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ABSTRACT

Intestinal Ischemia and reperfusion injury are widely used models, which results into
tissue dysfunction and organ failure especially after trauma and surgery. Whereas
neutrophils play an important role in the mechanism of injuries caused by ischemia and
reperfusion. However, the effect of intestinal ischemia and reperfusion on stimulation and
activation of neutrophils is still unclear. Proteomic analysis has been ratified as an
appropriate tool to studying complex systems, such as stimulation and activation of
neutrophils, so the objective of this work was to evaluate the effect of ischemia and
reperfusion on neutrophil proteome in Wistar rats. For proteomic neutrophils from three
groups; control, laparotomy, and intestinal ischemia/reperfusion were separated. Protein
was extracted according to FASP protocol, trypsin digested, iTRAQ-labeled.
Phosphopeptides were enriched by TiO,-SIMAC-HILIC procedure. Non-phosphorylated
and mono-phosphorylated peptides were HILIC fractionated prior to LC-MS/MS
analysis. LC-MS/MS and bioinformatics procedures were applied to peptides for their
quantitation, phosphosite assignment and protein identification. A total of 3816 proteins
containing 2231 non-phosphorylated unique proteins and 892 unique phosphorylated
proteins whereas 693 phosphorylated proteins were identified in both total and
phosphoproteome. In total 1585 phosphorylated proteins were identified, representing
41.5% of protein phosphorylation of the total neutrophil proteome identified in this study.
We aimed to bring further light to this process by analyzing hematological parameters
after ischemia and preconditioning. Gene ontologies for all the regulated proteins
represented changes confer by the experimental groups on neutrophil proteome. We
could identify the relevant predicted enzyme activities and pathways involved in
neutrophils activation after intestinal ischemia and reperfusion. Most of the regulated
predicted enzymes of the rat neutrophil proteome are transferases, hydrolases and
oxidoreductases. Important pathways from KEGG analysis include ribosomal, regulation
of actin cytoskeleton, Fc gamma R-mediated phagocytosis, chemokine signaling,
metabolic and oxidative phosphorylation pathways. We also aimed to bring further light
to this process by analyzing hematological parameters after ischemia and

preconditioning. Our findings provide platform for the first time to understand the effects
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of intestinal ischemia and reperfusion on neutrophil proteome and mechanism involve in

this process.

Keywords: Ischemia Reperfusion, Neutrophils, Proteomics, Systemic Inflammatory

Response, Phosphoproteomics.
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RESUMO

Lesdo por isquemia e reperfusdo ¢ um modelos amplamente usados que resulta em
disfuncdo tecidual e falha do 6rgdo especialmente apds trauma e cirurgia, enquanto que
neutr6filos desempenham papel importante no mecanismo de lesdo causada por isquemia
e reperfusdo. No entanto, o efeito da isquemia e reperfusdo na estimulagdo e ativacdo de
neutr6filos ainda ndo ¢ claro. A andlise protedmica tem sido ratificada como uma
ferramenta adequada no estudo de sistemas complexos, tais como a estimulagdo e
ativagdo de neutréfilos, portanto o objetivo desse trabalho foi avaliar os efeitos da
isquemia e reperfusdo no proteoma de neutrdfilos e nos pardmetros hematologicos em
ratos Wistar. Trés grupos de neutréfilos foram separados: controle, laparotomia e
isquemia/reperfusdo intestinal. Proteinas foram extraidas de acordo com o protocolo
FASP, digeridas com tripsina e marcadas com i1TRAQ. Fosfopeptidios foram
enriquecidos pelo procedimento TiO,-SIMAC-HILIC. Peptidios fosforilados e nao
fosforilados foram fracionados por HILIC antes da andlise por LC-MS/MS.
Procedimentos de LC-MS/MS e bioinformatica foram aplicados para quantificagdo dos
peptideos, designacdo do sitio de fosforilacdo e identificacdo proteica. Foi identificado
um total de 3816 proteinas contendo 2231 proteinas exclusivamente ndo fosforiladas, 892
exclusivamente fosforiladas e 693 presentes tanto no proteoma total quanto no
fosfoproteoma. No total 1585 proteinas fosforiladas foram identificadas, representando
41,5% da fosforilagdo de proteinas no proteoma total de neutrdfilos identificado nesse
estudo. A classificacdo das proteinas reguladas por ontologia genética mostrou mudancas
no proteoma de neutrofilos conferidas pelos grupos experimentais. No6s pudemos
identificar atividades enzimaticas e vias de sinaliza¢do relevantes envolvidas na ativagao
de neutrofilos apos isquemia intestinal e reperfusdo. A maior parte das enzimas reguladas
no proteoma de neutrofilos de rato sdo transferases, hidrolases e oxidoredutases. Vias
identificadas na base de dados KEGG e contendo diversas proteinas reguladas incluem a
ribossomal, regulagdo de actina do citoesqueleto, fagocitose mediada por Fc-gama-R,
sinalizacdo por quimocina, vias de fosforilacdo oxidativa e metabdlica. Nossos resultados
fornecem base para compreender pela primeira vez os efeitos de isquemia e reperfusdo no

proteoma de neutrofilos e os mecanismos envolvidos no processo.
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1.1 Polymorphonuclear Neutrophils (PMN5s)

Neutrophils are part of peripheral blood and play important role in microbe clearance and
participate in systemic inflammatory response after activation [1]. As soon as pathogen
invasion occurs neutrophil become activated and infiltrate to site of injury. To control
infection neutrophil take part in phagocytosis and produce free radicals. These cells can
be primes by hypoxia, microbial products, and cytokines, and on complete activation
results into superoxide production, endothelial adherence, and membrane receptor
expression [2]. Neutrophil recruitment is multistep process and requires three classes of
adhesion receptors, including selectins, integrins and adhesion receptors of the

immunoglobulin superfamily [3]. These steps are as shown the figure 1.

Integrin activation Migration through
Rolling by chemokines Stable adhesion endothelium
Leukocyte Sialyl-Lewis X-modified glycoprotein
&~ — Integrin (low affinity state)
: \ Integrin (high-
- afﬁr}ity state)

PECAM-1

Integrin ligand
0 Proteoglycan (ICAM-1)
°
» dq°
®e °8 [
Cytokines Chemokines )

Macrophage

(TNF, IL-1) with microbes

Fibrin and fibronectin
(extracellular matrix)

Figure 1 Neutrophil recruitment to sites of inflammation

A step-wise process involving leukocytes rolling, activation, and adherence to
endothelium, transmigration across endothelium and pierce basement membrane migrate

towards chemoattractants emanating from source of injury. Adapted from [4].



1.1.1 Rolling
Selectins are glycoprotein surface adhesion molecules, as L-selectin (leukocytes), E-selectin
(endothelial cells (EC)), and P-selectin (platelets and EC) which not only take part in rolling
but also has impact on adherance [5]. The ligands for neutrophil L-selectin are multiple
sialylated carbohydrate determinants, which are linked to mucin-like molecules [5].
Activation of toll like receptor (TLR-2) and complement system, ROS and thrombin
production and a high intracellular calcium concentration causes maximum increase in
expression of endothelial P-selectin from Weibel-Palade within 10-20 min of reperfusion.
Interaction of P-selectin with P-selectin glycoprotein ligand-1 (PSGL-1) expressed by
neutrophils results into weak and reversible interaction between neutrophil and endothelium
i-e, adherence followed by rolling [6, 7]. In an ischemia/reperfusion model experiment

blocking of L-selectin and/or P-selectins has decreased both neutrophil rolling and adherence
[8].

1.1.2 Tight adhesion
Integrins are heterodimeric proteins, having a-subunits and B-subunits that are expressed on
cell surface. 2 integrins expresses on leukocytes and consist of three distinct a-subunits such
as CDI11a, CDI11b, and CDl1c, which bind to a common [B-subunit such as CD18. Relative
expression of a-subunit differs according to the stimulus causing leukocyte adherence and
transmigration [9]. Endothelial cells molecules like intercellular adhesion molecule (ICAM-
1) act as the ligand for both CD11a/CD18 and CD11b/CD18, but ICAM-2 binds only with
CDl1a resulting into strong adhesion of neutrophils to endothelium [10]. Increase in
adhesion and migration of PMNs to post capillary venules has been noticed during study of
tissue underwent IRI [11]. ROS, platelet-activating factor (PAF), IL-1, TNF-o and
leukotriene B4 (LTB4) released by endothelium and immune cells after reperfusion causes
increase in expression of neutrophil B2 integrins from intracellular granules resulting into

tight adhesion [12, 13].

1.1.3 Tansendothelial Migration/Diapedesis
Platelet endothelial cell adhesion molecule (PECAM-1) expresses on the lateral borders of
EC as well as on neutrophil and is involved in transfer of neutrophils towards the interstitium

called as diapedesis. Blocking PECAM-1, lead to inhibition of diapedesis but stronger



adhesion between neutrophil and endothelium [14]. In another study, up-regulation of
adhesion molecules have been observed following IRI which can promote diapedesis of
neutrophil by further contributing to muscle dysfunction [15]. CD11/CD18-ICAM-1
interaction and ROS also facilitate diapedesis by decreasing the expression of cadherin and
inducing phosphorylation of vascular endothelial-cadherin and catenin which lead to

loosening of intercellular junctions resulting into neutrophil transmigration [16, 17].

1.1.4 Chemotaxis

Transmigrating cells moves towards increasing gradient of chemoattractants in a process
known as chemotaxis [18]. Chemoattractants for different leukocyte population include N-
formylated peptides produced by bacteria, such as Formyl-Methionyl-Leucyl-Phenylalanine
(fMLP), polypeptides (e.g. C5a), and lipids (e.g. leukotriene-B4) [19]. Cytokines, or
chemokines, are a novel family of include IL-8 [20], neutrophil activating peptide-2; growth-
related oncogene (GRO)-a, GRO-B and GRO-9; and macrophage inflammatory protein MIP-
20 and MIP-2B. These chemokines belongs to CXC chemokines/a chemokines and are
similar in structure. Another family of chemokines is the CC chemokines/p chemokines, that
includes RANTES/CCLS (regulated on activation, normal T cell expressed and secreted),
Monocyte chemoattractant protein-1, -2 and -3 (MCP-1/2/3); and Macrophage inflammatory
proteins, MIP-1a and MIP-1f [21].

Along with massive ROS production, proteases released from neutrophilic granules and
metabolites of arachidonic acid (AA) such as PAF and LTB4 are also involve in neutrophil
related tissue injury. PAF and LTB4 are strong chemokines that stimulate neutrophil

degranulation [22].

1.2 Neutrophils Granules and Degranulation

There are four fundamental types of granules in neutrophils (Fig-2) as below.
1.2.1 Azurophilic granules

Azurophilic granules or primary granules are produced first during neutrophil maturation,
and contain myeloperoxidase (MPO) which is very important enzyme of oxidative burst [23].

Defensins, lysozyme, permeability-increasing protein (BPI), and a number of serine



proteases: neutrophil elastase (NE), proteinase 3 (PR3), and cathepsin G (CG) are also stored
in primary granules [24].

1.2.2 Specific (or secondary) granules

Specific granules contain the glycoprotein lactoferrin and different antimicrobial compounds
including neutrophil gelatinase-associated lipocalin (NGAL), human cathelicidin

antimicrobial protein (hCAP-18), and lysozyme [23, 24].
1.2.3 Gelatinase (tertiary) granules

The gelatinase granules contain few antimicrobials, and stores metalloproteases, such as

gelatinase and leukolysin [25].
1.2.4 Secretory vesicles:

Secretory vesicles consist of albumin and stores membrane-bound molecules required during

neutrophil migration [26].

Granule type Primary Secondary Tertiary Secretory
typ (azurophilic) (specific) (gelatinase) vesicles
Stage of Myelob Promyel Myel Metamyel Band cell
formation yeloblast romyelocyte yelocyte etamyelocyte and cel PMN
Degranulation
propensity
Characteristic Lysozyme Complement receptor 1
proteins
Myeloperoxidase Lactoferrin FeyRlll
Elastase Gelatinase
Defensin
Other Cathepsin G, PR3, Gp91phox/p22phox, Gp91phox/p22phox, Gp91phox/p22phox,
proteins BPI, azurocidin, CD11b, collagenase, CD11b, MMP25, CD11b, MMP25, C1g-R,
sialidase, hCAP18, NGAL, B128BP, arginase-1, FPR, alkaline
B-glucuronidase SLPI, haptoglobin, p2-microglobulin, phosphatase, CD10,
pentraxin 3, CRISP3 CD13,CD14,
oroscomucoid, plasma proteins

B2-microglobulin,
heparanase, CRISP3

Figure 2 Neutrophil granules and their characteristic proteins.



Neutrophil granules carry a rich variety of antimicrobials and signaling molecules.

Adapted from [27].
1.2.5 Degranulation

Neutrophil activation, causes alteration in molecular composition of membrane of
granules resulting into mobilization of granules, fusion with the plasma membrane or the
phagosome and secretion of the contents to outside of neutrophil. The order of
mobilization is first secretory, tertiary, primary and then secondary granules while intera-

cellular calcium level play role in this type of mobilization [28].

Mobilization of secretory vesicles, is necessary for continued activation of the neutrophil
because its membrane contains the B2 integrins, complement and fMLP receptors, as well
as the FcyRIII receptor [25]. This results into firm adhesion of neutrophil with

endothelium further mobilizing gelatinase granules, which releases metalloproteases [29].

After extravasation, oxidative burst starts with mobilization of the azurophilic and
specific granules, which contain flavocytochrome b558, a component of the NADPH
oxidase machinery. As a result assembly of the NADPH oxidase complex and production
of ROS takes place inside the phagolysosome and outside the cell creating antimicrobial

environment [30].

1.3 Ischemia
Ischemia is insufficient blood supply to an organ that leads to cellular dysfunction and

necrosis. It occurs mostly in case of trauma, shock, surgery, or organ transplantation [31].

1.3.1 Cellular effects of Ischemia

Prolonged ischemia results in a variety of cellular metabolic and ultra-structural changes
(fig-3A). During ischemia, anaerobic metabolism produces a decrease in cell pH by
accumulating hydrogen ions, and then Na+/H+ exchanger excretes excess hydrogen ions,
resulting into large influx of sodium ions [32]. Cellular ATP depletes which inactivates
ATPases, reduces active Ca’" efflux, and limits the re-uptake of calcium by the
endoplasmic reticulum, thereby produce calcium overload in the cell. As a result
mitochondrial permeability transition (MPT) pore open that further disrupt ATP

production by interrupting mitochondrial membrane potential. Magnitude of blood flow



and duration of ischemia effect the degree of tissue injury [33] (fig-3A). Hypoxia-
inducible factor 1 (HIF-1) induces increase in transcription of vascular endothelial

growth factor (VEGF), which also plays important role in angiogenesis [34, 35].

Figure 3 A Cellular effect of Ischemia.

Modified from [32]. (1) Excretion of H" due to pH lowering, (2) deactivation due to loss
of ATP, and (3) reduction of Na"/Ca®" exchange due to lowered extracellular pH and

intracellular accumulation of Na'.
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Figure 3-B: Cellular effect of Reperfusion.

Modified from [32]. (1) Robust excretion of H+ due to prompt recovery of extracellular

pH, (2) “reverse mode” excretion of accumulated Na+ and Ca’" influx in turn, and (3) re-

excretion of Ca®" followed by recovery of ATP synthesis.

1.4 Ischemic Reperfusion injury (IRI)

Reperfusion results into infiltration of activated neutrophil to site of injury which

participate along with acute inflammatory response [36]. The mechanism underlying

reperfusion injury is complex, multi-factorial (Fig-3B) and involve

1.

Generation of reactive oxygen species (ROS) upon re-introduction of molecular

oxygen,
Calcium overload,
Opening of the MPT pore,
Endothelial dysfunction,

Hypoxanthine accumulation,



6. Expression of certain pro-inflammatory gene products such as leukocyte adhesion

molecules, cytokines,

7. Repression of protective gene products like constitutive nitric oxide synthase,

thrombomodulin and bioactive agents i-e prostacyclin, nitric oxide [37].

Vasoconstriction after reperfusion injury occurs as a result of reduction in bioavailability
of endothelial mediators that results into more production of adhesion molecules and
cytokines. These adhesion molecules and cytokines supports recruitment of inflammatory
cells which release more inflammatory mediator leading to more endothelial dysfunction

and tissue damage [38, 39].

1.5 Intestinal Ischemic Reperfusion injury and PMNs

Intestine is most sensitive organ to IRI and is caused by many clinical conditions like
acute mesenteric ischemia, intestinal obstruction, incarcerated hernia, small intestine
transplantation, neonatal necrotizing enterocolitis, trauma, and shock which can result
into severe clinical syndrome, even death [40, 41]. For example acute mesenteric
ischemia (AMI) has overall mortality of 60% to 80%, and the reported incidence are
increasing with time because the major reason is the continued difficulty in recognizing

the condition [42, 43].

IRI of intestines alters absorption of intestines resulting into inadequate absorption of
nutrients causing infarction of the bowel, short-bowel syndrome and even death [44].
Bacterial translocation through epithelial mucosa to extra-intestinal sites can occur after
IRI which subsequently can produce sepsis, shock, or multiple organ failure (MOF).
Bacterial translocation has been noticed in 44% of the pediatric patients after small bowel
transplantation [45, 46]. Similarly endotoxin lipopolysaccharide (LPS), (part of outer
membrane of gram-negative bacteria) binds to TLR4 and at the end amplify the
production of cytokines [47-49]. Reactive oxygen species such as hydrogen peroxide,
superoxide, and cytokines leads to the development of systemic inflammatory response
syndrome (SIRS), which can progress to Multiple organ failure (MOF) [50]. Pulmonary
infiltration of neutrophils is another well studies process, which contributes to the
development of acute respiratory distress syndrome (ARDS) and Acute Lung Injury
(ALD) [51].



