressed proteins. The
analysis resulted in a set of 32 differentially expressed proteins
when compared to the control condition (C serum). These pro-
teins were characterized by MALDI-TOF/TOF-MS peptide
mass fingerprinting and database searching using the MASCOT
program. The criteria used to accept identifications included the
number of peptides matched and the probability that the
observed match is a random event expressed as ¡10LogP (pro-
tein score) where scores greater than 71 are significant (p<0.05).
The characterized proteins are listed in Table 1. Two spots (21
and 24) had no significant identification protein score. A third
spot (spot 4) does not match with the corresponding mobility in
the gel.

Among the 29 identified proteins, 24 are differentially
expressed in at least in one condition and 5 (ILF2,
HNRNPA2B1, ATP5A1, PDIA3 and MDH1) exhibit minor
changes in – serum and - serum C DETA/NO conditions. Treat-
ment with NO leads to decreased expression of 14 proteins and
increased expression of 7 (Fig. 2A). 3 proteins do not change
with NO treatment (HSP90AB1 and CFL1 increased and
PRDX2 decreased during culture in – serum condition). The
functional categories, sub-cellular localization, protein functions
and network enrichment of identified proteins were assessed and

generated using Ingenuity Pathway
Analysis software (Ingenuity� Systems,
www.ingenuity.com). GO analysis
revealed that 18 differentially expressed
proteins are involved in 7 top functional
categories having a –log (p-value) higher
than 3, including small molecule bio-
chemistry, cell death/survival, molecular
transport, cell growth proliferation, free
radical scavenging, DNA replication
recombination repair, and energy pro-
duction (Fig. 2B). When analyzing cel-
lular localization, the highest proportion
of proteins were located in cytoplasm
(34%) and in cytoplasm/nucleus (24%),
whereas remaining proteins are located
in mitochondria (14%), membrane/
cytoplasm (14%), endoplasmic reticu-
lum (7%) and nucleus (7%) (Fig. 2C).
Identified proteins were also categorized
according to the function by using the
annotations in the Swiss-Prot database;
15% are metabolic proteins, 15% are
structural proteins, 5 10% fractions cor-
respond to proteins involved in ion
transport, chaperones related with pro-
tein metabolism, oxidoreductases, gene
expression and proteins components of
the proteasome, 7% are chaperones
related with RNA processing, 3% are
proteins of the electron transport chain

and 10% correspond to other proteins (Fig. 2D).

Differential proteomic profile of nitric oxide-exposed human
and mouse pancreatic islets

Human islets were stabilized by culture in suspension for
3 days in the presence of serum. Then, batches of islets were
exposed for 19 h to 3 experimental conditions: control, serum
(C serum), serum deprivation (- serum), serum deprivation
C10 mM DETA/NO (- serum C DETA/NO). 110 spots were
detected in the reference gel (Fig. 3). Comparison of the 9 gels
showed that the most abundant and visible spots were present in
all gels. To elucidate changes among the culture conditions, an
image analysis using PD Quest 7.4 software was performed as
described in Materials and Methods, for selecting differentially
expressed proteins. The analysis resulted in a set of 29 proteins
that are differentially expressed when compared with the control
condition (C serum). These proteins were identified according to
the criteria used with RINm5F cells and listed in Table 2. Spots
1, 8 13 and 21 had no significant identification protein score. 22
proteins were differentially expressed in at least one condition
and 3 (ALDH1A1, HNRNPH1 and PDIA3) show a minor
change in – serum and - serum C DETA/NO conditions. NO
treatment decreased the expression of 10 proteins and increased
the expression of 7 proteins. 5 proteins do not change with the
NO treatment (GANAB, VCP and HSPA5 decreased, while

Figure 1. Representative 2-D gel map of RINm5F cells. Protein extracts were loaded onto an IPG strip
(pH 3 – 10) and subsequently separated by molecular weight in a 12% SDS-PAGE. Gels were stained
by MS-compatible silver nitrate staining. The spots were analyzed by MS-MALDI-TOF/TOF. Spots for
differentially expressed proteins are indicated. * Indicates proteins with a Mascot Protein Score for
identity less than 71.
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P4HB and PDIA6 increased during culture in – serum condi-
tion) (Fig. 4A). As above, GO analysis revealed that 18 differen-
tially expressed proteins are involved in 8 functional categories
having a –log (p-value) higher than 3 (Fig. 4B). The categories
are: post translational modification, protein folding, DNA

replication recombination repair, energy production, small mole-
cule biochemistry, cell death/survival, cell growth and prolifera-
tion and cellular compromise. Cellular distribution of proteins
was: cytoplasmic (52%), endoplasmic reticulum (20%), nucleus
(12%), mitochondrion (8%), cell membrane (4%) and

Table 1. Identification of proteins differentially expressed after treatment with 10mM of DETA/NO in absence of serum in RINm5F rat insulinoma cells.