The intestine consists of labile cells that are sensitive and easily injured by ischemia and
reperfusion [52]. Mucosa of the intestine becomes the site for the production of various
acute-phase proteins [53], gut hormones [54], cytokines [55], reactive oxygen species
[11], nitric oxide [56], AA derivatives [57], and cell adhesion molecules [58]. Molecular
and cellular inflammatory responses like transcription of nuclear factor-x B (NF-xB) [59],
induction of granulocyte colony-stimulating factor (G-CSF) and interleukin (IL)-6, and

recruitment of neutrophils to the intestinal muscularis takes place after IRI [55].

Following studies prove that PMNs are involved in the pathophysiology of IRI. Intestinal
reperfusion injury is primarily due to leukocyte and EC interactions in the mucosa of the
transplanted intestine [60]. Depletion of PMNs from blood before reperfusion has shown
decrease IRI in the human small bowel [61]. Intra-vital microscopic studies of tissues
following IRI showed an acute inflammatory response due to increase protein efflux and
PMNs adhesion in post capillary venules [11]. Riaz et al. showed that following IRI of
the mouse intestine, both P- and E-selectins were over expressed. Blocking of P-selectin
reduced PMN rolling and adhesion, so attenuating the injury [62]. PMNs causes damage
by different ways like secretion of proteolytic enzymes from cytoplasmic granules [63],
free radicals production by respiratory burst [64], and damage to microcirculation and
extension of ischemia [65]. A study confirmed that PMNs are the initial source of free
radicals in a rat model of IRI of the intestine [66]. This intestinal reperfusion injury
causes not only local acute inflammatory response, but also noteworthy pulmonary injury
and systemic inflammatory changes [67]. Pharmacological strategies that reduced
neutrophil infiltration also reduce IRI [67, 68]. Although numerous modalities and
substances have been tested to reduce ischemia/reperfusion-induced mortality, none has
been entirely successful. Furthermore, the molecular mechanisms and networks
underlying IRI are still poorly known. Neutrophil is an important player in IRI and how
the neutrophil takes part in whole story is still not known. For a better understanding of
the molecular mechanisms taking place during IRI, further understanding of the
neutrophil biology is necessary. That would benefit from the knowledge of the neutrophil

proteome.
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1.6 Mediators and receptors of IRI
1.6.1 Leukotriene (LT) B4

Leukotriene (LT) B4 is one of the inflammatory mediators known to activate neutrophils
and induce their recruitment in intestinal tissues following severe ischemia and
reperfusion injury of the superior mesenteric artery. But pharmacological study using
LTB4 receptor antagonist, showed no effect on neutrophil hence BLT receptor plays a
minor role in the local, remote and systemic injuries after severe IRI in rats [69]. LTB4 is
produced as a result of arachidonic acid (AA) metabolism. It is produced by a reaction
catalyze by 5-lipoxygenase and leukotriene A4 hydrolase [70] binds to the G protein-

coupled receptor BLT-1 and promotes chemotaxis in neutrophils [71, 72].
1.6.2 TNF-a

TNF-a is released during IRI and mediates inflammatory cascade. Decrease in neutrophil
recruitment and tissue injury has been observed after inhibition of TNF-a [73]. TNF-a
also induced apoptosis in neutrophils [74]. In a study TNF-a and IL-1p production has
been found associated with inflammatory response mediated in part by Toll-like receptor
(TLR) signaling in IR model. This pulmonary and intestinal inflammation was dependent

on TLR/MyDS88 signaling suggesting involvement of p38 kinase and NF-kB [75].
1.6.3 Thrombin

Thrombin induces leukocyte rolling and adhesion after IR and antithrombin markedly
decreased the lung injury characterized by decrease extravasation, leukocyte
sequestration, and MPO activity [76]. It induce PAR1 pathway via G protein-coupled
receptors resulting into release of rat cytokine-induced neutrophil chemoattractant-1

(CINC-1) (chemokine) during IR [77].
1.6.4 Potassium channels (KATP)

In epithelial cells of small intestine, K'channels provide the driving force for
electrogenic transport processes across the plasma membrane, and they are involved in

cell volume regulation. Fine-tuning of salt and water transport and of K homeostasis
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occurs in colonic epithelia cells, where K channels are involved in secretory and

reabsorptive processes [78].

Potassium channels (KATP) blockers, has been shown to suppress neutrophil migration
and chemotaxis during acute inflammatory responses. Local, remote and systemic injury
was prevented after treatment with glibenclamide (KATP blocker) suggesting important

role of KATP channels in neutrophil associated injury in intestine rat model [79].
1.6.5 Complement system

Complement system is a well-known mediator involved in ischemia/reperfusion (I/R)
injury and exerts its effects in a number of ways. For example, anaphylatoxins (C3a and
C5a) and membrane attack complement complex (C5b-9) induce increased expression of
ICAM-1, endothelial E-selectin, P-selectin, IL-8 MCP-1, and ROS. As a result
neutrophil attraction and aggregation, chemotaxis, cytotoxic activity, and the release of
RO metabolites and proteases occur [80, 81]. In addition, C5a is a potent chemoattractant
for other immune cells and leads to the up-regulation of vascular adhesion molecules
[82]. C5a receptor (C5aR) knockout in mice before SMA occlusion leads to protection of
intestinal injury and diminishes intestine-derived pulmonary neutrophil sequestration

[83].
1.6.6 CXC receptors 1 and 2 (CXCR1/2)

CXCR1 and CXCR2 belong to G protein-coupled receptors (GPCR), act as receptors for
C5a, LTB4, PAF, and fMLP [84]. Blockage of CXCR1 and CXCR?2 significantly reduced
neutrophil infiltration of the jejunal lamina and lung parenchyma, and vascular leakage

into the airways (BAL protein) but had no effects on expression of myeloperoxidase, IL-

1, IL-6, GRO, MIP-2 and MMP-9 [85, 86].
1.6.7 Reactive oxygen species (ROS)

ROS such as superoxide anion (O, °), hydrogen peroxide (H,O,) and hydroxyl radical
(OH-) can cause oxidation of proteins, DNA, phospholipids and other biological
structures. During reperfusion, PAF, TNF-a, IL-6, IL-1B, GMCSF, C5a and the ROS
themselves stimulate endothelial and neutrophil ROS production [87, 88]. The main
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sources of ROS in neutrophils are NADPH-oxidase, xanthine oxidase (XO),
mitochondria and the Arachidonic acid metabolism after reperfusion [89, 90]. ROS
directly lead to structural damage, enhance MTP opening, activate immune and ECs and

induce apoptosis [91].

1.7 Mass Spectrometry Based Proteomics

1.7.1 Introduction to mass spectrometry

The mass spectrometer is an instrument that measures the mass-to-charge ratios (m/z) of
ions in order to find molecular mass. A typical mass spectrometer consists of an ion
source, a mass analyzer and a detector. The ion source creates gas phase ions from
different analytes. The mass analyzer resolves the ions according to their mass to charge
ratio (m/z). The detector sequentially detects the ions. Fig.4 is a scheme graph of the

mass spectrometer.

SAMPLE

PREFRACTIONATION

v
« Capillary Electrophoresis (CE) \ * Electrospray lonization (ESI)
ION SOURCE

* Gas Chromatography (GC) * Matrix Assisted Laser Desorption lonization (MALDI)
* Liquid Chromatography (LC)

v « Ion Trap

SION CE < * Time-of-Flight (TOF)
COLLISION CELL |-f P T— g
— I MASS ANALYZER | * Fourier Transform lon Cyclotron Resonance (FTICR)
* Quadrupole

Collision-Induced Dissociation (CID)

A 4

* Photomultiplier
DETECTOR * Electron Multiplier

* Microchannel Plate

A J

BIOINFORMATIC
TOOLS

Figure 4 Scheme representing the steps performed in a mass spectrometer

(blue boxes) and some steps related to sample preparation and data analysis (orange
boxes). Most boxes represent mass spectrometers’ components. The boxes named

prefractionation and sample represent steps performed to prepare the sample for mass
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spectrometry. To the side of the boxes are represented some of the most common types of

mass spectrometer components.
Adapted from [92].

1.7.1.1 Ion source

There are many ionization methods including Chemical ionization (CI) and plasma
desorption (PD), which were introduced in 1966 and 1974 [93]. Later, fast atom
bombardment (FAB) [94], liquid secondary ion mass spectrometry (LSI-MS) [95],
electrospray ionization (ESI) (Fig.5-A) [96] and matrix-assisted laser desorption
ionization (MALDI) (Fig.5-B) [97] were developed, being the last two the predominant
methods currently applied to proteomics. In MALDI analysis, the analyte is first co-
crystalized with a matrix. Afterwards, laser radiation is applied to this mixture (matrix-
analyte) leads to the sublimation of matrix and analyte, and the matrix donates a charge to
the analyte [98]. The generated ions from MALDI are mostly singly charged and
accelerated by an electrostatic field towards the analyzer. The main disadvantage of
MALDI is the lower reproducibility (different from shot-to-shot) due to sample
preparation and its non-homogenous deposit on the probe. However, MALDI allows the
ionization of analytes with very high molecular mass; up to 300,000 Da. ESI ionizes the
analytes in solution. Application of a strong electric field results in the evaporation of the
sample solution into gas phase of highly charged electrospray (ES) droplets. While the
charged droplets evaporate, the analyte is ionized and transferred to the gas phase and
MS lenses with opposite charge attract these ions. ESI has the advantage to produce
multiply charged ions from large biomolecules. In addition, coupling pre-fractionation of
molecules using high-performance liquid chromatography (HPLC) with the ESI-MS has
made this hyphenated technique proficient in analyzing different sizes of molecules with

various polarities in a complex sample mixture [99].
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Figure 5 lonization techniques for MS

A- lon formation in electrospray ionization technique and B- Matrix-Assisted Laser

Desorption lonization process, Adapted from [92].

1.7.1.2 Mass analyzer

A mass analyzer separates ions according to their m/z values. There are different physical
principles used for the separation of ions such as electrically driven traditional analyzers
(i.e., magnetic sectors) that employs magnetic field. Currently, widely used mass
analyzers are quadrupole (Q), quadrupole ion trap (QIT), time-of-flight (ToF), and

Fourier transform ion cyclotrone resonance (FT-ICR) analyzers (Fig. 6).
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Figure 6 Mass spectrometers used in proteome research.

Adapted from [100]. (a) Time-of-flight (TOF) instruments, (b) TOF-TOF instrument, (c)
Quadrupole mass spectrometers, (d) Quadrupole TOF instrument, (e¢) The (three-

dimensional) ion trap and (f) FT-MS instrument.

The characteristics of a mass analyzer are determined by resolution (the ion separation
efficiency, through their m/z ratio), mass accuracy (confidence in the m/z values), mass
range, MS/MS acquisition and precision (the ability to reproduce a mass measurement of
a given compound) including dynamic range (abundance ratio from the most abundant to
the least abundant detected ion within a single scan guaranteeing specified mass
accuracy). The most recent acquisition of the FT/MS family is the Orbitrap analyzer,
which is a modification of the QIT, where the Orbitrap works with static electrostatic
fields while the QIT uses a dynamic electric field typically oscillating at ~1 MHz.
Orbitrap mass spectrometers fundamentally differ from the most FT-ICR mass
spectrometers because of their built in excitation-by-injection mechanism [101].
Orbitraps have a high mass accuracy (1-2 ppm), a high resolving power (up to 240,000 at
m/z 400), a high dynamic range (around 5000) and high sensitivity [102-104].

The type of applied mass spectrometry instrument in this PhD research work was a LTQ-
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Orbitrap Velos. It includes an electrospray ion source (ESI), and two LTQ ion traps. It

can eject the ions in the Orbitrap mass analyzer or in the collision cell (Fig. 8).

LTQ Velos Orbitrap

Blctospray lon Sowee ~ Sdens  SquareQuadruole  Octopole  High Pressure Cell - Low Pressure Cell Multipole (-Trap HCD Collision Cell

| 0
O

(Orbitrap Mass Analyzer

Figure 7 Schematic view of the LTQ Orbitrap Velos

Adapted from [105].

1.7.1.3 Peptide fragmentation

To obtain information about the amino acid sequence of a peptide from a proteolytically
digested protein using mass spectrometry, the precursor peptide ion needs to be
fragmented into a “ladder” of consecutively smaller fragment ions, each having lost one
or more amino acids. The most common peptide fragmentation technique in MS,
collision-induced dissociation (CID), leads to N- and C-terminal fragment ions resulting
from a cleavage of the C-N bond in the peptide backbone, producing y- and b-ions,
respectively (Fig. 8). The other important types of fragmentation methods in peptide
analysis are electron capture dissociation (ECD)/electron transfer dissociation (ETD),
which produce N- and C-terminal fragments of a backbone bond between the nitrogen
and alpha carbon atom, thereby generating c- and z-ions, respectively [106, 107]. ETD
fragmentation can identify CID-labile posttranslational modifications (PTMs). Ideally,
for peptides with PTMs, it can provide both the sequence information and the localization

of the modification sites. Another alternative type of fragmentation method is the beam-
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type CID or high-energy collision dissociation (HCD). The fragmentation pattern of HCD
is featured with higher activation energy and shorter activation time compared to the
traditional ion trap CID. HCD also generates b- and y-type fragment ions. While the
higher energy for HCD leads to a predominance of y-ions; b-ions can be further
fragmented to a-ions or smaller species. Without the low mass cut-off restriction and with
high mass accuracy MS2 spectra, HCD has been successfully applied for de novo peptide
sequencing, providing more informative ion series. As for PTMs studies, certain
diagnostic ions specific for HCD could be recognized for PTMs identification. Efficient
fragmentation with detection over a wide m/z range makes HCD a powerful tool for
sequencing and quantitation of iTRAQ labeled peptides. In particular, the combination of
high quality accurate mass MS/MS spectra with the high abundance and resolution of the
iTRAQ reporter ions is well suited for the simultaneous peptide identification and

quantitation in complex protein digests [108, 109].
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Figure 8 The Roepstorff-Fohlman-Biemann peptide fragment ion nomenclature
[107, 110].

A. Cleavage of a single Ca-C, C-N, or N-C abond results in a, b, and c-ions, respectively,
when the charge is retained on the N-terminal side, while x,y, or z-ions are produced,
respectively, if the charge is retained on the C-terminal fragment. B. Double backbone

cleavage resulting in an immonium ion only containing a single side chain.

1.8 Quantitative Proteomics

MS based quantitative proteomics is used for biological and clinical research like the
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identification of functional modules and pathways or monitoring of disease biomarkers.
Quantitative results can be obtained using stable isotope labels or label-free methods
[104, 111]. Isotope labels techniques have higher reproducibility whereas label-free
techniques require highly reproducible LC-MS/MS platforms [112]. Several labeling
methods based on heavy isotopes (2H, 13C, 15N, and 180) have been developed such as
stable isotope labeling by amino acids in cell culture (SILAC) [113], Isotope coded
affinity tag (ICAT) [114] and Isobaric tags for relative and absolute quantitation (iTRAQ)
[115].

In contrast to ICAT and SILAC, where two or three samples are compared, iTRAQ
allows simultaneous labeling and quantitation of four or eight samples [115, 116]. By
combining multiple samples in one run, the instrument time for analyses can be reduced,
and variations between different LC/MS runs do not affect the results. Comparative
studies for different isotope labels including differential gel electrophoresis (DIGE),
ICAT, and iTRAQ showed that iTRAQ is more sensitive than ICAT [117]. High-

throughput quantitative proteomics experiments produce large datasets [115, 116, 118].

1.8.1 Isobaric tags for relative and absolute quantitation (iTRAQ)
Relative and absolute quantitation can be performed by iTRAQ by using internal

standards (for absolute quantitation) [115, 116].
1.8.2 iTRAQ™ reagent chemistry

The iTRAQ™ tags are isobaric labels that can label most of the peptides and proteins in
as ample as it reacts with primary amines of amino termini including the N-terminus and
the g-amino group of the lysine side-chain. Each label contains a unique reporter group, a
peptide reactive group, and a neutral balance group, these together maintaining a total
mass of145Da (Fig. 9). During peptide fragmentation in MS/MS, iTRAQ™ reporter
groups separate from isobaric tags and produce distinguishable ions with m/z 114, 115,
116 and 117. In this way, the relative intensities of the reporter ions give the relative
abundances of each peptide in the samples. This MS/MS fragmentation of iTRAQ™ -
tagged peptides also produces strong y- and b-ion signals for more confident

identification [119].
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Figure 9 Structure of the iTRAQTM reagents.

Adapted from [120].

1.8.3 iTRAQ™ work-flow

Samples are first reduced, alkylated and then trypsin digested. The set of peptides

obtained after digestion are then labeled with one of the four iTRAQ™ tags. Then the

labeled peptides are pooled, separated by liquid chromatography (LC), and fractions

obtained at the end are analyzed through MS (Fig-10).
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Figure 10 A general scheme and example data for a 4-plex iTRAQ experiment.

Adapted from [120].

iTRAQ™ based quantification can be performed on LTQ-Orbitrap and include Pulsed Q
Dissociation (PQD) [121] and higher energy C-trap dissociation (HCD) [122]. Sensitive
and accurate iTRAQ™ quantification of a total proteome can be done now using HCD

fragmentation method in combination with the CID fragmentation technique [123].