Spot ID Official symbol Name Protein MW/PI
No. peptides

identified MASCOT
Mascot Protein

Score Biological Process

1 HMGCS1 3-hydroxy-3-methylglutaryl-
Coenzyme A synthase 1

58024,7/5,58 21 295 Metabolism

2 KRT8 Keratin 8 53985,3/5,83 26 389 Cell Proliferation
3 ACTL6A Actin-like 6A 47903,5/5,39 14 191 Cell Proliferation
4 KRT8 Keratin 8 53985,3/5,83 25 400 Cell Proliferation
5 TUBA1C Tubulin a 1C 49937,3/ 4.96 11 171 Cell Proliferation
6 ADK Adenosine kinase 40449,4/5,84 10 137 Cell Proliferation
7 ILF2 Interleukin enhancer binding

factor2
51474,6/5,42 11 73 Cell Death and Survival

8 HSP90AB1 Heat shock protein 90 a (cytosolic),
class B member 1

83572,2/4,95 15 229 Cell Death and Survival

9 ERLIN2 ER lipid raft associated 2 37710.3/5,54 14 273 Metabolism
10 PSMD13 Proteasome (prosome, macropain)

26S subunit, non-ATPase, 13
43075,3/5,55 24 393 Cell Death and Survival

11 TUBB5 Tubulin, b 5 class I 50095,1/4,78 23 468 Cell Proliferation
12 UQCRC2 Ubiquinol cytochrome c reductase

core protein 2
48423,2/9,16 12 146 Cell Death and Survival

13 HNRNPA2B1 Heterogeneous nuclear
ribonucleoproteins A2/B1

37511,8/8,97 23 545 Cell Death and Survival

14 VDAC1 Voltage-dependent anion channel 1 32060,2/8,35 12 228 Cell Death and Survival
15 ATP5C1 ATP synthase, HC transporting,

mitochondrial F1 complex,
gamma polypeptide 1

30228,7/8,87 9 104 Cell Death and Survival

16 PSMA7 Proteasome (prosome, macropain)
subunit, a type 7

28009,7/8,6 13 178 Cell Death and Survival

17 PRDX1 Peroxiredoxin-1 22323,4/8,27 12 352 aCell Death and Survival
18 EEF1A1 Eukaryotic translation elongation

factor 1 a 1
50113.8/9,29 8 163 Metabolism

19 HSPA8 Heat shock protein 8 70871.07/5.37 10 176 Cell Death and Survival
20 GAPDH Glyceraldehyde-3-phosphate

dehydrogenase
36090,1/8,14 14 386 Metabolism

21 CIB3 Calcium and integrin-binding family
member 3

22057.9/4.56 8 66 * Metabolism

22 PITPNA Phosphatidylinositol transfer
protein, a

31907.4/5.96 11 138 Metabolism

23 GSTM1 Glutathione S-transferase Mu1 25937,1/8,42 25 561 Cell Death and Survival
24 COMT Catechol O-methyltransferase 24959,5/5,11 6 64 * Metabolism
25 PRDX2 Peroxiredoxin-2 21783.6/5.34 10 260 aCell Death and Survival
26 PEBP1 Phosphatidylethanolamine-binding

protein 1
20902,4/5,48 12 419 Cell Death and Survival

27 NME2 NME/NM23 nucleoside diphosphate
kinase 2

17385,9/6,92 15 451 Metabolism

28 CFL1 Cofilin 1, non-muscle 18748,8/8,22 10 202 Cell Proliferation
29 RPSA Ribosomal protein SA 32824.05/4,80 15 599 Cell Proliferation
30 PDIA3 Protein disulfide isomerase

associated 3
57009,9/5,88 34 616 Cell Death and Survival

31 MDH1 Malate dehydrogenase 1, NAD
(soluble)

36632,1/5,93 13 380 Metabolism

32 ATP5A1 ATP synthase, HC transporting,
mitochondrial F1 complex, a
subunit 1

59830,7/9,22 26 587 aCell Death and Survival

*Protein score is ¡10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 71 are significant (p<0.05).
aInvolved in b-cell survival
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extracellular regions (4%) (Fig. 4C). Annotated protein functions
were as follows: 20% metabolic, 16% structural, 16% oxidore-
ductases, 12% chaperones of metabolism, 8% chaperones related
with proteasome, 8% gene expression and 5 fractions of 4% for
proteins of: ion transport, secretory proteins, RNA processing,
proteins of the electron transporting chain and DNA binding
proteins respectively (Fig. 4D). When mouse islets were studied
under similar conditions, 13 proteins were identified. ATP5A1,
HSPA8, KRT10, ENO1 and P4HB were also present in human
islets. High variability in protein abundance of replicates did
not allow us to perform quantitative analysis in this islet tissue
(Table S1 and Fig. S1).