1.9 Phosphoproteomics
Protein phosphorylation, an essential post-translational modification, affects most cellular
activities including signal transduction, gene expression, cell cycle progression and other

biological functions [124]. Enzymes dedicated to protein phosphorylation are among the
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largest class of PTM (post transaltional modification) enzymes. This superfamily of
protein kinases has been termed the kinome, with over 500 members in the human
kinome. Protein kinases catalyze the transfer of a phosphoryl group from a high-energy
organic compound such as adenosine triphosphate (ATP) to the side chain of serine,
threonine, tyrosine or histidine amino acid residues in mammalian proteins. Kinases have
been predicted to encompass 1.7% of the human genes [125, 126]. It has furthermore
been estimated that the relative abundances of phosphoserine, -threonine, and -tyrosine in
the human proteome are 90%, 10%, and 0.05%, respectively [127]. By hydrolyzing the
covalent phosphoester bond, thereby releasing orthophosphate, protein phosphatases
catalyze the enzymatic removal of these phosphate groups from proteins, returning them
to their non-phosphorylated state [128]. Phosphorylation affects protein structure by
changing the charge and hydrophobicity of the amino acid side chain. Negatively or
positively charged amino acids in close proximity to the phosphorylated residue will be
repelled or attracted, respectively, and the phosphoryl moiety will furthermore introduce
a very hydrophilic and polar region in the affected protein. Thereby, conformational

changes can be induced, affecting the properties of the protein [129].

Phosphopeptide analysis is a challenge for mass spectrometry for several main reasons

[130]:

1. High activity of phosphatase requires sensitive careful sample preparation to

avoid losing the modified proteins;

2. The phosphorylation is a labile PTM, which can be lost during the MS/MS

fragmentation process;

3. Incomplete peptide fragmentation complicates the correct localization of the

phosphorylation site;

4. The low stoichiometry of phosphopeptides implies the use of enrichment

strategies, which have their limitations (see next section);

5. Some of multi-phosphorylated peptides display less ion intensities compared to
the less phosphorylated peptides by conventional RPLC-MS/MS analysis [131,
132];
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6. The phosphoproteome is dynamic and complex. Currently, it is predicted that
more than 100,000 phosphorylated sites are present in mammalian proteins,
distributed in a wide dynamic range [133]. However, large-scale studies currently
reach no more than 20,000 sites using phosphopeptide enrichment and LC-MS.
Different sample fractionation and phosphopeptides enrichment strategies can

address the problem of low stoichiometry of the phosphopeptides.

1.9.1 PTM-Specific Enrichment

There are several PTM-specific protein and peptide enrichment methods including PTM-
directed affinity chromatography or immune precipitation with PTM specific antibodies.
Phosphoproteins can be purified by PTM-specific affinity resins [134] or anti-phospho
amino acid antibodies [135]. Subsequent digestion of protein and LC-MS/MS analysis of
peptides gives phosphorylation sites in the recovered proteins. However, it is more useful
to enrich PTM peptides before MS analysis that can improve sensitivity and specificity.
Immobilized metal affinity chromatography (IMAC) [136], or TiO, columns [137] are
used to recover enriched PTM peptides before MS/MS analysis. Strong cation exchange
and anion exchange chromatography methods are also helpful for reducing peptide
complexity including phosphopeptides. Combinations of these methods have revealed
thousands of phosphorylated sites in proteins from different species. IMAC showed
stronger sensitivity for multiply phosphorylated peptides, so, buffer exchange by reversed
phase chromatography before IMAC has been used with a high risk of losing
phosphorylated peptides [138, 139].

1.9.1.1 Titanium dioxide affinity chromatography-TiO:

TiO, is a resin that can create an ionic interaction with the phosphate groups of
biomolecules and therefore, it is mixed (or used in microcolumns) together with the
sample to trap peptides that are phosphorylated. The subsequent washing procedure can
eliminate all the non-binding peptides and elution step can create a mixture of peptides
containing only the fraction of interest. The approach is comparable to others but it is
cheaper, faster, and reproducible and it is also MS compatible due to the buffers used for
the elution. Regarding the application of TiO2 for phosphopeptide enrichment, first the

ratio between the amount of titanium and the concentration of peptides needs to be
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optimized in order to achieve the higher efficiency of enrichment [140]. In this
enrichment strategy, the pH value of the loading buffer needs to be acidic to allow the
acidic residues in the peptides become neutral while, the phospho groups remain
negatively charged. Several studies have been done to achieve the highest selectivity of
enrichment by comparing different loading buffers, all of which enable the acidic

conditions [141].

1.9.1.2 Sequential elution from IMAC (SIMAC)

SIMAC (Fig. 12) is a phosphopeptide-enriching method combining both MOAC (Metal
Oxide Affinity Chromatography) and IMAC [142]. It separates both multiply and singly
phosphorylated peptides and first acidic conditions are used to elute monophosphorylated
peptides from IMAC material, whereas subsequent basic elution recovers the multiply
phosphorylated peptides that are normally not readily detected. Singly phosphorylated
peptides as well as flow through peptides then pass on TiO,-MOAC. Finally the two
distinct phosphopeptide pools can now be analyzed separately using tandem mass
spectrometry parameters that are optimized for each type of sample [143]. Second
TiOsenrichment help to separate non-phosphorylated peptides in the first eluate and
having phosphorylated peptides in the flow-through [143].

SIMAC results into a larger amount of phosphopeptides identification than MOAC itself
and broadened the phosphopeptide spectrum [142]. The sequential elution is another
advantage, since having a greater amount of less complex phosphopeptide fractions
increases the chances for ionization and identification of phosphopeptides by MS [144].

Overall SIMAC schematic workflow is given below in fig.12.

24



Mixing IMAC beads
and peptide sample

i Incubation 30 min
o PHOSselect IMAC beads

"\ Non-phosphoryviated peptide
P Phosphorylated peptide

Packing beads in
GELoader tips

!
v v v

Unbound Acid Elution Base Elution
(IMAC Flow-through) (1% TFA pH 1.0) (NH,OH, pH 11.3)
+ IMAC wash
! ¢ 7
TiO, chromatography ' &
TiO, chromatography l &
TiO, eluent
TiO, eluent (mono-phasphonyiated peptides)
mono-phosphorylated peptides) l
\ MALDI MS
LC-ESI MSMS-

Figure 11 Overall SIMAC workflow
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25




1.10 Proteomics in Neutrophils

There is need to identify protein expression of cells as not all the genes are translated into
proteins which is also true for neutrophils, where correlation between mRNA and protein
expression is inconsistent too. There are limited proteomic studies of the neutrophil
particularly explaining effect of the inflammatory response on the neutrophil proteome

[77].

The First global analysis of rat neutrophil proteins analysis done by two-dimensional gel
electrophoresis (2DE) and MS approaches identified 52 proteins [145]. Later 250 proteins
were identified through a combination of 1DE followed by ESI-MS/MS from bovine
neutrophils. Proteins identified belong to cell metabolism, cell motility, immune

response, protein synthesis, cell signaling, and membrane trafficking [146].

Proteomic analysis of gelatinase, specific, and azurophil granules by 2DE and MALDI-
TOF identified 87 proteins including one membrane-spanning protein. Although the
detection ability of 2DE was limited yet it identified differential expression of actin
associated with all granules [147]. Cytoskeletal, structural, and membrane fusion proteins
(247 Proteins) were identified from human neutrophil azurophil granules lipid rafts by
10% SDSPAGE and LC-MS/MS [148]. A similar study identified total of 23 proteins
from plasma membrane lipid rafts using gradient gel electrophoresis and MALDI-MS or
MALDI-MS/MS. Nine of the proteins belonging to the cytoskeleton were common to a
previous study of human neutrophil azurophil granules lipid rafts [149]. Fessler et al.
[150] identified 1200 proteins from neutrophils after exposure to lipopolysaccharide
(LPS) for 4 h, which resulted in to 50% increase in expression of 100 proteins, and 50%
decrease in expression of another 100 proteins. 2DE followed by MALDI-TOF-MS
identified substrates for MMP2 and MMP9 from the BAL fluid of mice. These substrates
include Yml, S100A8, and S100A9, which showed chemotactic activity [151].
Proteomic analysis of rat intestinal mucosa after ischemic preconditioning in IRI model
identified 10 proteins using 2DE in combination with MALDI-TOF-MS and these
proteins were involved in anti-oxidation, apoptosis inhibition and energy metabolism.
This study also revealed up-regulation of aldehyde dehydrogenase and aldose reductase

in IPC group [152]. A similar study used 2-DE combined with MALDI-MS to analyze
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the proteome of the intestinal mucosa subjected to I/R injury in the absence or presence
of IPC pretreatment in rats. Total 16 proteins were differentially expressed belonged to
cellular energy metabolism, anti-oxidation and anti-apoptosis of which aldose reductase
which removes ROS, was significantly down regulated in IR and up regulated in IPC

[153].

Our group has been working on proteomics approach for the identification and
characterization of a set of proteins in neutrophils. In order to obtain a broader view of
the protein profile in human neutrophils activated by PAF, fMLP and PMA, 2DE and MS
of human neutrophils was performed with 22 protein identifications [154]. Comparison of
neutrophils proteome from normal individuals and multiple trauma and revealed 114

spots, with 27 up regulated and 87 down regulated in trauma conditions [155]|

1.10.1 Phosphorylation of neutrophil Proteins

Eight substrates of MAPKAPK2 (a downstream kinase in the p38 MAPK pathway) were
identified by combination of in vitro phosphorylation of *’P-orthophosphate-loaded
neutrophil lysates, one-dimensional SDS-PAGE, and peptide identification by MADLI-
TOF/MS. One of these substrates, 14-3-3C was found to be phosphorylated at Ser-58, and
this phosphorylation regulated 14-3-3C dimerization and binding to Raf-1 [156]. Similar
analysis identified the pl6-Arc subunit of the Arp2/3 complex as a MAPKAPK2
substrate. The functional consequences of its phosphorylation are not yet known, but may
explain the participation of the p38 MAPK pathway in actin-dependent cellular functions
[157]. Another similar approach to identify the calcium-binding protein myeloid-related
protein-14 (MRP-14) as a target for p38 MAPK phosphorylation in neutrophils
stimulated with fMLP, suggesting a role of MRP-14 in stimulated exocytosis [158].

The RhoGTPase regulator, LyGDI, was identified by 2DE, immunoblot and MS/MS and
was found to be tyrosine phosphorylated during fibronectin-accelerated TNF-a-mediated
neutrophil apoptosis. Phosphorylation was followed by increased caspase-3-mediated
LyGDI cleavage, and this cleavage was a signaling event in TNF-o-mediated apoptosis
[74]. Pacquelet ef al. [159] used LC-MS/MS analysis of neutrophil lysates separated by
SDS-PAGE to find out that interleukin-1 receptor-associated kinase-4 (IRAK-4) is

downstream of TLR-4 and serine and threonine residues were phosphorylated on p47°"*
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(a component of the NADPH oxidase) directly by IRAK-4 which results into enhanced
NADPH oxidase activity.

Using phosphoprotein-specific gel staining (Pro-Q Diamond), changes in expression of
each of L-plastin, meosin, cofilin, and strathmin proteins were found due to
phosphorylation or dephosphorylation [160]. It was confirmed by MS/MS that p47phox,
is phosphorylated on Ser345 by extracellular signal-regulated protein kinase-1/2
(ERK1/2) in response to GM-CSF, and by p38 MAPK in response to TNF-a. This
selective phosphorylation is a point of convergence for MAPK signaling that primes the
respiratory burst [161]. A combination of IMAC with ESI-MS/MS for analysis of
specific granules isolated from unstimulated or fMLP stimulated human neutrophils
identified 31 and 49 phopshopeptides respectively. One peptide that contained two
phosphoserines was identified as Slp homolog lacking C2 domains b (Slac2-b) was
comprised of known p38 MAPK phosphorylation motif and thought to involve in

activation of granule exocytosis in human neutrophil [162, 163].

From our observations in the literature, the molecular mechanism by which neutrophil
causes tissue injury in IRI is not clear. Proteomic research has been done for better
understanding of neutrophil biology in the past but there is still no study available on
proteomic analysis of neutrophil after intestinal ischemia and reperfusion in rat model.
For a deeper understanding of the neutrophil proteins taking part in molecular pathways
involved in IRI we aimed to perform Quantitative iTRAQ and Phospho-Proteomics in a

rat model with intestinal ischemia and reperfusion.

1.11 Hematological analysis

Ischemic injury results from the interruption of blood flow, damaging active tissues;
ischemic reperfusion injury (IRI) occurs after the restoration of blood flow, leading to
additional tissue injury [164]. Parks and Granger [165] in 1986 reported that reperfusion
in these processes is more harmful than ischemia alone. The tissue damage caused by
ischemia and reperfusion in the intestine is associated with high morbidity and mortality
in surgical patients. IRI occurs during abdominal aortic aneurysm surgery, hemorrhagic
shock, strangulated hernias, neonatal necrotizing enterocolitis, cardiopulmonary bypass

and organ transplantation [166]. Among the internal organs, the most sensitive to IRI is
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the intestine [164]. Intestinal IR injury can lead to damage in the intestinal mucosa and
the release of various inflammatory mediators, potentially resulting in the development of
the Systemic Inflammatory Response Syndrome (SIRS) and further leading to multiple
organs failure (MOF), especially acute lung injuries (ALI) [50, 51, 155, 167]. Ischemia-
reperfusion causes local and systemic changes in hemodynamics, endothelial function,
microcirculation, fluid equilibrium and metabolic homeostasis while also inducing the
complement and inflammatory pathways [154, 168-173]. In an attempt to attenuate this
damage, several treatment modalities have been applied in various animal models of IRI,
such as hypothermia, antioxidants, ischemic preconditioning (IPC), modulation of
inflammatory mediators and adhesion molecules. Among these, ischemic preconditioning
seems to be the most promising strategy against reperfusion injury, as it increases the
bowel’s tolerance against the damage caused by ischemia followed by reperfusion [174-

176].

Blood is a component of the vertebrate body fluid system which can be easily accessed
and analyzed to check the physiological status [177]. All blood cell components such as
erythrocytes, leukocytes and thrombocytes originate from stem cells which are found in
the bone marrow, that differentiate as a consequence of regulators such as poietins [178,
179]. The purpose of the present study was to obtain a basic knowledge of the
hematology after IRI and IPC in rats as there is no study available in literature. The
hematological parameters here analyzed include determination of the total erythrocyte
count (RBC), total white blood cell count (WBC), hematocrit (HCT), hemoglobin (Hb)
concentration, erythrocyte indices (MCV, MCH, MCHC), and white blood cell
differential count. In this prospective study we have evaluated the significance of routine
blood parameters after intestinal ischemia and preconditioning in rats, which can help in

early diagnosis of IRI and in understanding how IPC affects blood components.

29



OBJECTIVE

30



2 Global Objective
The objective of Thesis is to evaluate the effect of ischemia-reperfusion on the proteome

of rat neutrophils.

2.1 Specific Objectives
1. To analyse the proteome and phosphoproteome of neutrophils in response to

ischemia and reperfusion.

2. To analyse mechanisms and pathways underlying IR in neutrophils and to
understand the effect of IR on the biology of neutrophils including cellular

components, cellular and molecular functions.

3. To analyse the role of predicted enzymes and their phosphorylation sites in

neutrophil after IR.
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3.1 Experimental Subjects:

Male Wistar rats (Rattus norvegicus), presenting no inflammatory disease, weighing 250—
350 g were collected from the animal house of the Faculty of Medicine University of Sao
Paulo (FMUSP), Sao Paulo State, Brazil. The project was approved by the Ethics
Committee of FMUSP (Protocol 8186) for the use of rats as experimental subjects. The

animals had access to food and water ad /ibitum until the time of the experiment.
3.1.1 Experimental groups

Thirty rats were randomly allocated into the following three groups for proteomics
analysis (fig.13) whereas a fourth group of ischemic preconditioning was included for

hematological analysis:
1. The control group (C) (n=10), without any surgical procedure.

2. The sham laparotomy group (SL) (n=10), without clamping of the mesenteric
artery, but comprehending the same surgical procedures applied to the I/R group.

3. Ischemia/reperfusion (I/R) group (n=10), submitted to superior mesenteric artery

occlusion (SMAO) for 45 min followed by 120min of reperfusion.

Experimental Groups

C Group (n=10)

SL Group (n =10)

I/R Group (n =10)

B Time of ischemia
B Time of reperfusion

Figure 12 Experimental groups and their time of ischemia and reperfusion.
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3.3 Surgical procedures and sample collection:

The Surgical procedures were performed in the Laboratory of Medical Investigation
(LIM-62), department of Surgery, FMUSP. Rats from all groups were anesthetized with
intraperitoneal (i.p.) injection of sodium pentobarbital (45 mg/kg,)/Ketamine (80mg/kg)
+ xylazine (7mg/kg), and core body temperature was maintained at 37°C. After midline
laparotomy, the superior mesenteric artery was isolated near its aortic origin. During this
procedure, the intestinal tract was placed between gauze pads soaked with warmed 0.9%
NaCl solution. In rats from groups I/R the superior mesenteric artery was clamped,
resulting in total occlusion of the artery for 45 min. After occlusion, the clamps were
removed and a blood sample of 20 ul was collected from the animal tail after 120 min of
reperfusion and for proteomic analysis (for neutrophils separation) about 10-12 ml of

blood was collected from the heart (right ventricle catheter).
3.4 Hematological analyses

We collected 20 ul of blood from the tail of all animals before and after performance of
surgery and injected into a veterinary automated cell counter (BC-2800Vet, Shenzhen
Mindray Bio-Medical Electronics Co., Nanshan, China). The hematimetric parameters
analyzed included the determination of the total erythrocyte count (RBC), total white
blood cell count (WBC), hematocrit (HCT), hemoglobin (Hb) concentration, erythrocyte
indices (MCV, MCH, MCHC) and white blood cell differential count.

3.4.1 Statistical analysis of hematological data

For statistical analysis, the data were first checked for normality by applying the
D’Agostino & Pearson omnibus normality test. Data were normalized, and outliers were
removed, based on the Thompson tau technique; then, normality was reconfirmed with
the above-mentioned normality test. Variance analysis (One-way ANOVA) was used to
determine the difference between the groups, and the Tukey-Kramer test was employed
to compare and determine the means that differed significantly from each other, using the

Graph Pad Prism program (V.6.0c). Values with p<0.05 were considered significant.
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3.5 Ficoll Gradient Protocol for Neutrophils separation from Rat Blood:

Rat neutrophils were isolated from the blood as previously described in [180] with some
modifications. Blood was collected directly from the heart after the surgery to a
heparinized syringe. Ten mililiters of blood were carefully and very slowly layered onto
10 ml of Ficoll in a Falcon tube, making a two-step gradient (ficoll and blood). The
samples were centrifuged at 400g for 45 min. At the end of centrifugation there were two
distinct phases; the upper phase/layer (containing plasma, mononuclear cells and ficoll
gradient) was discarded, and to the lower one (rich in neutrophils and erythrocytes) 4 ml
of a 6% dextran solution in 0.15M of NaCl was added. The volume was increased up to
14 ml by adding phosphate buffer solution (PBS) and mixed slowly. After mixing, the
samples were incubated for 20 min in incubator/water-bath at 37°C. The supernatant
(transparent layer) was collected to another clean Falcon tube and centrifuged at 270g for
10 min. The supernatant was discarded and the pellet was washed by adding Sml of milli-
Q water for 15-20 sec and then 5ml of 2X PBS, mixed slowly and centrifuged at 500g for
10 min. The washing step was repeated to make sure that all the RBCs have been
removed/lysed from the neutrophils (if required the step was repeated twice). The pellet

was resuspended in 1 ml 1X PBS and neutrophils were counted under the microscope.
3.6 Protein Extraction from the Neutrophils

After counting the neutrophil cells, samples were centrifuged, removed the supernatant
and 200 ul of lysis buffer for 3x10° neutrophils (2% SDS, 20mM TEAB, 100mM DTT,
Protease inhibitors & PhosSTOP Phosphatase Inhibitor) was added for protein extraction
[181]. Neutrophil cells were lysed in the lysis buffer by using tip-sonicator with 40%
output, 10 cycles for 15 secs each and 1 min of interval to cool down the sample on ice.
After sonication the samples were kept in water bath at 80°C for 10 minutes, centrifuged
at 10000 rpm, supernatant was transferred to a new eppendorf tube and were stored at -

80°C for further analysis.
3.7 Filter-aided sample preparation (FASP)

The samples were quantified for protein concentration by using Quant-iT™ Protein
Assay Kit (Cat. No. Q33210) and aliquots of lysates with 500 pg of proteins were picked
and diluted in 1:4 ratio, sample to Urea buffer (§mol/L urea and 20 mM TEAB).
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3.7.1 Filter loading & washing:

500 pl of sample, diluted in urea buffer, were added to Vivacon 30kDa spin filter vials
and were spun at 14000 x g for 20min and the filtrate was discarded. Two hundred
microliters of urea buffer were added to the filter and centrifuged to wash out SDS from
the sample. These steps of sample loading and washing with urea buffer were repeated
till the entire sample was applied on the filter. 500 ul of DB3 buffer (1% SDC, 20mM/L
TEAB) were added to the filter and spun out at 14000g for 20min.

3.7.2 Alkylation:

The samples were then alkylated in the filter (skipping the DTT reduction step as DTT
was used in the lysis buffer) with 400ul of lodoacetamide (IAA) buffer (0.05 mol/L IAA
in DB3 buffer). Samples were thermomixed at 600 rpm at room temperature for 1 min
and then incubated with no mix for 20 min in dark. Centrifugation was performed and the

filtrate was discarded.
3.7.3 Trypsin Digestion:

Before digesting the samples with trypsin, samples were washed twice with 400 pl DB3
buffer. Proteins were digested overnight at 37°C by using Promega Trypsin in 1:50
trypsin to sample ratio in 400 ul of DB3 solution (0.02 ug/ul in DB3 buffer). Vials were
sealed with Parafilm and incubation was performed in a wet chamber at 37°C. Filter units
were transferred to new collection tubes and spun at 14000 x g for 20min and filtrates
having peptides were saved. DB3 buffer (360 ul) was added to the filters, centrifuged as
above to ensure the recovery of all the peptides from the filters and the filters were

discarded.
3.7.4 Desalting:

The samples were acidified to a final concentration of 0.5% by adding TFA; vortexed and
equal amount of ethyl acetate was added and mixed by vortexing. Centrifugation was
performed at 15000 x g for 5 min. The upper layer (plus any membranous layer) was
discarded, Another 700 pL of ethyl acetate was added to the samples and centrifugation
was performed as above. Again, the upper layer (plus any membranous layer) was

discarded and samples were transferred to new low-binding eppendorf tubes. A small
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aliquot (4 puL) was picked from the sample to find the final concentration of amino acids

by performing amino acid analysis (AAA).
3.8 Amino Acid Composition Analysis

An aliquot of 4 pl of the digested sample was lyophilized in a 500 pl low-binding
eppendorf tube with holes in the lid of the tube. The sample was placed in a glass
cylinder containing 200 pl of hydrolysis buffer (6N HCI/0.1% phenol/0.1% thioglycolic
acid). The cylinder was filled with argon, which was subsequently evaporated under
vacuum, and the cylinder was incubated at 110°C overnight. After hydrolysis, the AAA
was performed on a Biochrome30 amino acid composition analyzer (Cambridge, UK) as

described in [182].
3.9 iTRAQ™ Labelling

After amino acid quantification 100 pg of peptides solution for each of the three
experimental groups was taken out into new clean tubes, vacuum dried to label by 4-plex
iTRAQ ™ Reagent Kit. The iTRAQ reagents were allowed to come at room temperature.
The digests of 100 pg for each sample were reconstituted in 20 pl of dissolution buffer
according to the manufacturer instruction with little modifications. Samples were
vortexed for 10-15 seconds to ensure that all the dried digests have been re-suspended
properly and then spun. The iTRAQ reagents were vortexed and spun to bring all the
solution to the bottom of the tube. 70 pl of ethanol was added to each of the iTRAQ
reagent tube, vortexed and spun down. Samples were labeled from the Control group
with 114, Laparotomy with 115 and Ischemia/Reperfusion with 116. All of the iTRAQ
labeling contents were transferred to the respective sample vials, vortexed, short spun and
the pH was checked to ensure it was between 7.5 and 8.5. Samples were incubated for 1-
2hrs at room temperature. Labeling was confirmed by MALDI and, after that, digests
from the three experimental groups were mixed in 1:1:1 ratio. Labeled samples were

vacuum dried and stored at -20°C (Fig.14).

3.10 Enrichment of Phosphopeptides —
The TiO,-SIMAC-HILIC procedure

This procedure was performed in the following steps:
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First TiO; purification
Deglycosylation (to remove sialylated glycans from peptides)
SIMAC purification

B »wbdh o=

Second TiO; purification to separate mono-phosphopeptides from deglycosylated
peptides

3.10.1 First TiO, Purification

Purification of phosphorylated peptides was performed with little modifications in batch
mode using Titanium dioxide chromatography as previously described [137, 183, 184].
Briefly, 300 pg of tryptic labeled digests (obtained after mixing 100 pg from each of the
three iTRAQ labeled conditions) were reconstituted in 600 pl loading buffer (5% TFA
(v/v), IM Glycolic acid and 80% acetonitrile (v/v) (ACN)) in low binding polypropylene
tubes containing 0.6 mg TiO, beads per 100 pg peptide solution and incubated with
constant shaking at room temperature for 15 min. Samples were centrifuged (table
centrifuge <15 sec), the supernatant was incubated with half of the amount of TiO, used
in the first incubation in another low-binding tube. This was repeated in total three times
to recover as much phosphopeptides and sialylated glycopeptides as possible. The flow-
through from TiO; incubations was collected in a low-binding eppendorf tube and saved
for further analysis of unmodified and glycopeptides. The TiO, beads from all the three
incubations were pooled using 100 pl loading buffer and transferred to a new low-
binding eppendorf tube. The TiO, beads were washed with 50 uL washing buffer-1 (1%
TFA (v/v) and 80% ACN (v/v)) and 50 pL washing buffer-2 (0.2% TFA (v/v) and 10%
ACN (v/v)) and vacuum dried for 10 min. Afterward, phosphopeptides and sialylated
glycopeptides were eluted with elution buffer (60 pl Ammonia solution (28%) in 940 pl
H,O, pH 11.3) for 15 min with constant shaking. Using small table centrifuge for about 1
minute the samples were centrifuged and the supernatant, containing phospho/sialylated

glycopeptides, was passed through a C8 stage tip and lyophilized completely.

3.10.12 Enzymatic Deglycosylation

Samples containing sialylated glycopeptides enriched using TiO, were re-dissolved in 50
ul of 20 mM TEAB and 2 pl of 1U/ul PNGase F (Roche) and 0.5 pl of 1U Sialidase A.

The enzymatic reaction was performed overnight at 37°C in a wet chamber [184].
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3.10.3 SIMAC Purification of the Multi-Phosphorylated Peptides

The deglycosylated solution was acidified by adding 1 pl 10% TFA (v/v). The solution
was further diluted with 200 pl 50% ACN/10% TFA (v/v) and the pH was adjusted to
1.6-1.8 with 10% TFA. IMAC beads (80 pl) were washed twice with 200 pl
50%ACN/0.1% TFA (v/v). IMAC beads were added to the peptides solution and
incubated for 30 min at room temperature. Half of the supernatant “IMAC-FT” was
transferred to a new low-binding tube and the remaining solution with IMAC beads was
passed through a 200 pl GeLoader tip flat at the end to retain the IMAC beads with the
help of a syringe to press the liquid through into the “IMAC-FT” eppendorf tube and
pack the IMAC column. The IMAC beads in the GeLoader tip were washed with 50 ul
50%ACN/0.1% TFA, 70 pl 20% ACN/1% TFA and washes were collected in an
eppendorf tube labeled “IMAC-FT”. Multi-phosphorylated peptides were eluted, using
80 pul of ammonia elution buffer, directly down in a p200 stage tip with Poros R3 material
(1-2 cm) and the eluate was acidified with 8 pl of 100% formic acid or 2 pl 10% TFA
prior to R3 purification. Multi-phosphorylated peptides were purified on the R3 column,
washed with 60 pl 0.1% TFA, eluted with 60 pl 60% ACN/0.1% TFA and vacuum dried
[142, 183] (Fig.14).

3.10.4 Second TiO2 Purification of the Mono-Phosphorylated Peptides

The SIMAC-FT was vacuum dried and resuspended in 200 pl of 70% ACN/2% TFA.
The same amount of TiO, was added to the solution as in the first TiO, incubation.
Incubation for the second TiO, was carried out twice for 15 min at room temperature at
constant shaking. The flow-through, containing all the deglycosylated peptides, was
saved. The TiO, beads were pooled using 100 pl 50% ACN/0.1% TFA and vacuum dried
for 10 min. The mono-phosphopeptides were eluted using ammonia elution buffer on a
shaker for 15 min. The solution was spun for 1 min and passed over a C8 stage tip to
recover the liquid directly down in a p200 stage tip with R3 material. The eluate was
acidified with 8 pl of 100% formic acid or 2 pl 10% TFA prior to R3 purification. Mono-
phosphorylated peptides were purified on the R3 column, washed with 60 ul 0.1% TFA,
eluted with 60 ul 60% ACN/0.1% TFA and vacuum dried (Fig.14).
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3.11 Sample Desalting

Samples were desalted using self-made microcolumns packed with either Poros R2 or R3
reversed-phase resin depending on the type of protein sample. R2 was used for
unmodified samples and R3 for phospho/glyco samples. A mixture of both or sequential
of R2 and R3 was used in case of uncertainty of the sample modification. Microcolumns
were prepared by stamping out a small plug of C8 extraction disk and placed in the
constricted end of the P200 tip. The reversed-phase resin was re-suspended in 100%
ACN and packed by applying air pressure with the help of a syringe in the tip where the
C8 stopped the leakage of the resin material. The vacuum dried samples were re-
suspended in 100 pl of 0.1% TFA. The microcolumns were equilibrated with 60 pl of
0.1% TFA, samples were loaded onto the microcolumns, washed with 0.1% TFA and
peptides were eluted with 60% ACN/0.1% TFA (v/v) and lyophilized. Mono-
phosphorylated, deglycosylated (Sialo from second TiO; FT), and deglycosylated (from
glycopeptides enrichment) peptides were desalted with Poros R3 reversed-phase resin
repeated twice sequentially while non-phosphorylated peptides were desalted with Poros
R2 and R3 reversed-phase resin sequentially in a way that all the peptides went through
the R2 column and the flow-through went directly onto the R3 microcolumn [185].

3.12 HILIC fractionation of Mono-phosphorylated and non-phosphorylated peptides

HILIC fractionation of the mono-phosphorylated and non-phosphorylated was performed
as described [186]. The lyophilized peptides were reconstituted in 90% ACN/0.1% TFA
and 40 pl of the sample was injected onto an in-house packed TSK gel Amide-80 HILIC
320 um x 170 mm capillary HPLC column using an Agilent 1200 HPLC system. For the
elution of peptides a gradient from 90% ACN/0.1% TFA to 60% ACN/0.1% TFA over
35 min at flow rate of 6 pl/min was used. Fractions were collected automatically in a
microwell plate at 1 min intervals after UV detection at 210 nm and pooled in accordance

with the UV detection. The fractions were dried down in speed vacuum.
3.13 Nano-Liquid Chromatography Tandem Mass Spectrometry (nano-LC-MS)

The samples were analyzed by a Proxeon EASY-nLC system (Thermo Fisher Scientific,
Odense, Denmark), coupled with mass spectrometry LTQ-Orbitrap Velos

(ThermoScientific). The peptides were loaded onto an 18cm homemade reversed-phase
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capillary column (75 um inner diameter) packed with ReproSil-Pur C18 AQ 3um
material (Dr. Maisch, Ammerbuch Entringen, Germany) in buffer-A (0.1% formic acid).
Peptides were eluted using 110-180 min gradients from 0-34% Buffer-B (95%
ACN/0.1% formic acid) at 250 nl/min. The peptides were directly eluted into a LTQ-
Orbitrap Velos mass spectrometer (MS). The MS method was set up in a data-dependent
acquisition (DDA) mode. A full MS scan was performed in the mass area of 400-1200
m/z in the Orbitrap using a resolution of 30,000 FWHM (400 m/z) and the target value of
1x10° jons. For each full scan the seven most intense ions (> 2° charge states) were
selected for higher energy collision dissociation (HCD) using a resolution of 7,500. The
settings for the HCD were as following: threshold for the ion selection was 20000, the
target value of ions used for HCD was 300 ms, activation time was 0.1 ms, isolation

window was 2 m/z, and normalized collision energy was 36.
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Figure 13 Schematic presentation of experimental procedure. IPC group (ischemic
preconditioning) only for hematological analysis. Neutrophils isolation by Ficoll density
gradient method from Ctrl (control), Lap (laparotomy) and IR (ischemia/reperfusion)
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3.14 Database Searching and Bioinformatics

Raw files were processed using Proteome Discoverer version 1.4.0.288 (Thermo Fisher
Scientific). Tandem MS/MS spectra were converted to .mgf files and searched against the
UniProt rodent’s database using Mascot (v2.3.2, Matrix Science, London, UK). Database
searches were performed with the following parameters: precursor mass tolerance 10
ppm, fragment (MS/MS) mass tolerance 0.05 Da, up to two missed cleavages and trypsin
as digestion enzyme. Variable modifications included: oxidation (M) and deamidation
(NQ); for phosphopeptides we included also phosphorylation (serine, threonine,
tyrosine). The Carbamidomethylation on cystein residue was applied as a fixed
modification. Results were filtered for 1% false discovery rate (FDR) using Percolator as
validator [187]. We applied further filters for the analysis of phosphopeptides by
excluding all phosphopeptides with phosphoRS 3.0 probability lower than 95%. Obtained
ratios (115/114 and 116/114) were log2 transformed and normalized by the average value
for each of the two datasets (115/114 and 116/114). Statistical validation for significantly
regulated peptides or proteins was assessed by using a one tail one sample t-test

(confidence <5%).

Another more sophisticated statistical approach for more detailed analysis was
performed with statistical package R software. The data for non-modified fractions and
phosphopeptides fractions consists of five biological replicates. The iTRAQ intensities
values for each fraction were log-transformed and median-normalized. One peptide
measurement was allowed by choosing “mean” instead of “median” in RRollup function
of DanteR package for the multiple measurements of the same peptide [188]. The non-
modified peptides values were converted into protein quantitation (RRollup, mean) with a
minimum of three peptides per protein. Statistically significant regulations require more
sophisticated tools than just application of the standard t-test. Limma [189] and rank
products [190] provide sufficient power to deal with low replicate numbers and additional
missing values [191]. Both statistical tests were carried out on all phosphopeptides and
protein ratios against label 114 and corrected for multiple testing. [192]. From both
statistical tests all the phosphopeptides and proteins with g-value below 0.05 (5% FDR)

were considered regulated.
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For the cluster analysis, we calculated the mean over all 5 replicated values for each
condition. Phosphopeptides and proteins were merged into one data set. Fuzzy c-means
clustering [193, 194] was applied after determining the value of the fuzzifier and
obtaining the number of clusters according to Schwimmle (2010) [195]. A standard
principal component analysis (PCA) was performed by using R package to check the
variability between different conditions and similarity among the biological replicates of

the same group.