Comparative analysis of proteomic profile of RINm5F cells
and Human Islets

Comparative analysis of proteins differentially expressed by
NO, reveals proteins exclusively present in RINm5F cells such as
metabolic proteins HMGCS1, ADK, GAPDH and MDH1,
mitochondrial proteins UQCRC2, VDAC1, ATP5A1,

ATP5C1, proteins involved in protein
metabolism PSMD13, PSMA7,
EEF1A1, RPSA, ERLIN2; antioxidants
proteins PRDX1, GSTM1, structural
proteins KRT8, ACTL6A, TUBA1C,
CFL1, and the chaperone HSP90AB1.
On the other hand, HPI expresses specifi-
cally chaperones HSPA5, HSPA9,
HSP90AA1, protein disulphide isomer-
ases PDIA6 and P4HB, structural pro-
teins KRT1, KRT10, ACTG1, TUBA1B
and TUBB, metabolic proteins GANAB,
ALDH1, ALDH1A1, ENO1 and TPI1
and a protein involved in secretory
machinery SCGN (Secretagogin).
Finally, 3 proteins are found differen-
tially expressed in both proteomes
(HSPA8, PRDX2, ATP5A1) (Table 1
and 2). Based on these data, protein
interaction networks were generated
using Ingenuity Pathway Analysis (IPA)
to visualize the effect of the treatment
with NO on the proteome of cells grown
in the absence of serum (Figs. 5 and 6).
This approach allows to identify putative
mechanisms shared in both species. From
all the differentially expressed proteins,
79.3% (23/29) of the identified proteins
in RINm5F cells (Fig. 5A and B) and
68% (17/25) in HPI (Fig. 6A and B)
were mapped in independent networks.
In RINm5F cells, p38 MAPK, Akt, Ck2,
p85(pik3r) CD3, NFkB, cytochrome C
and actin were identified as hub mole-
cules. Interestingly, it was found that NO
regulates the expression of diverse com-
ponents of 3 common signaling pathways

in both cell types: Glucocorticoid receptor signaling (9 proteins),
NRF2-mediated oxidative stress response (7 proteins) and eNOS
signaling (6 proteins). A group of targets corresponding to mito-
chondrial dysfunction (4 proteins) was found only in RINm5F
cells (Fig. 5). These pathways interact through common mole-
cules such as: Akt, p85(pik3r) and Hsp90 family. These data sug-
gest that NO controls the oxidative stress response in this insulin
producing cell line through the regulation of heat shock proteins
and acts in coordination with Akt/pi3K/MAPK/ NFkB signaling
pathways. It is relevant to note that in the absence of serum there
is a regulation of some proteins of the mitochondrial respiratory
chain. For instance, a decrease of ATP5C1 and UQCRC2 as
well as an increase of ATP5A1 was found. These proteins have a
completely opposed expression pattern (Fig. 5A and B) in NO-
treated cells. Additionally, culture under serum deprivation con-
ditions promotes the expression of proteins that participate in
oxidative stress (PRDX1, TUBA1C, PSMD13, PSMA7, NME2,
and HSP90AB1), and again NO has an opposite effect on their
expression. (Fig. 5B).

Figure 2. Characterization of differentially expressed proteins in RINm5F cells (A) Bar graph of the
fold changes for differentially expressed proteins. Vertical line over 0 indicates value for condition
control (Cserum). Red bars absence of serum (-serum). Blue bars absence of serum supplemented
with 10mM of DETA/NO (-serum C DETA/NO). Statistical significance Student´s test p-value < 0.005.
(B) Top biological functions displayed by significance score (-log(p-value)). p-value < 0.005. (C) Pie
chart for sub-cellular localization distributed by percentage of proteins with respect to the total of
correctly identified proteins. (D) Pie chart for protein functions distributed by percentage of proteins
with respect to the total of correctly identified proteins. DRR: DNA replication recombination repair.
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With regard to the protein profile in
HPI, the analysis reveals that insulin,
Akt, NFkB, Ikbb, Erk1/2, p85(pik3r)
and Pkc were found as hubs, despite the
fact that their expression level is not
affected by the experimental manipula-
tions tested. (Fig. 6A and B). Addition-
ally, heat shock family proteins (HSPA5,
HSPA9, HSP90AA1, HSPA8) were
found to mediate interaction between
eNOS signaling and glucocorticoid
receptor and furthermost with NRF2-
mediated response. These pathways con-
verge in 4 molecules: Akt, p85(pik3r),
HSP90 and the ATPase complex. A pos-
sible regulation of the cytoplasm organi-
zation is evidenced by the regulation of
ACTG1 by NRF2-mediated oxidative
stress response, and interacting with
TUBA1B, TUBB, KRT10. Other pro-
teins associated with the network and
also involved in response to oxidative
stress include VCP related with the activ-
ity of 14-3-3 epsilon (YWHAE)
(Fig. 6B).

Discussion

There is considerable evidence on the protective role of NO in
a number of cell types including human and murine pancreatic b
cells.10,12-18 The mechanisms involved in the process remain,
however, to be fully substantiated. Proteome analysis provides an
informative approach to the issue. In the present study, we have
analyzed the proteomic profile of rodent and human insulin pro-
ducing cells in order to understand global changes that occur fol-
lowing exposure to protective levels of NO. Previous reports in
the literature have depicted the protein profile of pancreatic islet
tissue challenged with deleterious conditions such as exposure to
inflammatory cytokines or high NO.1,2,4,5,19-22 The present
study provides evidence on the protein landscape underlying the
survival response of pancreatic b cells to stressful conditions. The
response of b cell to serum deprivation involves organelles such
as mitochondria (ROS/RNS response) and ER (unfolding pro-
tein response). We have observed in this study that NO treat-
ment contributes to the regulation of proteins related with these
organelles in a protective response against oxidative stress; among
these, chaperons of HSP family play an instrumental role by sta-
bilizing partially unfolded proteins. In this respect, biological
functions such as Small molecule biochemistry and Cell death
and Survival stand out in RINm5F cells, while Post-translational
modification and Protein folding are relevant in HPI (Figs. 2B
and 4B). In addition analysis of the sub-cellular distribution
shows that mitochondrial response prevails in RINm5F cells and
while ER response is more apparent in HPI (Figs. 2C and 4C).