ProteinCenter (Thermo Scientific, Waltham, USA) was used to interpret the results at
protein level, e.g, statistical GO Slim classification with 5% False discovery rate (FDR)
and number of transmembrane domains. For enzyme activity prediction and classification
(Enzyme  Commission (EC) numbers) Blast2GO  software  was  used
(http://www.blast2go.com/b2ghome) [196] with default parameters for prediction of
enzymatic activity of the proteins. For KEGG pathways analysis WebGestalt [197] was
used with default parameters and the overlap between uploaded data set and pathway data
set was checked by using graph visualization option of EnrichNet [198]. STRING v9.1
[199] was used to check protein-protein interactions of the overlap proteins/proteins
identified in a pathway (Fig.14). Phosphorylation in the regulating domains of kinases
and phosphatases were checked manually in NCBI (http://www.ncbi.nlm.nih.gov/).
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4 Results and Discussion of Hematological Analysis

All surgical groups (SL, IR and IPC) produced a remarkably smaller (p<0.001) amount of
lymphocytes than the control group (Fig. 15-A). Among the surgical groups, IR showed a
decrease in lymphocyte counts when compared with the LAP group; however, an increase
was noted in IPC, compared with IR (p<0.05). Lymphocyte loss and dysfunction are well
known in animal models of both SIRS and sepsis [200]. Preventing lymphocyte dysfunction,
specifically preventing lymphocyte apoptosis following sepsis, has been shown to improve
survival after sepsis [201]. IPC prevented lymphocyte loss, compared with the IR group in
this study. The hematological parameters of the control, sham laparotomy,

ischemia/reperfusion and ischemic preconditioning groups are summarized in table 1.

White blood cell counts (WBCs) showed a significant increase in both the IR and the IPC
group, compared with the control group (p<0.01) (Fig. 15-B). Postoperative leukocytosis
represents a normal physiologic response to surgery [202]. However, an augmentation in

WBC counts has been viewed as a predictor of ischemic stroke [203].

A significant increase (p<0.001) in the granulocyte count was observed in the LAP, IR and
IPC groups compared with controls. There was an increase in the IR group compared with
the LAP group (p<0.01), and IPC promoted an important reduction (p<0.05) compared with
the IR group, almost approaching the LAP level (Fig. 15-C). This increase was due to the
marked elevation of leukocyte activation, as previously described in myocardial ischemia and
reperfusion in dogs [204]. The increased number of granulocytes after ischemic strokes
caused tissue damage, as these cells are implicated in the early responses of the hemostatic
and inflammatory processes [205]. Studies have revealed that intestinal ischemia is
characterized by the production of cytokines [206]and the sequestration of
polymorphonuclear neutrophils (PMNs) into the ischemically damaged tissue. The
complement system also contributes to the attraction of neutrophils to ischemically damaged
areas [207] by releasing myeloperoxidase (MPO) and other proinflammatory mediators,

further contributing to IR-induced tissue damage [208].



A Lymphocytes B WBCs

ke . A 1
L} |
30- Jorsesusasersesase bt b SR ISIRTE |
20
oo s I
S
R 401 2 pn
= o
20
0 T T T T o . *' o ‘;
S d e ) &L > &
& \o“\ e“\\ & o& @‘0 & &
S &© <) © O &
@ b 0 @ >
K & NG &
€ &
Cc Granulocytes D MPV
[ I— R rvassssansuiaed q
(- | - | 7.04
80. I ....... ?f ........ l

| % 6.5+ -

20 5.0
P 45 T T T y
01— T T T = ‘
N O S 2 <O
& & & & & & & &
& o ¢ 0 00 >
© & ¢ & O d N S
R & N N &
@ &
<Q <
E PCT F PDW
pe 1 dkk 1
0.8 . 200 | " !
| ................. 1 | .................................... |
19
0.6+ Joessase sl |
18-

%
e
®

3

0.0 T T T T 15 T T T T
N § AN S
&© & & & &© & & «
Q <O & Q & xS e &
P o 6‘&9 ° 5 \e"'o &
R R
VqR o°° K. <,°°
Q‘Q Qﬂe'

Figure 15 Distribution of the hematimetric parameters in the four experimental groups.

(A) Lymphocyte count, (B) White Blood Cell counts (C) Granulocyte counts, (D) Mean
Platelet Volume, (E) Plateletcrit and (F) Platelet distribution. (***P < 0.001; **P < 0.001 to
0.01; *P <0.01 to 0.



Table 1 Haematological analyses, expressed as mean =+ standard deviation, median and range (min. - max.) of (Wistar Rat) control,

laparotomy, intestinal ischemia/reperfusion and ischemic preconditioning.

Control group

Laparotomy group

Ischemia/Reperfusion group

Preconditioning group

Parameters Range Range Range Range
Mean + std dev | Median Mean + std dev | Median Mean + std dev | Median Mean + std dev | Median
Min - Max Min - Max Min - Max Min - Max
WBC (10°/L) 10.27 £2.04 10.85 6.8-123 1471+34 15.75 8.6-18.7 18.13£5.16 19.1 11.8-15.75 16.39 £ 4.67 15.7 8.7-23.2
Lymphocytes (10°/L) 6.79 £ 1.59 7.2 4.1-838 5.6+1.42 53 35-77 5.65+1.28 5.65 3.7-8.38 5.61+£2.24 5.05 39-11.6
Monocytes (10°/L) 0.31£0.07 0.3 02-04 0.6 +0.28 0.5 03-12 0.71£0.29 0.6 0.4-0.6 0.57+0.19 0.6 03-0.8
Granulocytes (10°/L) 3.17+0.59 3.1 23-39 8.51+2.11 9.15 4.7-10.7 13.36 £6.31 12.85 5-9.15 1021 +£3.7 9.85 45-17.6
Lymphocytes (%) 64.76 £ 2.96 65.1 60 - 70.8 38.26 £4.98 39.95 30.3-45.1 28.47+£5.23 27.35 22-70.8 36.33£8.19 34.85 26.7-51.8
Monocytes (%) 3.25+£0.36 3.1 29-39 3.68 £0.6 3.6 29-47 3.36 £0.28 3.35 3-39 3.81+£0.43 3.85 32-47
Granulocytes (%) 32.1+£2.86 31.65 26.2-37.1 57.63 £4.61 56.75 51.1-65.9 67.87+£5.74 69.5 57.5-57.63 59.89 £8.25 61.45 44.5-69.3
RBC (10"/L) 6.528 £ 0.55 6.58 5.49 -7.52 7.38£0.72 7.65 6.1-83 7.66 £0.52 7.665 6.88 - 7.65 7.32+£1.38 7.63 4.62 -9.58
HGB (g/L) 128 +6.94 126.5 120 - 142 138.5+12.03 138.5 120 - 156 143.3 +£7.69 144 134 - 142 141 +20.02 147.5 107 - 167
HCT (%) 40.83 +1.86 40.45 38.8-44.4 44.63 +£3.63 44.95 38.7-49.8 47.07 £2.61 46.85 | 43.3-4495 | 45.14+6.31 47.65 342-542
MCYV (L) 61.39 £ 2.46 61.1 57.2-65.1 60.41£1.95 59.95 58-63.7 61.57£2.34 61.2 58.2-65.1 60.8 £2.39 60.75 56.6 - 64.7
MCH (pg) 19.16 £ 0.75 19.15 17.6 -20.3 18.6 £ 0.67 18.6 17.8-19.7 18.7+£0.8 18.8 17.5-20.3 18.98 £0.73 19.05 17.4 -20.1
MCHC (g/L) 312.8 £4.61 3125 307 - 320 308.7 £5.89 308.5 301 -320 304.1£5.36 302.5 297 - 320 312.7+£7.12 313.5 303 - 325
RDW (%) 11.46 £0.72 11.2 10.7 -12.7 11.96 £ 0.65 11.95 10.5-12.9 12.52+£1.35 12.15 11-12.7 12.87 £1.32 12.7 11.5-152
PLT (10°/L) 746.6 £ 14832 | 785.5 529 -943 837.3+£92.71 828 679-1024 | 867.2+154.25 | 800.5 734 - 943 653.1 +£248.34 665 341 - 1135
MPV (fL) 53+£0.2 53 5-5.7 545+0.18 5.45 51-58 5.64+£0.2 5.6 54-57 5.93 +0.33 5.95 55-64
PDW 16.1+0.24 16.05 15.8-16.5 16.15+0.26 16.15 15.8-16.7 16.13+£0.13 16.15 15.9-16.5 16.86 £ 0.68 16.9 15.9-18.1
PCT (%) 0.3946 + 0.08 0.412 | 0.275-0.49 0.46 £ 0.03 0.456 | 0.418-0.52 0.49 £ 0.09 0.441 0.401-0.49 | 0.3763+£0.12 | 0.3945 |0.218-0.578
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The monocytes, red blood cells (RBCs), hemoglobin (HGB), mean corpuscular volume
(MCV) and mean corpuscular hemoglobin (MCH) was not influenced significantly in any
experimental group. Only the MCHC level showed some changes among the groups.
Except for the MCHC values, these results are similar to those of a study on a canine
model investigating limb IR, with or without cooling [209]. The hematocrit (HCT) was
increased (p<0.05) in the ischemia/reperfusion group, compared with the control (Fig. 16-
A, supplementary). Dehydration during surgery or fluid sequestration due to edema can
result into a higher hematocrit level than normal [210]. This increase was more prominent
in the IR group and showed no significant difference in any other group. The mean
corpuscular hemoglobin concentration (MCHC) was decreased in the IR group in
comparison with the controls, while there was an increase (p<0.05) in the MCHC value in
the IPC, compared with the IR, returning the MCHC value to a normal level (Fig. 16-B,
supplementary). A decrease in this parameter may be associated with fluid loss from
emesis, bowel edema and loss of absorptive capacity [210]. This reflects that IPC is able

to reduce the influence of IR in hydro-electrolytic homeostasis.

The red cell deviation width (RDW) was higher (p<0.05) in the IPC group, compared
with the controls; no other group showed a significant difference (Fig. 16-C,
supplementary). Elevated RDW levels have been suggested as a marker and independent

predictor of various cardiovascular diseases, including acute and chronic arterial diseases

[211].
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Figure 16 supplementary. Distribution of hematimetric parameters in the four

experimental groups.

(A) Hematocrit count, (B) Mean corpuscular haemoglobin concentration, (C) Red cell

distribution width, (D) Platelet count. (**P < 0.001 to 0.01; *P < 0.01 to 0.05).

The platelets showed significant variation between the ischemia/reperfusion and
preconditioning groups. The platelet counts were higher (p<0.05) in the IR group than in
the IPC group (Fig- 16-D, supplementary). Studies have shown that platelets also

participate in ischemic strokes [212] and IR-mediated tissue damage [213]. However, the
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role of platelets in the progression of tissue damage after IR injury is not clear. A recent
study showed that platelet-deficient mice showed significant reductions in the damage to
their villi in response to IR, compared with mice with normal platelet counts [214]. The
mean platelet volume (MPV) here showed a significantly increased value in the IR
(p<0.01) and IPC (p<0.001) groups, compared with the control and laparotomy groups.
In preconditioned rats, the MPV was higher than in the ischemia/reperfusion rats
(p<0.05) (Fig. 2-D). The MPV was higher when there was some destruction of the
platelets in cases of inflammatory bowel disease [215]. Another study stated that MPV
was not associated with stroke severity or functional outcomes [216]. Platelet distribution
widths (PDWs) were significantly higher in IPC rats compared with controls (p<0.001)
and in IPC rats, compared with LAP and IR rats (p<0.01). The activation of the platelets
leads to morphologic changes, including pseudopodia formation and the development of
spherical shape. Platelets with an increased number and size of pseudopodia differ in
size, possibly affecting the platelet distribution width. PDW seems to be affected in a
different pattern than MPV, as is clear in Fig. 15-D and Fig. 15-F. Only
ischemia/reperfusion and preconditioning had a significant difference regarding their
plateletcrit (PCT) levels, while the rest of the groups did not show any significance
differences. The plateletcrit (PCT) was lower (p<0.05) in the IPC group than in the IR
group (Fig. 15-E).

CONCLUSION.

The results presented in this work show significant differences in the hematimetric
parameters among all of the conditions evaluated. The most remarkable parameters are
those related to leukocytes and platelets; some of these, including the lymphocyte and
granulocyte counts and the granulocytes/lymphocytes ratios, suggest that IPC attenuates
the effect of the IR in the circulating blood cells. Our work provides data to aid the better
understanding of hematological responses in the body after IR and IPC. Some of the
parameters described here can be further validated as predictive markers for ischemia and
may lay the basis for further studies aiming to reduce the tissue injury resulting from

ischemia/reperfusion.
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5.1 Identification of proteins by mass spectrometry

Rat neutrophils were isolated from the three biological groups (Control, Laparotomy and
Ischemia) and proteins were extracted, digested and peptides were purified. The purified
peptides were labeled with iTRAQ and analyzed by Orbitrap Velos Mass Spectrometry

and a total of 2924 proteins were identified.

A statistical analysis (as described in materials & methods) showed that 393 and 653
proteins were regulated in laparotomy and ischemia groups as compared to the control

respectively. Both laparotomy and ischemia have 198 regulated proteins in common

(Fig.17, Table. 2)

455 195

A IR All Regulated
B Lap All Regulated

Figure 17 Common and exclusive regulated proteins in laparotomy (Lap) and intestinal

ischemia reperfusion (IR) groups.

Table 2 Number and percentage of all regulated proteins in LAP and IR group.

Set Count %
A 653 77
B 393 46.3
A-B 455 53.6
B-A 195 22.9
ANB 198 23.3
A+B 848 100
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Further analysis of proteins regulation showed that 190 proteins were up and 203 were
down regulated in laparotomy whereas 367 proteins were up and 286 were down
regulated in ischemia groups, whereas 2531 and 2271 proteins showed no regulation at
all (Fig. 18). A 4-way Venn diagram was made to have a clear picture of all the regulated
neutrophils proteins in both groups (Fig.19). The Venn diagram shows the unique and
overlapping proteins expressed in neutrophils. Of the 190 up regulated proteins in
laparotomy 87 are the unique proteins that are exclusively up regulated in neutrophils
after laparotomy while the remaining 98 are the overlapping proteins that are also up
regulated in neutrophil after intestinal ischemia and 5 proteins are down regulated during
ischemia but up regulated in laparotomy. Of the 203 down regulated proteins during
laparotomy in neutrophils 108 are unique proteins that are only down regulated in
laparotomy whereas 8 proteins that are down regulated after laparotomy but up shows up
regulation in ischemia. 87 proteins showed down regulation both in laparotomy and
ischemia. The neutrophils after intestinal ischemia showed up and down regulation of

261 and 194 unique proteins in ischemia group respectively.

Regulated and non-regulated proteins in Lap & IR

3000

2531

2500 2271
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No. of Proteins
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190 203 286

Upregulated Down Regulated Rest

Figure 18 Number of Regulated and non-regulated proteins in LAP and IR groups.
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Figure 19 A 4-way Venn diagram illustrating unique and overlapping up and down

regulated proteins in neutrophil after laparotomy and intestinal ischemia/reperfusion.

5.2 Statistical analysis of data with R package

We also analyzed the data with R software as described in materials and methods. The
results obtained from both the different statistical approaches were almost similar but we
proceeded for further analysis based on results by using the statistical package R for the
reasons mentioned in material and methods. Five clusters with different abundance
profiles were obtained (Fig. 20). Cluster 1 shows down regulation in both laparotomy and
ischemia group making 20% (542 proteins) of the total regulated proteins whereas both
cluster 2 and 5 shows up regulation in both laparotomy and ischemia making 19% (517
proteins) and 18% (464 proteins) of the total regulated proteins respectively. Cluster 3
making 28% (743 proteins) was down regulated only in laparotomy and cluster 4 making

15% (407 proteins) was slightly up in laparotomy but with down regulation in ischemia
(Fig. 21).
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Figure 20 Expression profile of regulated proteins and phosphopeptides after laparotomy
and Ischemia reperfusion in neutrophils. Control (114), Laparotomy (115), and Ischemia
reperfusion (117).
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Figure 21 Regulated Proteins distribution among the five clusters in neutrophils.
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5.3 Principal Component Analysis (PCA):

A standard principal component analysis (PCA) was performed to check the variability
between different conditions and similarity among the biological replicates of the same
group. All the proteins and peptides were taken for PCA analysis but the algorithm
(prcomp function in R) only used the proteins and peptides that were quantified in all
conditions and all biological replicates at the same time. The PCA plot, the so-called
score plot, in Fig. 22 shows that although there is variability between the replicates they
are clearly grouped in non-overlapping conditions that means a relatively good

reproducibility in each condition. It roughly simplifies the whole data column into one

data point.
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5.4 Phosphoproteome of rat neutrophil

Protein phosphorylation is a very common post-translation modification that takes place
during signal transduction. Eukaryotic cells rely extensively on protein phosphorylation
for their basic cellular processes, including metabolism, motility, differentiation, growth,
division, organelle trafficking, membrane transport, immunity, muscle contraction,
learning and memory [217, 218]. By combining the data from non-modified peptides and
the modified phosphopeptides, we identified in total 3816 proteins. A total of 2231 non-
phosphorylated unique proteins were identified and 892 unique phosphorylated proteins
whereas 693 phosphorylated proteins were identified in both total and phosphoproteome
making in total 1585 phosphorylated proteins as shown in the two way Venn diagram
(fig. 23-E). Our analysis showed 41.5% of protein phosphorylation of the total neutrophil
proteome identified in this study. Mass spectrometric analysis of the total phospho-
proteome of rat neutrophil revealed the efficacy of the enrichment method that we used.
We got 90% of the phosphorylated peptides that contained 95% of mono-, and 5% of di-
phosphorylated peptides where as 10% were non-phosphorylated peptides (Fig. 23-A).
We identified 4894 phosphosites in 4453 phosphopeptides for 1585 proteins Fig. 23-F.
For signal transduction cascades, the eukaryotic cells depend on the phosphorylation of
hydroxyl group on the side chain of serine (S), threonine (T) and tyrosine (Y) [219, 220].
Different studies have reported different ratios of S/T/Y phosphorylation in different cell
lines. Macek et al, 2007 reported a ratio of 70:20:10 for S/T/Y in Bacillus subtilis [221]
and the same group found 86:12:2 in human cell culture [222]. It has furthermore been
estimated that the relative abundances of phosphoserine, -threonine, and -tyrosine in the
human proteome are 90%, 10%, and 0.05%, respectively [223]. Phosphoproteomics
analysis of hela cells from Matthias Mann lab showed almost the same ratio 86.4:11.8:1.8
for S/T/Y phosphorylation like [222]. The phosphosites analysis of phosphoproteome of
rat neutrophils in the current work revealed a ratio of 87: 12:1 (S/T/Y) as in pie chart
from fig. 23-B, similar to the phosphoproteomics analysis performed by Lundby et al/,
2011 on 14 different rat organs and tissues where they found 88.1:11.4:1.5 ratio [224].
Our relative abundance of S/T/Y phosphorylation in regulated proteins Fig. 23-C showed
76:21:3 proportion that seems to be close to 79:17:2 of S/T/Y phosphorylation recently

studied in human embryonic differentiation into neural stem cells [185]. In a cluster-wise
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comparison, as shown in Fig. 23-G, of regulated proteins and peptides having regulated
phosphorylation shows that more regulated proteins were present in cluster 3 whereas
more phosphopeptides behaved like cluster 5, 2, and 4. We found 844 phosphopeptides
from 277 proteins were grouped in cluster 5, 726 phosphopeptides from 288 proteins in
cluster 2, while 605 phosphopeptides from 280 proteins were grouped in cluster 4.
Cluster 1 combined 551 phosphopeptides from 252 proteins and cluster 3 gathered 542
phosphopeptides from 257 proteins. We identified 3268 peptides having regulated
phosphorylation for 602 proteins.

UnmodifiedPeptides.
Proteome Phosphoproteome

Sph Proteins Tph Proteins
7000 - D E 693 892
6000 -
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W Proteins Phospho Peptides Phosphosites M Reg. Proteins M Phospho Proteins Reg. Phosphopeptides

Figure 23 Phosphoproteome of rat neutrophil.

A, Significance of phospho enrichment & number of phosphosites per peptide. B,
Distribution of phosphosites identified in total dataset. C, Distribution of phosphosites
identified in regulated dataset. D, Overlap between serine, threonine and tyrosine
phosphorylated proteins. E, Overlap between proteome and phosphoproteome. F,
Number of phosphosites and phosphopeptides in phosphoproteins. G, Clusterwise

61



distribution of phosphorylated proteins, regulated proteins, and regulated phosphorylated
peptides.

5.5 GO Slim analysis of total and regulated proteins of rat neutrophils

5.5.1 Cellular Component

Analysis of the Gene ontology (GO) from ProteinCenter of regulated proteins according
to their Cellular Component is shown in fig. 24, 25. There is great variety among the
regulated proteins from all the five clusters in their cellular localization. In cluster 1, (Fig.
24, 25-A) most of the regulated proteins belong to ribosome, cytoplasm and cytosol of
the neutrophil. In cluster 2, (fig. 24, 25-B) most of the proteins showed enrichment from

cytoskeleton, cytosol and extracellular component of neutrophil.
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Figure 24 Bar chat of GO slim terms of cellular component of total and all regulated
neutrophil proteins of (A) Cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 (E)
Cluster 5.
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Figure 25 GO slim terms of more abundant cellular component of total and all regulated
neutrophil proteins of (4) Cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 (E)
Cluster 5.

Proteins from Mitochondria and organelle lumen of neutrophils show enrichment in
cluster 3 (fjg. 24, 25-C). In cluster 4 most of the enriched regulated proteins are part of
cytoskeleton (Fig. 24, 25-D). Whereas in case of cluster 5, most abundant proteins were

found in chromosome of neutrophil (Fig. 24, 25-E).

Neutrophils are highly motile cells and cytoskeleton plays a very important role in their
motility. The cytoskeleton is a complex network of three cytosolic fibers namely
microfilaments, intermediate filaments and microtubules. Studies have shown that actin
fibers participate in neutrophil motility and also in the regulation of receptor affinity,
apoptosis, cell cycle and signaling to the nucleus [225, 226]. Actin in cytoplasm,
membrane and phagosome skeleton play very essential roles in neutrophil chemotaxis,
trans-endothelial migration (TEM) and phagocytosis [227]. The cytoskeleton of the
neutrophil is a very important part of the cell, which is still poorly characterized. Xu, P.,
et al has analyzed the sub-proteome of the neutrophil cytoskeleton of the cytosol,
phagosome membrane and plasma membrane. Using 2DE and MALDI-TOF-MS they
identified 138 proteins with few new proteins and the majority of these proteins were

enzymes related to the energy metabolism [228]. Pattern of regulation from clusters 1, 2
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and 4 shows down regulation of cytosolic and cytoskeletal proteins. The increased
motility and chemotactic response of IR neutrophils might correlates with their down

regulated cytoskeleton proteins compared to that of control and LAP.

The mitochondrion is the first site of damage in ischemia. During ischemia, the anaerobic
metabolism produces a decrease in cell pH by accumulating hydrogen ions, and then the
Na'/H" exchanger excretes excess hydrogen ions, resulting into large influx of sodium
ions [32]. Cellular ATP gets depleted which inactivates ATPases, reduces active Ca*"
efflux, and limits the re-uptake of calcium by the endoplasmic reticulum, thereby
producing calcium overload in the cell. As a result the mitochondrial permeability
transition (MPT) pore opens, that further disrupts ATP production by interrupting the
mitochondrial membrane potential. The magnitude of blood flow and the duration of
ischemia affect the degree of tissue injury [33]. Mitochondrial proteins show enrichment
only in cluster 3, which is down regulated only in laparotomy and shows no difference in

ischemia to control (Fig. 24-C).

5.5.2 Biological Processes

GO Slim terms of Biological Process of regulated proteins from all clusters are shown in
fig.-26. Most regulated Proteins of cluster 1 are involved in metabolic processes (Fig 26-
A, 27). Whereas proteins of cluster 2 are participating in cell organization and biogenesis

(Fig 26-B, 27).

64



= All Proteins %

g._proteins %

W c2_re

H All Proteins %

g._proteins %

M cl_re;

M All Proteins %

g._proteins %

W c4_re;

M All Proteins %

g._proteins %

W c3_re

g._proteins %

W c5_rey

xR
«
£
]
2
°
2
I
<
|

Figure 26 GO Slim terms of Biological Process of total and all regulated neutrophil
proteins of (A) cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 (E) Cluster 5.

Cluster_5

R
O
Q’&
>

o‘z‘%%
CF’\\

Figure 27GO Slim terms of more abundant Biological Process of total and all regulated

>
33
N
&S
S

B All Proteins
Cluster_4

. Cluster Proteins
Cluster_3

Cluster_ 2
>
o0

% %
)
&a 0,
%
0,%
- %
r_ . 0]
P
|2 I,ﬁo
& . , . , -,
mw o uw o uw o 9
o~ o~ - - .VO
N %

neutrophil proteins of all clusters.

65



Proteins from cluster 3 are involved in transport (Fig 26-C, 27). Proteins from cluster 4
are participating in cell organization, cellular component motility, cell communication
and regulation of biological processes (Fig 26-D, 27). Whereas most proteins from cluster
5 are playing role in cell organization, communication and regulation of biological

processes (Fig 26-E, 27).

5.5.3 Molecular Function

GO Slim terms of molecular function of proteins of cluster 1 show enrichment for
ribosome and cytoplasm (fig. 28-A, 29). These proteins are involved in RNA and
nucleotide binding along with structural molecular activity. Proteins from cluster 2 are

involved in protein binding and metal ion binding (Fig 28-B, 29).
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Figure 28 GO Slim terms of Molecular functions of total and all regulated neutrophil
proteins of (A) cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 (E) Cluster 5.
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Figure 29 GO Slim terms of more abundant proteins for Molecular functions for all

clusters.

Proteins from cluster 3 showed nucleotide binding and transporter activity (Fig 28-C, 29).
Proteins of Cluster 4 and cluster 5 are involved in protein, nucleotide and RNA and DNA
binding. It is clear from the five clusters that most of the regulated proteins are involved
in binding to DNA, RNA and proteins, in other words transcription and translation of the

proteins (Fig 228-D, E, 29).
5.6 Predicted Enzyme activity for the total rat neutrophil proteome

Using Blast2GO, as mentioned in materials and methods, the enzyme activity prediction
for the rat neutrophil proteome was carried out. A pie chart of predicted enzymes of the
whole regulated neutrophil proteome shows that most of the regulated enzymes are from
Transferases (EC:2), Hydrolases (EC:3) and oxidoreductases (EC:1) respectively
(Fig.30).

67



EC:5, 61, 4%

~

EC:4,38,3% EC:6, 118,

8%

Figure 30 Enzyme prediction of total rat neutrophil proteome. Proteins sequence

similarity based enzyme function prediction of total identified rat neutrophil proteome.

5.6.1 Enzyme function prediction for cluster 1

Isomerases (EC: 5) and ligases (EC: 6) are regulated enzymes enriched in cluster 1 as
compared to total proteins identified (Fig. 31). It means that isomerases and ligases are
down regulated in Laparotomy and IR group as compared to control. Details of the
predicted down regulated enzymes from EC: 5 and EC: 6 are given in tables 3 and 4.
Table 3 shows that the most down regulated enzymes among isomerases in IR group are
peptidylprolyl isomerase (EC: 5.2.1.8) and protein disulfide-isomerase (PDI) (EC:
5.34.1).
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Figure 31 Enzyme prediction of cluster 1 proteins. Proteins sequence similarity based

enzyme function prediction by B2GO of cluster 1 identified proteins.

Peptidylprolyl isomerase/cyclophilins (CyPs) are involved in cis/trans interconversion of
proline peptide bonds and facilitate protein folding [229]. It was shown in Rheumatoid
arthritis (RA) patients that CyPA affected IL-8 directed chemotaxis in neutrophils [230].

Protein disulfide-isomerase (PDI) is mainly located in the endoplasmic reticulum (ER)
and is involved in folding of newly synthesized proteins (rearrangement of disulfide
bonds, reductions or isomerization) [231] . Another study shows its role in ROS
production because it was co-immunoprecipitated with NADPH oxidase subunits at the
membrane p22phox as well as p47phox and p67phox in the cytosol of human neutrophils
[232]. Recently, in vivo study using fluorescence intravital microscopy in mice found that
PDI is involved in neutrophil adhesion (by interacting with aMp2 integrin in lipid rafts)
and crawling in TNF-a induced vascular inflammation. They suggested extracellular PDI

as a novel therapeutic target to prevent neutrophil sequestration [233].

Phenylpyruvate tautomerase/ Macrophage migration inhibitory factor (MIF) (EC 5.3.2.1)
is a cytokine with catalytic properties. The mature neutrophils from blood and tissue

constitutively express MIF as a cytosolic protein not associated with azurophil granules.
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Apoptotic neutrophils release active MIF after stimulation by TNF in a caspase-

dependent manner [234].

Prostaglandin-E synthase (PGES) (EC: 5.3.99.3) is the final enzyme in the production of
PGE2. PGE2 is a lipid mediator and basically is involved in many processes, such as
gastrointestinal and renal functions, vascular homeostasis, bone remodeling, fever
induction, pregnancy, and acute inflammation. Three isoforms of PGES are known
cytosolic PGES (cPGES) [235, 236], microsomal PGES-1 (mPGES-1) [235], and
mPGES-2 [237]. Proinflammatory cytokines IL-1B, TNF-o, and LPS, up regulate the
expression of mPGES-1[238]. Mosca et al. showed that neutrophils are the readymade
source of cellular mPGES-1[239].

Table 3 shows that most of the predicted down regulated ligases in cluster 1. According
to their role in neutrophils, nothing has been reported in literature before. Some of these
enzymes are involved in de novo synthesis of arginine and nucleotides and others are
involved in the transfer of different amino acids to their cognate tRNAs as described

below.

Aspartate tRNA ligase (EC: 6.1.1.12) [240]. Glycine tRNA ligase (EC:6.1.1.14) [241],
proline tRNA ligase (EC:6.1.1.15) [242], glutamate tRNA ligase (EC:6.1.1.17) [243],
Phenylalanine tRNA ligase (EC:6.1.1.20) [244] and Leucine tRNA ligase (EC:6.1.1.4)
[245] catalyze attachment of their respective amino acids to their cognate tRNA and this

reaction needs first activation of the amino acid by ATP to be used by the tRNA ligases.

Ubiquitin protein ligase (EC: 6.3.2.19) covalently attaches to the substrate, which is
mediated by the action of an El activating enzyme, an E2 conjugase and an E3 ligase
[246]. E3s can bind with E2 through RING finger, U box, or HECT domain and by F
box, SOCS box, and DDB1 or BTB domain to the substrate [247, 248]. We are reporting,
first time, the down regulation of these ligases in neutrophils that could lead to decrease
in the biosynthesis of these amino acids. The effect on activated neutrophils is not clearly

described in the literature.
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Carbamoyl-phosphate synthase (EC: 6.3.4.16) participates in formation of carbamyl-
phosphate from ammonia. It also starts both the urea cycle and synthesis of arginine and

pyrimidines [249].

Formate tetrahydrofolate ligase (Fhs) (EC: 6.3.4.3) catalyses the formation of 10-formyl-
tetrahydrofolate which is used directly in purine biosynthesis and formylation of Met-
tRNA in Porphyromonas gingivalis (Gram-negative bacterium) [250].
Adenylosuccinate synthetase ~ (EC:  6.3.4.4) that catalyzes the formation
of adenylosuccinate from l-aspartate and IMP whereas hydrolysis of GTP also take place
during this reaction, which is the first reaction in de novo synthesis of AMP [251].
Argininosuccinate synthase (EC: 6.3.4.5) is involved in de novo biosynthetic pathway for
arginine and converts citrulline to arginine that is catalyzed by two argininosuccinate
synthase and argininosuccinate lyase. First argininosuccinate synthase produces
argininosuccinate as a result of condensation of citrulline and aspartate and later
Argininosuccinate lyase then splits argininosuccinate to produce fumarate and arginine.
Argininosuccinate synthase also play important role during synthesis of urea, nitric oxide,
polyamine and creatine [252]. Phosphoribosyl formyl glycin amidine (FGAM) synthetase
(EC 6.3.5.3) catalyzes one of the steps in de novo purine synthesis pathway. This enzyme
catalyzes 5'-phosphoribosylformylglycinamide (FGAR) to FGAM in the presence of
glutamine and ATP [253]. Carbamoyl-phosphate synthase (glutamine-hydrolysing)
catalyzes formation of carbamoyl phosphate from L-glutamine in an intermediate in the
biosynthesis of arginine and the pyrimidine nucleotides [253]. RNA ligase (EC: 6.5.1.3)
transfer 5'-phosphate to the 3'-hydroxy terminus of RNA and as a result linear RNA

changes to a circular form [254].
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Table 3 Predicted isomerase function of cluster 1.

Acc Gene PD Description Enzyme Codes
Q6DGGO Ppid  Peptidyl-prolyl cis-trans isomerase D EC:5.2.1.8
P45878  Fkbp2 Peptidyl-prolyl cis-trans isomerase FKBP2 EC:5.2.1.8
P10111  Ppia  Peptidyl-prolyl cis-trans isomerase A EC:5.2.1.8
P17742  Ppia  Peptidyl-prolyl cis-trans isomerase A EC:5.2.1.8
P30904 Mif  Macrophage migration inhibitory factor EC:5.3.2.1
P30904 Mif  Macrophage migration inhibitory factor EC:5.3.3.12
P38659 Pdia4 Protein disulfide-isomerase A4 EC:5.3.4.1
Q6IUU3  Qsox1 Sulthydryl oxidase 1 EC:5.3.4.1
054890 Itgb3 Integrin beta-3 EC:5.34.1
Q8BNDS5 Qsox1 Sulfthydryl oxidase 1 EC:5.3.4.1
P08011  Mgstl Microsomal glutathione S-transferase 1 EC:5.3.99.3
Q7TSV4 Pgm2 Phosphoglucomutase-2 EC:54.2.2
Q7TSV4 Pgm2 Phosphoglucomutase-2 EC:54.2.2
Q9722M7 Pmm2 Phosphomannomutase 2 EC:54.2.2
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Table 4 Predicted ligase function of cluster 1

Acc Gene PD Description Enzyme Codes
P15178  Dars Aspartate--tRNA ligase, cytoplasmic EC:6.1.1.12
Q5I0G4 Gars Glycine--tRNA ligase (Fragment) EC:6.1.1.14
Q8CGC7 Eprs proline--tRNA ligase EC:6.1.1.15
Q8CGC7 Eprs glutamate tRNA ligase EC:6.1.1.17
Q505J8 Farsa  Phenylalanine--tRNA ligase EC:6.1.1.20
Q8BMJ2 Lars Leucine--tRNA ligase, cytoplasmic EC:6.1.1.4

Q9CZY3 Ube2vl Ubiquitin-conjugating enzyme E2 variant 1 EC:6.3.2.19
P83940 Tcebl Transcription elongation factor B polypeptide 1 EC:6.3.2.19

B5DF89 Cul3 Cullin-3 EC:6.3.2.19
F1LP64 Tripl2 E3 ubiquitin-protein ligase TRIP12 EC:6.3.2.19
Q2TL32 Ubr4  E3 ubiquitin-protein ligase UBR4 EC:6.3.2.19
088738 Birc6  Baculoviral IAP repeat-containing protein 6 EC:6.3.2.19
P07632 Sodl  Superoxide dismutase (Cu-Zn) EC:6.3.2.19
P48004 Psma7 Proteasome subunit alpha type-7 EC:6.3.2.2
Q62636 Raplb Ras-related protein Rap-1b EC:6.3.4.16
P63321 Rala Ras-related protein Ral-A EC:6.3.4.16
P27653 Mthfdl formate—tetrahydrofolate ligase EC:6.3.4.3
P46664 Adss  Adenylosuccinate synthetase isozyme 2 EC:6.3.44
P09034 Assl  Argininosuccinate synthase EC:6.3.4.5
Q5SURO Pfas Phosphoribosylformylglycinamidine synthase = EC:6.3.5.3
P63321 Rala Ras-related protein Ral-A EC:6.3.5.5
Q62636 Raplb Ras-related protein Rap-1b EC:6.3.5.5
Q99LF4 Rtcb tRNA-splicing ligase RtcB homolog EC:6.5.1.3

5.6.2 Enzyme prediction of clusters 2 and 3

Predicted regulated enzymes of the cluster 2 present transferases (EC: 2), hydrolases
(EC:3), and isomerases (EC:5) as enriched, while those for cluster 3 are oxidoreductases
(EC:1), Hydrolases (EC:3) and Lyases (EC:4) . A bar chart comparison between total and
regulated enzymes of clusters 2 and 3 show that there are no marked changes in enzymes

regulation of both the clusters Fig. 32, 33.
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Figure 32 Enzyme prediction of cluster 2 proteins. Proteins sequence similarity based

enzyme function prediction by B2GO of cluster 2 identified proteins.
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Figure 33 Enzyme prediction of cluster 3 proteins. Proteins sequence similarity based

enzyme function prediction by B2GO of cluster 3 identified proteins.
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5.6.3 Enzyme function prediction of cluster 4

The bar chart of predicted regulated enzymes of cluster 4 shows that (Fig.34) there is
marked enrichment of Transferases (EC:2), increased in Laparotomy whereas clear down
regulation has been observed in IR group. Detail of these regulated predicted enzymes is

given in table 5.
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Figure 34 Enzyme function prediction of cluster 4 proteins. Proteins sequence similarity

based enzyme function prediction by B2GO of cluster 4 identified proteins.