It is known that serum deprivation (SD) induces stress and
affects cell survival in b cells.23 Additionally, in other cellular
models the consequence of SD is an increase in the production of
ROS that could lead mitochondrial dysfunction and apoptosis.24

Thus, in RINm5F cells, serum deprivation induced an increase
of PRDX1 and HSP90AB1, while the expression of PRDX2 and
HSPA8 decreased. NO restored the expression levels of these
proteins, close to levels in cells cultured in the presence of serum
(Figs. 2A and 5). With the exception of HSPA5, expression of
heat shock proteins in HPI was also regulated by these experi-
mental manipulations. Thus, expression levels of PRDX2, P4HB
and PDIA6 were increased when cells were cultured without
serum and NO treatment restored protein levels to control
(C serum) conditions. The expression of chaperones of HSP
family such as HSP90AA1 and HSPA8 as well as the recovery of
HSPA5 expression indicates a role for ER in the activation of the
unfolded protein and oxidative stress responses.9,25 Additionally,
PRDX2 plays a protective role on oxidative stress induced apo-
ptosis.26 Little is known, however, about the cellular distribution
and function of PRDX2 in human pancreatic islet cells. Increased
levels of PRDX2 protein are found in serum-deprived HPI and
NO treatment decreased the expression to values below the con-
trol condition (C serum). This could be part of the protective
response together with proteins such as protein disulfide isomer-
ases (PDIA6, P4HB). As for RINm5F cells, PRDX1 could take
over the oxido-reductive function. PRDX2 by contrast dimin-
ishes in the absence of serum and NO increases the expression to
values above the control condition (C serum).

Figure 3. Representative 2-D gel map of human pancreatic islets. Protein extracts were loaded onto
an IPG strip (pH 3 – 11) and subsequently separated by molecular weight in a 12% SDS-PAGE. Fluo-
rescent staining was performed by directly incubating gels in SYPRO Ruby Protein Gel stain over-
night. The spots were analyzed by MS-MALDI-TOF/TOF. Spots for differentially expressed proteins
are indicated. * Indicates proteins with a Mascot Protein Score for identity less than 71.
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Additional proteins involved in the oxidative stress response
and in the cell survival triggered by NO are mitochondrial
ATPase F0/F1 subunits (ATP5A1 in HPI, ATP5A1 and
ATP5C1 in RINm5F cells). In addition to their role in oxidative
metabolism, these proteins are involved in the anti-apoptotic
response in different cell types.27-29 Likewise, the unfolded pro-
tein response induced by NO could be also due to the regulation
of protein disulfide isomerases (PDIA6 and P4HB (PDIA1) in
HPI improving the protein folding including insulin for its accu-
rate secretion.30 Increments in ATP5A1, P4HB and HSPA8 and

other proteins such as HSPD1, ATP6V1B1 and HSP90B1 were
also detected in NO-treated, serum-deprived mouse pancreatic
islets when compared with islets cultured under serum with-
drawal, despite having used a different strategy for analyzing the
spots (Table S1 and Figure S1). It is also relevant to note the
existence of species differences in keratin expression. Thus,
KRT8 is expressed in RINm5F cells while KRT1 and KRT10
are expressed in HPI following NO treatment. These type II
cytoskeletal proteins not only provide structural stability and pro-
tection from cell stress but they also have role in non-acute islet

Table 2. Identification of proteins differentially expressed after treatment with 10mM of DETA/NO in absence of serum in Human Pancreatic Islets

Spot ID Official symbol Name Protein MW/PtdIns
No. peptides

identified MASCOT
Mascot Protein

Score Biological Process

1 POLR3E Polymerase (RNA) III (DNA directed)
polypeptide E (80kD)

99101.4 /9.47 11 50 * Cell Death and Survival

2 GANAB Glucosidase, a; neutral AB 107262.8/ 5.74 28 578 Metabolism
3 VCP Vasolin containing protein 84954.4 /5.16 32 390 Cell Death and Survival
4 HSP90AA1 Heat shock protein 90kDa a

(cytosolic), class A member 1
80579.1/ 5.26 26 800 Cell Death and Survival

5 HSPA5 Heat shock 70kDa protein 5
(glucose-regulated protein,
78kDa)

68354.4 /5.15 31 1060 aCell Death and Survival

6 HSPA9 Heat shock 70kDa protein 9
(mortalin)

73929.9 /5.81 18 582 aCell Death and Survival

7 HSPA8 Heat shock 70kDa protein 8 70989.2 /5.24 22 837 Cell Death and Survival
8 PRSS1 Protease, serine, 1 (trypsin 1) 9219 /10.01 3 37 * Metabolism
9 KRT1 Keratin 1 66149/ 8.16 13 76 Cell Proliferation
10 P4HB Prolyl 4-hydroxylase, b polypeptide 57453.7 /4.73 28 875 Cell Proliferation
11 TUBA1B Tubulin a-1B 46781/ 4.96 19 648 Cell Proliferation
12 PDIA3 Protein disulfide isomerase family A,

member 3
54541.4 /5.61 22 407 Cell Death and Survival

13 POLR3E Polymerase (RNA) III (DNA directed)
polypeptide E (80kD)

99101.4 /9.47 10 48 * Cell Death and Survival

14 TUBB Tubulin, b class I 48319.4 /5.17 26 772 Cell Proliferation
15 ALDH1A1 Aldehyde dehydrogenase 1 51742.4 /6.68 17 671 Metabolism
16 LUZP2 Leucine zipper protein 2 10021.2 /7.94 8 75 Development
17 ALDH1A1 Aldehyde dehydrogenase 1 family,

member A1
51742.4 /6.68 17 728 Metabolism

18 HNRNPH1 Heterogeneous nuclear
ribonucleoprotein H1 (H)

43790.1 /6.29 7 98 Cell Death and Survival

19 ATP5A1 ATP synthase, HC transporting,
mitochondrial F1 complex, a
subunit 1, cardiac muscle

59827.6 /9.16 27 735 Cell Death and Survival

20 PDIA6 Protein disulfide isomerase family A,
member 6

46512.3 /4.95 14 907 aCell Death and Survival

21 DNAJC19 DnaJ (Hsp40) homolog, subfamily C,
member 19

17412,9/9,71 6 38 * Cell Death and Survival

22 ENO1 Enolase 1, (a) 42720.9 /6.97 25 673 Metabolism
23 TBX3 T-box 3 57754.1 /6.95 9 84 Development
24 ACTG1 Actin, gamma 1 41334.6 /5.56 15 636 Cell Proliferation
25 KRT10 Keratin 10 56862.9/ 5.05 11 81 Cell Death and Survival
26 YWHAE Tyrosine 3-monooxygenase/

tryptophan 5-monooxygenase
activation protein, epsilon

26911.5 /4.92 16 431 Cell Death and Survival

27 SCGN Secretagogin, EF-hand calcium
binding protein

32190.2 /5.25 23 603 Cell Proliferation

28 TPI1 Triosephosphate isomerase 1 26937.8 /6.45 20 774 Metabolism
29 PRDX2 Peroxiredoxin 2 16165.3 /5.71 8 343 aCell Death and Survival

*Protein score is ¡10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than 71 are significant (P < 0.05).
aInvolved in b-cell survival
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stress response, as proposed recently.31

Additionally, KRT proteins have been
detected in 2-D protein analysis of glu-
cose-responding mouse islets, INS-1E
cells, and human islets.6 Our study also
shows that proteins involved in the
impairment of glucose-induced insulin
release such as TUBB5, KRT8, PEBP1
and PDIA3 (RINm5F cells), HSPA5,
ENO1, P4HB, SCGN, PRDX2 and
PDIA6 (HPI) and HSP90B1 (Endoplas-
min), ENO1, ATP6V1B1 (mouse islets)
are regulated by NO.32,33 Overall, these
results provide evidence that NO induces
changes in the expression of a group of
proteins involved in the b cell secretory
response.

Serum deprivation activates stress and
cell death signals in pancreatic b cells.23

This condition has been shown to
increase intracellular ROS levels in other
cell types.34 Our group has shown previ-
ously that generation of low amounts of
NO protects efficiently against this type
of cell death.10,12 Specifically, dysfunc-
tion of unfolded protein response during
endoplasmic reticulum stress plays a role
in impairment of pancreatic b cell func-
tion in both Type 1 and type 2 diabe-
tes.35,36 Our study reports that serum
withdrawal downregulates a set of pro-
teins involved in survival (HSPA5,
PDIA6, PRDX1, PRDX2) and homeo-
stasis (TUBB5 or ACTG1) of pancreatic
b cells In this regard, HSPA5 (Grp78)
plays a relevant role in protection against
ER stress or cytokine-induced b cell death.37-39 Recovery of
expression levels following NO treatment supports a role for this
protein in the cell response to stressful conditions. IPA analysis
provides a wider view of the NO actions in this model of cell
damage. In addition, 23 out of 29 identified proteins map in a
network formed by 4 significant signaling pathways: Glucocorti-
coid Receptor signaling, eNOS signaling NRF2-mediated Oxida-
tive Stress Response and Mitochondrial Dysfunction in RINm5F
cells (Figs. 5 and 6). As for HPI, 17 out of 25 identified proteins
were mapped in a network resembling that of insulinoma cells,
with the exception of mitochondrial dysfunction. It is entirely
possible that endoplasmic reticulum is involved on the activated
survival response in HPI because of the higher number of ER
proteins (20%) with respect to mitochondrial proteins (8%)
(Fig. 4C), while the opposite takes place in RINm5F cells in
which fewer ER proteins (7%) were found with respect to mito-
chondrial proteins (14%) (Fig. 2C). The networks generated for
both cell types corroborate that NO signaling is being regulated
by the treatment and share components with the glucocorticoid
response and NRF2-mediated oxidative stress response in close