Phosphatidylinositol 4 phosphate 5 kinase (PIP5K) (EC: 2.7.1.149) enzyme catalyzes
phosphorylation of phosphatidylinositol 4-phosphate  (PtdIns4P) to produce
phosphatidylinositol 4, 5-bisphosphate [255] which is also an important second
messenger [256]. Three isoforms of PIP5SK are well known such as a, 3, and y. PIPSKa
have many roles including regulation of neuronal microtubules depolymerization [257],
suppression of phagocytosis [258], interaction with diacylglycerol kinase { (DGKJ),
resulting in the the formation of PtdIns (4,5)P2 [259]. Both Ser/Thr and Tyr
phosphorylation activate PIPSKf especially during oxidative stress [260] and is involved

in directional movement and polarity of the neutrophil [261, 262].

NAD+ protein-arginine ADP-ribosyl transferase (ARTs) (EC: 2.4.2.31) is involved in the
transfer of ADP-ribose from NAD to proteins. It is also produced by epithelial cells

lining the human airway, where it can modify human neutrophil peptides (HNP-1),
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altering its function. This alteration in neutrophil HNP-1 by ARTI is an important
activity in inflammation and diseases. Here we have, for the first time, reported

regulation of ARTs during IR in neutrophils [263].

Hexokinases (EC 2.7.1.2) catalyze the phosphorylation of glucose to glucose 6-phosphate
(1st step of glycolysis) [264]. There are four isozymes present in mammal i-e
HK1, HK2, HK3, and HK4. Hexokinase-3 (HK3) is present in all tissues in low amount
whereas lung, kidney, and liver have moderate to high amount [265]. Particularly in
granulcocytes, 70%-80% of total activity is provided by HK3 and remaining by HK1
[266]. Recently a study shown that HK3 was significantly down-regulated in primary
Acute promyelocytic leukemia (APL) that impaired neutrophil differentiation of APL
cells and finally promoted cell death of APL cells [267].

Protein-tyrosine kinases (EC: 2.7.10) including Src, Syk, and Tec play very important
roles in signal transduction pathways regulating neutrophil activation and recruitment to
inflammatory sites [268]. Protein-tyrosine kinases are first over expressed in laparotomy
and then down regulated in IR group. Bruton tyrosine kinase (BTK) belongs to the Tec
family of non-receptor tyrosine kinases. Recently it was shown that BTK-deficient
neutrophils were impaired in maturation and function. This condition was found
associated with inefficient development of granules as well as the expression of granule
proteins, myeloperoxidase, neutrophilic granule protein, gelatinase and neutrophil

elastase [269].

Serine/threonine protein kinases (EC: 2.7.11) are the most regulated of all the predicted
enzymes in cluster 4. Most of these enzymes are not well annotated with respect to their
role in neutrophils. One of the regulated serine/threonine protein kinases is PAK2 in this
cluster. In neutrophils, p21-activated kinase (PAK2) can be stimulated by number of
chemokines [270, 271]. Pak 2 can also be activated or auto phosphorylated on binding
with activated GTP-bound Rac or Cdc42 [272]. Many studies showed that Paks are
involved in a variety of cellular events such as rapid cytoskeletal responses,
transcriptional events and the development of malignancy [273]. MAP kinase-activated
protein kinase 2 (MAPKAPK 2), a Ser/thr kinase, has been shown to be phosphorylated
and activated by MAP kinases (rapidly stimulated by mitogens, cytokines, and stresses)

76



both in vivo and in vitro. MAPKAP kinase 2 is involved in neutrophil activation [274,
275]. Surprisingly, it is down regulated in cluster 4 in IR group. Activation of
Calcium/calmodulin-dependent protein kinase (EC: 2.7.11.17) (CaMKs) inhibits
neutrophil maturation [276]. Mitogen-activated protein kinase (EC 2.7.11.24) includes
Erk, jnk and p38. They participate in inflammation, apoptosis and migration whereas p38

regulates both in vitro and in vivo neutrophil chemotaxis [277].

5.6.4 Enzyme function prediction of Cluster 5

Figure 35 shows that the regulated enzymes in cluster 5 are enriched for oxidoreductases
(EC: 1) when compared to the total regulated enzymes. Proteins in cluster 5 are up
regulated in laparotomy and are also more abundant in the IR group. Details for these

predicted enzymes are given in table 6.
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Figure 35 Enzyme prediction of cluster 5 proteins. Proteins sequence similarity based

enzyme function prediction by B2GO of cluster 5 identified proteins.

Aldose reductase (AR) (EC: 1.1.1.21), which is a rate-limiting enzyme in polyol pathway
3, is a key player in myocardial ischemic injury and an increase in AR has been observed
in the heart during ischemia that results into MTP opening [278, 279]. In addition, AR
has been shown to mediate IRI in both diabetic and nondiabetic animals and results into
microvascular dysfuntion [279, 280]. Inhibition of AR prevented the production of
inflammatory cytokines and cardiac dysfunction induced by LPS in mice [281]. fMLP
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Table 5 Predicted transferase function of cluster 4.

Acc Gene PD Description Enzyme Codes
Q9Z0TO0 Tpmt Thiopurine S-methyltransferase EC:2.1.1.67
P40142 Tkt Transketolase EC:2.2.1.1
POC1Q3 POC1Q4 POC1Q5 POC1Q6
P63005 Pafahlbl Platelet-activating factor acetylhydrolase IB subunit alpha EC:2.3.1.149
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.23
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.51
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.63
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.67
QI9CYK2  Qpct Glutaminyl-peptide cyclotransferase EC:2.3.2.5
A2RRU1I  Gysl Glycogen [250] synthase, muscle EC:2.4.1.11
Q64633 Ugtla7c  UDP-glucuronosyltransferase 1-7 EC:2.4.1.17
Q5RJQ4 Sirt2 NAD-dependent protein deacetylase sirtuin-2 EC:2.4.2.30
P84084 Arf5 ADP-ribosylation factor 5 EC:2.4.2.31
P61750 Arf4 ADP-ribosylation factor 4 EC:2.4.2.31
P04905 Gstml Glutathione S-transferase Mu 1 EC:2.5.1.18
P20291 Alox5ap  Arachidonate 5-lipoxygenase-activating protein EC:2.5.1.18
QI9RO0I8 Pip4k2a  Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha EC:2.7.1.149
088370 Pip4k2c  Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma EC:2.7.1.149
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
QIHCL7  Nadk2 NAD kinase 2, mitochondrial EC:2.7.1.23
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
P11980 Pkm Pyruvate kinase PKM EC:2.7.1.40
QIROI8 Pip4k2a  Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha EC:2.7.1.68
088370 Pip4k2c  Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma EC:2.7.1.68
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
Q9Z0P5 Twi2 Twinfilin-2 EC:2.7.10
P35991 Btk Tyrosine-protein kinase BTK EC:2.7.10
P31938 Map2kl  Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.10
P36506 Map2k2  Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.10
P50545 Hck Tyrosine-protein kinase HCK EC:2.7.10
P50545 Hck Tyrosine-protein kinase HCK EC:2.7.10.2
QIJI11 Stk4 Serine/threonine-protein kinase 4 EC:2.7.11
P19139 Csnk2al  Casein kinase II subunit alpha EC:2.7.11
QI9CQR6  Pppbe Serine/threonine-protein phosphatase 6 catalytic subunit EC:2.7.11
P18654 Rps6ka3  Ribosomal protein S6 kinase alpha-3 EC:2.7.11
Q9WUT3 Rps6ka2  Ribosomal protein S6 kinase alpha-2 EC:2.7.11
Q63644 Rockl1 Rho-associated protein kinase 1 EC:2.7.11
Q4G050 Mknk1 MAP kinase-interacting serine/threonine-protein kinase 1 EC:2.7.11
054833 Csnk2a2  Casein kinase II subunit alpha EC:2.7.11
Q63184 Eif2ak2  Interferon-induced, double-stranded RNA-activated protein kinase EC:2.7.11
Q53UA7 Taok3 Serine/threonine-protein kinase TAO3 EC:2.7.11
Q99J45 Nrbpl Nuclear receptor-binding protein EC:2.7.11
P80386 Prkabl 5'-AMP-activated protein kinase subunit beta-1 EC:2.7.11
Q8KI1R7 Nek9 Serine/threonine-protein kinase Nek9 EC:2.7.11
P18265 Gsk3a Glycogen synthase kinase-3 alpha EC:2.7.11
P47197 Akt2 RAC-beta serine/threonine-protein kinase EC:2.7.11
P27926 Hk3 Hexokinase-3 EC:2.7.11.2
Q64303 Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11
P31938 Map2kl  Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.11
P49138 Mapkapk2 MAP kinase-activated protein kinase 2 EC:2.7.11
QIWTY9 Mapkl3  Mitogen-activated protein kinase 13 EC:2.7.11
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Continues Table-5: Predicted transferase function of cluster 4

Q66H84 Mapkapk3 MAP kinase-activated protein kinase 3 EC:2.7.11
P36506  Map2k2  Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.11
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.11
Q91VJ4  Stk38 Serine/threonine-protein kinase 38 EC:2.7.11.11
P09215  Prked Protein kinase C delta type EC:2.7.11.13
Q91VJ4  Stk38 Serine/threonine-protein kinase 38 EC:2.7.11.13
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.13
QoJI11 Stk4 Serine/threonine-protein kinase 4 EC:2.7.11.13
P26817  Adrbkl Beta-adrenergic receptor kinase 1 EC:2.7.11.14
P26817  Adrbkl Beta-adrenergic receptor kinase 1 EC:2.7.11.15
P26817  Adrbkl Beta-adrenergic receptor kinase 1 EC:2.7.11.16
P62204  Calml Calmodulin EC:2.7.11.17
P49138  Mapkapk2 MAP kinase-activated protein kinase 2 EC:2.7.11.17
Q66H84 Mapkapk3 MAP kinase-activated protein kinase 3 EC:2.7.11.17
P11730  Camk2g  Calcium/calmodulin-dependent protein kinase type Il subunit gamma EC:2.7.11.17
P31938  Map2kl  Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.11.24
Q9WTY9 Mapkl3  Mitogen-activated protein kinase 13 EC:2.7.11.24
P36506 Map2k2  Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.11.24
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.25
P97930  Dtymk Thymidylate kinase EC:2.7.4.4
P97930  Dtymk Thymidylate kinase EC:2.7.4.9
Q917J5 Ugp2 UTP--glucose-1-phosphate uridylyltransferase EC:2.7.7.9
035156 UGP2 UTP--glucose-1-phosphate uridylyltransferase EC:2.7.7.9

induced CD11b up-regulation as well as superoxide generation is completely prevented
by AR inhibition. A study investigating the role of AR in mediating ALI showed that AR
is required for neutrophils to respond for chemokines released by ECs after TNF-a
stimulation. AR also affects CD11b up-regulation, neutrophil shape changes, and
neutrophil adhesion to ECs [282]. Our data also suggested the increase production of AR
in neutrophil during IRI.

Proteomic analysis of rat intestinal mucosa after ischemic preconditioning in IRI model
identified 10 proteins using 2DE in combination with MALDI-TOF-MS and these
proteins were involved in anti-oxidation, apoptosis inhibition and energy metabolism.
This study also revealed up-regulation of aldehyde dehydrogenase and aldose reductase
in IPC group [152]. Another study used 2-DE combined with MALDI-MS to analyze
proteome of intestinal mucosa subjected to I/R injury in the absence or presence of IPC
pretreatment in rats. A total of 16 proteins were deferentially expressed which belonged
to cellular energy metabolism, anti-oxidation and anti-apoptosis of which aldose

reductase, which removes ROS, was significantly down regulated in IR and up regulated
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in IPC [153]. From these studies and our analysis it seems interesting that during IR
aldose reductase is up regulated in the neutrophil and myocardium but down regulated in

the intestinal mucosa.

Lactate dehydrogenase (LDH) (EC: 1.1.1.27) is a well-known nonspecific marker of cell
injury and necrosis in cardiac, hepatic, muscular and renal tissue, in a variety of
infections, lymphomas, hemolysis and delayed graft function [283]. Lactate
dehydrogenase (LDH) is released from azurophil granules when neutrophils undergo

necrosis [284].

6-Phosphogluconate dehydrogenase (6PGDH) (EC 1.1.1.44), which converts 6 -
phosphogluconate into ribose 5-phosphate (second step of PPP) with the release of a
second molecule of NADPH. 6PGDH was found associated with the neutrophil oxidase
complex [285] and recently it was found to regulate phagocyte NADPH oxidase activity
in neutrophils [286].

Myeloperoxidase (MPO) (EC: 1.11.1.7) is abundantly produced and released from
azurophilic granules in neutrophil [287]. It catalyzes the formation of hypochlorous acid
(HOC), an oxidant having bactericidal activity in vitro [288]. In addition MPO-H202-
chloride system subsequently produces chlorine, chloramines, hydroxyl radicals, singlet
oxygen, and ozone which on release to outside of the cell may attack normal tissue and
thus contribute to the pathogenesis of disease [289]. Another study demonstrated that the
binding of MPO to CD11b/CD18 integrins results into PMN activation in a mechanism
independent of MPO catalytic activity [290].

Arachidonate 5-lipoxygenase (EC: 1.13.11.34) and Arachidonate 15-lipoxygenase 15-LO
(EC: 1.13.11.33) catalyzes the insertion of molecular oxygen into arachidonic acid at
carbon 5 and 15. The enzymes can also oxygenate other polyenoic free fatty acids as well
as a variety of phospholipids [291]. Immunocytochemical localization of 15-LO failed to
prove the expression of 15-LO in neutrophils [292] and here we are, for the first time

reporting over expression of these lipooxygenases during IRI in neutrophil.

Prostaglandin endoperoxide synthase (EC: 1.14.99.1) also known as cyclooxygenase

(COX), which converts Archidonic acid (AA) to Prostaglandin G2 (PGG2) and a PGG2
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reduction to Prostaglandin H2 (PGH2) which is a common precursor for all prostanoids
[293]. Neutrophils can synthesize prostanoids in response to various types of stimulation
[294, 295]. In moncytes, COX-2 expression for prostanoid synthesis needs activation of
p38MAPK [296]. Whereas in neutrophils both ERK and p38MAPK pathways are
involved in LPS-induced COX-2 expression and prostaglandin E(2) PGE2 production
although IL-10 and IL-4 can inhibit neutrophil prostanoid synthesis by down-regulating
the activation of p38MAPK [297].

Superoxide dismutase (SOD) (EC: 1.15.1.1) is involved in the regulation of neutrophil
apoptosis and can lead to neutrophil mediated tissue injury during inflammation [298].
Recently it was found that extracellular superoxide dismutase impairs neutrophil function

and inhibits its innate immune response thus leading to impaired bacterial clearance

[299].

Xanthine oxidase, (XO), (EC 1.17.3.2) is an important enzyme having a role in the
catabolism of purines. In mammals endothelial xanthine dehydrogenase (XDH) (EC:
1.17.1.4) can be converted to XO either reversibly or irreversibly [300]. The hypoxic
stress also initiates conversion of XDH to XO. Molecular O, re-enters into tissues during
the reperfusion of the Intestine, where it reacts with hypoxanthine and XO to produce a
variety of oxygen free radicals superoxide anion (O7), hydrogen peroxide (H,O,) and
nitric oxides [301]. Activated neutrophils also convert XDH to XO in ECs, by secreting
elastase in close proximity to the ECs [302]. Here we are reporting for the first time the
presence and consistent increase in XDH and XO abundance in neutrophils after ischemia

and reperfusion.

Glyceraldehyde-3-phosphate dehydrogenase, (GAPDH), (EC:.2.1.12) is a glycolytic
enzyme whereas mammalian GAPDH also has diverse functions including membrane
fusion, microtubule bundling, phosphotransferase activity, nuclear RNA export, DNA
replication, and DNA repair. Moreover, it also takes part in apoptosis, age-related
neurodegenerative diseases, prostate cancer, and viral pathogenesis [303]. It has been
proved that it is involved in up to 25% of the total Ca®" dependent cytosolic neutrophil
degranulation [304].
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Retinal dehydrogenase, (RALDH), (EC 1.2.1.36) converts vitamin A to retinoic acid
(RA) in dendritic cells (DCs) and stromal cells in gut and induces gut homing of T cells
[305] like Foxp3 producing regulatory T cells [306], and IgA expressing B cells [307], as
well as suppressing the differentiation of Th17 cells [308]. Here we report for the first
time an increased expression of RALDH in neutrophils after intestinal ischemia and

reperfusion.