association with chaperones and protein disulphide isomerases
also reported in this study. The former has been implicated in b
cell dysfunction through the activation of the unfolded protein
response following endoplasmic reticulum stress.40 The finding
that NO shares with glucocorticoids the regulation of some
HSPs and PI3K/Akt pathway opens the possibility to study
whether low NO blocks the b cell damage produced by these
anti-inflammatory drugs. With regard to NRF2 (NF-E2-related-
factor-2), it has been postulated that regulates the expression of
antioxidant-enzyme genes and that it might play a role in pancre-
atic b cell defense against RNOS.41 Therefore, the interaction of
proteins shown in the pathways identified in our study show that
low concentrations of NO protects b cells from the effects of
serum deprivation which may lead to apoptotic cell death or
impair homeostastic functions.

Based on these observations we conclude that low concentra-
tions of NO elicit a protective response in murine and human
pancreatic islets cells exposed to serum deprivation which
involves the expression of proteins related to mitochondrial func-
tion in murine pancreatic b cells and to ER function in HPI.

Figure 4. Characterization of differentially expressed proteins in human pancreatic islets.
(A) Bar graph of the fold changes for differentially expressed proteins. Vertical line over 0 indicates
value for condition control (Cserum). Red bars absence of serum (-serum). Blue bars absence of
serum supplemented with 10mM of DETA/NO (-serumC DETA/NO). Statistical significance Student´s
test p-value < 0.005 (B) Top biological functions displayed by significance score (-log(p-value)). p-
value < 0.005. (C) Pye chart for sub-cellular localization distributed by percentage of proteins with
respect to the total of correctly identified proteins. (D) Pie chart for protein functions distributed by
percentage of proteins with respect to the total of correctly identified proteins. DRR: DNA replication
recombination repair.
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Whether the species differences reported here applies to other
models of b cell stress remains to be established.

Materials and
Methods

Cell culture conditions
RINm5F rat insuli-

noma cells were cultured
for 24 hours in 175cm2

culture flasks (Greiner Bio-
One, North America) in a
10000 cells/cm2 ratio and
maintained in RPMI 1640
(Lonza, Switzerland ) sup-
plemented with 100mg/ml
streptomycin (Gibco
Bethesda MD USA),
100U/ml penicillin
(Gibco), 2.5mg/mL
amphotericin B (Gibco),
2mM glutamine (Gibco),
and 10% fetal bovine
serum (FBS) (Gibco), in a
humidified atmosphere of
5% CO2 at 37�C. Cells
used for experiments were
from passages 20-24. Pan-
creatic islets were obtained
in collaboration with the
European Consortium for
Islet Transplantation
(ECIT Switzerland) from a
human cadaveric donor
without primary or sec-
ondary pancreatic pathol-
ogy. Islets were isolated
using the Ricordi
method.42 Isolated islets
were pooled, washed once
in PBS 1X and seeded in 6
well cell culture plates
(Greiner Bio-One, North
America) at density of
1000 islets per well. The
islets were incubated in
suspension for 1-3 days at
37�C and 5% CO2 in
CMRL medium (CMRL
1066 w/o phenol red from
School of Medicine Diabe-
tes Research Institute Uni-
versity of Miami, cat. N�

99-663-CV) supple-
mented with 10% fetal
bovine serum (Sigma, Mis-
souri, USA), 100U/ml

penicillin (Gibco), 100mg/ml streptomycin (Gibco), 2mM gluta-
mine (Gibco) and 0.01mg/mL gentamicin (Sigma). The

Figure 5. Interaction networks generated from a set of differentially expressed proteins detected in RINm5F cells.
(A) Cultured in absence of serum (-serum) and (B) cultured in absence of serum supplemented with 10mM of DETA/
NO. Proteins with red background are upregulated, green D downregulated, orange D no change. Blue shading
denotes groups or complexes of proteins regulated with the treatment. White shading indicates proteins interacting
in the network but not regulated by the treatment. The more representative networks are shown with the respective
targets.
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experimental procedure
with human material was
approved by the Research
Ethics Authority of Univer-
sity Pablo de Olavide. For
mouse studies, 400 – 600
pancreatic islets isolated by
collagenase digestion were
used per condition corre-
sponding to approximately
50 mg of protein. Isolated
islets were incubated for
3 days at 37�C and 5%
CO2 in RPMI 1640
medium containing 11mM
glucose and supplemented
with 10% FBS, 2mM glu-
tamine (Gibco), 100U/ml
penicillin and, 100mg/ml
streptomycin. For treat-
ments, RINm5F cells,
mouse and human islets
were cultured in either
FBS-free medium or in
FBS-free medium supple-
mented with 10mM of the
NO donor (diethylenetri-
amine/NO adduct -
DETA-NO (Sigma) for
19h. After treatments, cells
were stored at ¡80�C until
2-D-PAGE analysis.

Sample preparation for
2-D SDS-PAGE

For RINm5F, 3 £ 106

cells from 3 different pas-
sages were cultured under 3
experimental conditions.
For HPI, 180- 200 islets
were cultured in triplicate.
For mouse pancreatic islets,
batches of 100-200 islets
from 15 mice were cul-
tured in triplicate. At the
end of the culture period
islets and trypsinized
RINm5F cells were col-
lected by sedimentation
and centrifugation respec-
tively and stored at
¡20�C. For protein sepa-
ration, samples were
pooled in a single tube per condition. Cell pellets were washed in
phosphate-buffered saline and resuspended in 100 ml of lysis
buffer (7M urea, 2M thiourea, 3% (w/v) CHAPS, 40mM Tris

base, 1% (w/v) DTT, and a mixture of protease inhibitors (Sig-
maFast, Sigma Aldrich). Samples were disrupted by sonication
on ice at 30 kV for 5 minutes (Ultrasonic, Raypa) and then

Figure 6. Interaction networks generated from a set of differentially expressed proteins detected in human pancre-
atic islets. (A) Cultured in the absence of serum (- serum) and (B) Cultured in absence of serum supplemented with
10mM of DETA/NO (-serum C DETA/NO). Blue shading denotes groups or complexes of proteins regulated with the
treatment. White shading corresponds to proteins of the network not regulated by the treatment. The more repre-
sentative networks are shown with the respective targets.
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centrifuged for 13 min at 16,000 £ g (4�C) to precipitate all
non-soluble proteins and membrane fractions. Supernatants were
then transferred to a new tube. Samples were desalted with one
volume of 10 % aqueous TCA for 1 hour at ¡20�C. After this,
samples were centrifuged at 16,000 £ g at 4�C for 15 minutes
and washed 3 times with ice cold acetone and air dried for 5
minutes. Samples were then resuspended in 200 ml rehydration
buffer (7M urea, 2M thiourea, 3% (w/v) CHAPS, 1% (w/v)
DTT). In the case of human islets, cells were lysed in 7M urea,
2 M thiourea, 4%CHAPS with 30mM DTT. Proteins were then
precipitated with chloroform-methanol solution and dissolved in
7M Urea, 2M thiourea and 4% CHAPS. A second precipitation
was carried out by using 2-D Clean-up kit (GE Healthcare) and
dissolved in 7M urea, 2M thiourea and 4% CHAPS.

2-D SDS-PAGE
2-D electrophoresis were carried out at the proteomic facility

in CABIMER, 3 gels for RINm5F and HPI and 2 gels for mouse
pancreatic islets by experimental condition. 100 mg of RINm5F
cell protein, was applied by passive rehydration to pre-cast immo-
bilized pH gradient strips (24cm; pH 3–10 NL GE Healthcare)
for 6 hours in 300 ml of a solution containing 7M Urea, 2M
Thiourea, 3% CHAPS, 50mM DTT, 0.8% IPG buffer and bro-
mophenol blue. Pooled samples were separated according to their
isoelectric point in an Ettan IPGphor II system (GE, Amersham
Biosciences). The complete process was tracked with the Ettan
IPGphor control software (version 1.01.03) (GE Healthcare).
The first dimension was ended when the current reached a stable
phase (at �68 kV-h).

Prior to the second dimension, the strips were equilibrated
during 2 intervals of 15 min each in an equilibration buffer (7M
urea, 2M Thiourea, 30% (v/v) glycerol, 2% (w/v) SDS, bromo-
phenol blue, and 50mM Tris-HCl, (pH 8.8) containing 1% (w/
v) DTT in the first step and 4% (w/v) iodoacetamide in the sec-
ond step. Equilibrated strips were placed on top of 10% SDS-
polyacrylamide gel and separated on an Ettan DaltSix system
(GE Healthcare) until the bromophenol blue front left the gel
and was no longer visible. After second dimension the gels were
stained with silver nitrate according to.43 This protocol is com-
patible with mass spectrometry downstream analysis. For human
islet material, the proteomic 2-D gel analysis and mass spectrom-
etry was carried out at the University of Cordoba proteomics
facility (UCO SCAI), a member of Carlos III Network Proteo-
mics Platform (ProteoRed-ISCIII). Briefly, pre-cast immobilized
pH gradient strips (7cm; pH 3–11 NL GE Healthcare) were
used. The strips were equilibrated with a solution containing 6M
urea, 20% glycerol, 2% SDS, 375mM Tris (pH 8.8) reduced
with 2% DTT and 2,5% iodoacetamide for the first-dimensional
separation and run for a total focusing time of 18 kV/h directly
applied to a 12% SDS-PAGE gel for electrophoresis overnight at
60-mA constant for the second-dimensional separation.

Then, 2-D gels were pre-incubated in a fixative solution of 7%
acetic acid and 10% methanol for 30 min Fluorescent staining of
2-D gels was performed by directly incubating gels in SYPRO
Ruby Protein Gel stain overnight. After staining, gels were incu-
bated in the fixation solution for 30 min to wash residual dye to

obtain even lower residual matrix background staining. The
SYPRO Ruby-stained image was scanned at an excitation wave-
length of 400 nm and an emission wavelength of 535nm. All the
images were collected on a Molecular Imager FX ProPlus
(BioRad).

Image Analysis

Analysis of the raw scans was performed using PD Quest 7.4
(BioRad) software available from Supercomputing and Bioinno-
vation Center at University of M�alaga (SCBI-UMA). The soft-
ware allows automatic, accurate detection and quantification of
protein spots by calculation of the spot volumes thus setting the
accurate range of spots by indication of the faintest and the most
intense spots. Firstly, the generation of the master gel was per-
formed by a hierarchic analytical procedure, where the analysis of
the 3 gel replicates from each experimental condition result in a
representative composite that will hold information of all spots
identified in the triplicates. The corresponding reference images
were analyzed in a reference matched image. Then, the spots cen-
ter was detected using Laplacian algorithm. The sum of the pixel
intensity values within the perimeter (volume) was calculated and
a value of integrated intensity was obtained. The pixel volume of
each spot was calculated based on the intensity and area of the
spots, followed by the normalization with respect to the total
pixel volume of all the spots in the gel image in the control condi-
tion (Cserum). The pixel volume of each spot was the base to
compare protein expression between the control condition
(Cserum) and the experimental conditions. A statistical approach
was applied when determining differentially expressed proteins
using the PDQuest software. Student’s t-test was performed with
95% significance level to determine which proteins were differen-
tially expressed between control (Cserum) and experimental con-
ditions. Image analysis of 2-D gels from mouse islets was carried
out by visual selection of the spots displaying size change in the
different experimental conditions. The selected spots were ana-
lyzed by mass spectrometry at the UCO-SCAI proteomics facility

Mass Spectrometry

Spots were excised automatically in a ProPic Station (Geno-
mic Solutions). The gel pieces were washed with 100 mM NH4

HCO3, dehydrated with acetonitrile, and then dried completely
in the vacuum concentrator. For sequence-specific digestion the
gel pieces were re-swollen in minimal volumes of 25 mM NH4

HCO3 containing 12.5 ng/ml trypsin and incubated at 37�C for
12 hours. The peptide extracts were purified on reversed-phased
C18 ZipTip pipette tips (Millipore Corp.), and eluted with a sol-
vent containing cyano-4-hydroxycinnamic acid matrix (3 mg/ml
in 70% acetonitrile, 0.1% trifluoroacetic acid). MALDI-TOF-
mass spectrometry and tandem TOF/TOF mass spectrometry of
the peptides was performed on a 4800 Proteomics Analyzer
(Applied Biosystems). Peptide mass maps were acquired in reflec-
tron mode (20 keV accelerating voltage). Trypsin autolytic
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peptides (m/z D 842.51, 1045.56, and 2211.10) were used to
internally calibrate each spectrum to a mass accuracy within
20 ppm. When trypsin autolytic peptides were not detected (in
the case of very abundant proteins), an external standard was
applied on the target from a neighboring sample (obtaining a
mass accuracy within 50 ppm). Individual ions from each spec-
trum were inspected for resolution and isotopic distribution to
identify potentially different peptides of similar mass (with over-
lapping isotopic distributions) and to rule out low-resolution
ions that may result from metastable decomposition. Protein
identifications from MALDI-TOF peptide mass maps are based
on the masses of the tryptic peptides. Tandem mass spectrometry
(MALDI-TOF/TOF) was used to generate limited amino acid
sequence information on selected ions if additional confirmation
was required. Searches were performed without constraining pro-
tein molecular weight or isoelectric point, and allowed for carba-
midomethylation of cysteine, partial oxidation of methionine
residues, and one missed trypsin cleavage. Highest confidence
identifications have statistically significant search score(s), and
are consistent with the gel region from which the protein was
excised (MW and pI), and account for the majority of the ions
present in the mass spectrum. Ions specific for each sample (dis-
crete from background and trypsin-derived ions) were then used
to interrogate human sequences entered in the SWISS-PROT
and NCBInr databases using the MASCOT (www.matrixs
cience.com) database search algorithms.

Network Analysis

Association of the identified proteins with canonical pathways
was performed using the Ingenuity Pathways Analysis (IPA) tool
(www.ingenuity.com). A dataset containing genes´ official sym-
bols for each correctly identified protein, obtained from Gene
Database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
db=gene), was uploaded in the IPA suite. IPA access was obtained
from SCBI-UMA. Each ID was mapped to its corresponding
gene object in the Ingenuity Pathways Knowledge Base. These
genes, called Focus Genes, were overlaid onto a global molecular
network (graphical representation of the molecular relationships
between genes/gene products) developed from information con-
tained in the Ingenuity Pathways Knowledge Base. Networks of

these Focus Genes were then algorithmically generated based on
their connectivity. The network genes associated with biological
functions in the Ingenuity Pathways Knowledge Base were con-
sidered for the analysis. Fischer’s exact test was used to calculate a
p-value determining the probability that each biological function
assigned to that network is due to chance alone. The significance
of the association between the data set and the canonical pathway
was measured in 2 ways: A ratio of the number of genes from the
data set that map to the pathway divided by the total number of
genes that map to the canonical pathway is displayed, and
Fischer’s exact test was used to calculate a p value determining
the probability that the association between the genes in the data
set and the canonical pathway is explained by chance alone repre-
sented as –log(p-value).
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