NADPH dehydrogenase, (quinone), (EC: 1.6.5.2) also known as NAD(P)H quinone
oxidoreductase 1 (NQOI1) is a flavoprotein that catalyzes the metabolic reduction of
quinones [309]. Higher level of NQO1 has been observed in tumor tissues compared with
normal ones [310] such as non-small cell lung cancer, colon cancer, breast cancer,
ovarian cancer, and melanoma [310, 311]. Also higher NQO1 amounts have been found
in liver, lung, colon, and breast tumors of human patients [312]. Here we are reporting for

the first time a higher expression of NQO1 in neutrophils after ischemia and reperfusion.

Glutathione reductase, (Gsr), (EC: 1.8.1.7) catalyzes the regeneration of glutathione from
glutathione disulfide utilizing NADPH where Glutathione is a major antioxidant,
essential for the removal of H,O, from the cytosol of granulocytes and leukocytes [313,
314]. Recently, Gsr has been found to facilitate host defense by sustaining phagocytic
oxidative burst and promoting the development of neutrophil extracellular traps (NET) in

mice [315].

NADPH-dependent thioredoxin reductases (TrxR) 1 (EC: 1.8.1.9) is involved in
denitrosylation of proteins in cytosol [316]. Thom, S.R., et al. showed recently that TrxR
is also involved in cytoskeletal control in neutrophils through association with Focal

Adhesion Kinase (FAK) [317].

82



Table 6 Predicted oxidoreductase function of cluster 5.

Acc Gene PD Description Enzyme Codes
P07943  Akrlbl Aldose reductase EC:1.1.1.112
P07943 Akrlbl Aldose reductase EC:1.1.1.149
P22985 Xdh Xanthine dehydrogenase/oxidase EC:1.1.1.158
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.159
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.178
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.201
P07943  Akrlbl Aldose reductase EC:1.1.1.21
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.239
P04642 Ldha L-lactate dehydrogenase A chain EC:1.1.1.27
P19629 Ldhc L-lactate dehydrogenase C chain EC:1.1.1.27
Q811X6 Cryll Lambda-crystallin homolog EC:1.1.1.35
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.35
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.36
Q99KE1l Me2 NAD-dependent malic enzyme, mitochondrial EC:1.1.1.38
Q99KE1l Me2 NAD-dependent malic enzyme, mitochondrial EC:1.1.1.39
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.43
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.44
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.51
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.62
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.95
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.1.4.1
P11247 Mpo Myeloperoxidase EC:1.11.1.7
P49290 Epx Eosinophil peroxidase EC:1.11.1.7
P00406 Mtco2 Cytochrome c oxidase subunit 2 EC:1.11.1.7
Q63189 Prg2 Bone marrow proteoglycan EC:1.11.1.7
P04041 Gpxl1 Glutathione peroxidase 1 EC:1.11.1.9
Q02759 Aloxl15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
P00406 Mtco2 Cytochrome ¢ oxidase subunit 2 EC:1.13.11
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P00388 Por NADPH--cytochrome P450 reductase EC:1.14.12.17
Q99MS7 Ehbplll EH domain-binding protein 1-like protein 1 EC:1.14.13
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.13
P00388 Por NADPH--cytochrome P450 reductase EC:1.14.13
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.13.30
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.14.1
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.15.3
P00406 Mtco2 Cytochrome c oxidase subunit 2 EC:1.14.99.1
P05982 Ngqol NAD(P)H dehydrogenase 1 EC:1.15.1.1
Q4VE8K1 Steap4 Metalloreductase STEAP4 EC:1.16.1
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Continue Table 6 Predicted oxidoreductase function of cluster 5.

Q4VSK1
Q4V8K1
P09528
P22985
P22985
P07943
P11884
Q4KYY3
Q97218
P11884
P11884
P07943
Q5X142
P11884
008984
P11348
Q63189
P00388
P05982
P00388
070145
P05982
P05982
Q9IDCZ1
P70619
P47791
089049
QYESH6
P00406
P00388
P32577
P09528

Steap4
Steap4
Fthl
Xdh
Xdh
Akrlbl
Aldh2
GAPDH
Suclg?2
Aldh2
Aldh2
Akrlbl
Aldh3bl
Aldh2
Lbr
Qdpr
Prg2
Por
Nqol
Por
Ncf2
Nqol
Nqol
Gmpr
Gsr
Gsr
Txnrdl
Glrx
Mtco2
Por
Csk
Fthl

Metalloreductase STEAP4
Metalloreductase STEAP4

Ferritin heavy chain

Xanthine dehydrogenase/oxidase
Xanthine dehydrogenase/oxidase
Aldose reductase

Aldehyde dehydrogenase, mitochondrial
Glyceraldehyde-3-phosphate dehydrogenase
Succinyl-CoA ligase subunit beta, mitochondrial
Aldehyde dehydrogenase, mitochondrial
Aldehyde dehydrogenase, mitochondrial
Aldose reductase

Aldehyde dehydrogenase family 3 member B1
Aldehyde dehydrogenase, mitochondrial
Lamin-B receptor

Dihydropteridine reductase

Bone marrow proteoglycan
NADPH--cytochrome P450 reductase
NAD(P)H dehydrogenase [quinone] 1
NADPH--cytochrome P450 reductase
Neutrophil cytosol factor 2

NAD(P)H dehydrogenase [quinone] 1
NAD(P)H dehydrogenase [quinone] 1
GMP reductase 1

Glutathione reductase (Fragment)
Glutathione reductase, mitochondrial
Thioredoxin reductase 1, cytoplasmic
Glutaredoxin-1

Cytochrome ¢ oxidase subunit 2
NADPH--cytochrome P450 reductase
Tyrosine-protein kinase CSK

Ferritin heavy chain

EC:1.16.1.7
EC:1.16.1.9
EC:1.16.3.1
EC:1.17.1.4
EC:1.17.3.2
EC:1.2
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5.7 KEGG Pathway Analysis of Rat Neutrophil Proteome

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is used as a reference
knowledge base for understanding signal transduction, cellular process and biological
pathways [318]. Uniprot accession numbers were mapped to gene symbols by protein
center. Gene symbols from all the differentially abundant proteins from the five clusters
were mapped with the genome from KEEG pathways using the online databases
WebGestalt and enrichnet [197, 198]. Most of the pathways showed significant results in
different clusters so we analyzed and discussed those common pathways together. The
reason for the presence of these pathways in different set of clusters is that as most of the
databases including WebGestalt and enrichnet use Gene symbols instead of UniProt
Accessions that resulted into assignment of different proteins to same genes that lead to
duplication of genes. If we removed these duplicate genes from all the five clusters then
almost 200 genes would be deleted along with a decrease in the level of significance and
overlapping genes with not much change in pathway assignment. So we removed the
duplicates from pathways of interest rather than to remove from all the clusters. In table.
7, overlap genes are genes in the uploaded gene set and also found in the reference genes
in the category. Ratio is the ratio of enrichment; raw P-value is the P value from

hypergeometric test and p value adjusted by multiple test adjustment.
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Table 7 Predicted KEGG pathways for all clusters.

PathwayName Overlap Gene Cluster No. Reference Genes Ratio Raw P-value Adjusted P-value
Ribosome 57 1 122 44 .41 8.98E-80 1.11E-77
Spliceosome 28 1 135 19.72 4.74E-28 2.94E-26
Metabolic pathways 49 1 1169 3.98 3.16E-16 1.31E-14
Protein processing in endoplasmic reticulum 20 1 164 11.59 1.12E-15 3.47E-14
RNA transport 19 1 156 11.58 5.96E-15 1.48E-13
Phagosome 18 1 185 9.25 1.54E-12 3.18E-11
Proteasome 10 1 49 19.4 8.60E-11 1.52E-09
Neurotrophin signaling pathway 12 1 129 8.84 1.38E-08 2.14E-07
Focal adhesion 13 1 186 6.64 1.05E-07 1.45E-06
Lysosome 10 1 124 7.67 8.46E-07 9.54E-06
Regulation of actin cytoskeleton 24 2 208 11.53 1.78E-18 2.06E-16
Fc gamma R-mediated phagocytosis 17 2 91 18.67 4.37E-17 2.53E-15
Neurotrophin signaling pathway 18 2 129 13.94 1.15E-15 4.45E-14
Oocyte meiosis 17 2 115 14.77 2.67E-15 6.19E-14
Leukocyte transendothelial migration 17 2 114 14.9 2.29E-15 6.19E-14
Protein processing in endoplasmic reticulum 19 2 164 11.58 6.17E-15 1.19E-13
Long-term potentiation 14 2 69 20.27 7.74E-15 1.28E-13
Chemokine signaling pathway 18 2 178 10.1 3.45E-13 5.00E-12
Metabolic pathways 42 2 1169 3.59 1.38E-12 1.78E-11
Cell cycle 15 2 124 12.09 2.37E-12 2.75E-11
Metabolic pathways 109 3 1169 6.5 2.28E-55 3.58E-53
Spliceosome 36 3 135 18.59 3.41E-35 2.68E-33
Huntington's disease 41 3 218 13.11 2.87E-33 1.50E-31
Parkinson's disease 34 3 164 14.45 2.71E-29 1.06E-27
Oxidative phosphorylation 30 3 156 13.41 5.65E-25 1.77E-23
Proteasome 20 3 49 28.45 1.95E-24 5.10E-23
Citrate cycle (TCA cycle) 17 3 30 395 3.77E-24 8.46E-23
Alzheimer's disease 31 3 212 10.19 4.95E-22 9.71E-21
Protein processing in endoplasmic reticulum 26 3 164 11.05 1.34E-19 2.34E-18
Lysosome 22 3 124 12.37 7.00E-18 1.10E-16
Neurotrophin signaling pathway 22 4 129 21.85 3.75E-23 4.57E-21
Regulation of actin cytoskeleton 25 4 208 154 3.06E-22 1.87E-20
Long-term potentiation 16 4 69 29.71 1.77E-19 7.20E-18
Oocyte meiosis 17 4 115 18.94 4.39E-17 1.34E-15
Insulin signaling pathway 17 4 131 16.62 4.21E-16 1.03E-14
Metabolic pathways 41 4 1169 4.49 1.40E-15 2.85E-14
Fc gamma R-mediated phagocytosis 12 4 91 16.89 7.71E-12 1.18E-10
Leukocyte transendothelial migration 13 4 114 14.61 6.83E-12 1.18E-10
Chemokine signaling pathway 15 4 178 10.8 1.36E-11 1.84E-10
Glioma 10 4 62 20.66 5.55E-11 6.41E-10
Metabolic pathways 51 5 1169 4.77 3.39E-20 4.24E-18
Vasopressin-regulated water reabsorption 11 5 44 27.35 1.91E-13 1.19E-11
Chemokine signaling pathway 16 5 178 9.83 1.12E-11 4.67E-10
Systemic lupus erythematosus 14 5 132 11.6 2.35E-11 7.34E-10
Fc gamma R-mediated phagocytosis 12 5 91 14.43 4.77E-11 1.19E-09
Endocytosis 16 5 230 7.61 5.16E-10 1.08E-08
Regulation of actin cytoskeleton 15 5 208 7.89 1.09E-09 1.95E-08
Glycolysis / Gluconeogenesis 10 5 78 14.03 2.64E-09 4.03E-08
Neurotrophin signaling pathway 12 5 129 10.18 2.90E-09 4.03E-08
Oocyte meiosis 11 5 115 10.46 9.90E-09 1.24E-07
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5.7.1 Ribosomal Pathway:

From table 6 it is clear that the most significant and important pathway encountered from
WebGestalt database is the ribosomal pathway with an adjusted P-value of 1.11e-77 and
57 overlapping proteins from our dataset that are present in the pathway (Fig. 36, 37).

Ribosomal proteins are fundamental components in the cellular metabolism and ribosome
synthesis is critical for cell growth and development. The ribosomal (r-) proteins are
responsible for the correct folding and cleavage of rRNA as well as for subunit assembly
[1]. The eukaryotic ribosome consist of two subunits a large (60S) and a small (40S)
subunit. The large subunit contains three RNAs and 46 proteins and the small subunit is
composed of one RNA and 33 proteins. Ribosomal proteins have some extra ribosomal
activities including catalytic functions replication, transcription, RNA processing, DNA
repair, and even inflammation (in monocytes) but these functions for each ribosomal
protein are not yet clear [319-321]. During normal conditions, equal amounts of rRNA
and ribosomal proteins are synthesized in a cell while altered conditions also alter the
levels of ribosomal proteins synthesis [322]. As during neuronal differentiation of human
embryonic carcinoma cells, proteins of the large subunit such as L3, L7, L8, L10, L23a,
L27a, L36a, and L39 showed decreased expression exhibited a constant down regulation,
along with some proteins from small subunit (S2, S3, S3a, S4X, S6, S9, S12, S13, S16,
S19, S20, S23, and S27a).

Whereas a L11, L32, S8, and S11 were constant initially or up regulated and then down
regulated later like L6, L15, L17, L31, and S27y [323]. This independent alteration in
ribosomal protein synthesis suggests that these proteins have some roles other than
protein synthesis. For example, PO and S3 have shown endonuclease activity so might
have role in DNA repair [324, 325] and L7 can also act as co-regulator of the vitamin D
receptor [326]. L7 in Jurkat T-lymphoma cells [327] , S20 in the human leukemic cell
line CEM C7 [328], and S3a in tumor cell [329] have a role in apoptosis.

RP S19 oligomers act as chemoattractant for migrating monocytes/macrophages to
apoptotic cells via the C5aR [330]. RP S19 oligomers have dual role on the C5aR of
phagocytic leucocytes; it induces an agonist-induced effect on the monocyte C5aR but an

antagonist-induced effect on the neutrophil C5aR [331]. C5a causes chemotactic
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Figure 36 The enriched ribosome pathway of the differentially abundant proteins (DAPs)
from cluster 1. The down-regulated overlapped proteins are highlighted in red.

migration and secretion via the C5aR-mediated classical ERK1/2 pathway. RP S19
oligomers inhibit neutrophil C5aR mediated chemotactic pathways however the
mechanism is not known [332, 333]. Here we are reporting for the first time the down
regulation of 57 ribosomal proteins in neutrophils after laparotomy and intestinal
ischemia/reperfusion (Figure 36). RPS19 is also among the down-regulated proteins,
which may be involved in the up regulation of C5aR mediated chemotaxis in neutrophil

after IR.

Overall connectivity of identified proteins in cluster 1 was determined using the online
database STRING. For more conformation about the interaction we have also analyzed
these ribosomal proteins in STRING and results (Fig.38) showed highly strong

connection between these proteins.
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Figure 37 Computer graph visualization of the enrichnet of the dataset from cluster 1

overlap (green) is shown for the regulation of the ribosomal pathway.
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Figure 38 Interaction network of proteins from cluster 1 identified in ribosomal KEGG

pathway.
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5.7.2 Regulation of Actin Cytoskeleton Pathway

Regulation of Actin Cytoskeleton Pathway shows common proteins from cluster 2, 4 and
5 with P-values, P=2.06e-16 and 24 overlapping protein, P=1.87e-20 and 25 overlapping
proteins and P=1.95e-08 with 15 overlapping proteins respectively. The P-values of this
pathway for each cluster are significant so we did a comparison of all three clusters with
different colors for each cluster as shown in fig.39. Most of the proteins are up regulated

(Gold and Yellow) and some are down regulated (red) in this pathway.

Normal circulating neutrophils are non-polarized. Once a chemoattractant binds to its
cell-surface receptor, activation of the cytoskeletal machinery takes place after
cytoplasmic signal transductions leading to formation of lamellar filamentous actin or F-
actin (front) and the uropod rich in actomyosin filaments (back) (polarization).
Neutrophils can align their front-back polarity with the chemoattractant gradient and start
directional migration [334]. Studies have shown association between PI-3 kinase activity
and activation of a family of small GTP-binding proteins, Ras and of a Ras subfamily
including Rho, Rac, and CDC-42 which are important regulators of motility and cell
shape [335]. The Arp2/3 complex localizes to regions of active actin polymerization in
neutrophils and is involved in multiple pathways from signal to actin assembly [336].
Regulation of Actin Cytoskeleton Pathway analysis of our data showed that most of these
proteins including Rho, Rac, Rac, ARP2/3 among others are present in the data. They are
up regulated in neutrophils during IR as compared to control leading to enhanced

motility, locomotion and chemotaxis (Fig.39).
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Figure 39 The enriched regulation of actin cytoskeleton pathway of the differentially
abundant proteins (DAPs) from clusters 2, 4 and 5. Cyan (cluster 2) and yellow (cluster
5) show up regulation, red (cluster 4) down regulation and green not found in our

dataset.
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Figure 40 Computer graph visualization from enrichnet.org of uploaded dataset for

clusters 2, 4 and 5 overlap (green) is shown for regulation of actin cytoskeleton pathway.
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Computer graph visualization from enrichnet.org of uploaded dataset from cluster 2, 4
and 5, overlap is shown for regulation of actin cytoskeleton pathway in fig.40.
Overlapping genes are shown in green. For the overlapping proteins, a STRING based

protein-protein interaction analysis was performed to find out the interactions among the

proteins (Fig. 41).
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Figure 41 Interaction network of proteins from cluster 2, 4 and 5 identified in regulation
of actin cytoskeleton KEGG pathway.

Figure 41 obtained from STRING for the protein-protein interactions of the 46 proteins

encountered during Actin cytoskeleton regulation pathway shows highly interconnected

sub-networks.
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5.7.3 Fc gamma R-mediated phagocytosis pathway:

Table 7 shows that the other interesting pathway predicted by WebGestalt is Fc gamma
R-mediated phagocytosis pathway with P-value P=2.53e-15 and 17 overlapping proteins,
P=1.18e-10 and 12 overlapping proteins and P=1.19e-09 with 12 overlapping proteins
from clusters 2, 4 and 5 respectively fig. 42. The up regulated proteins include Src, Syk,
SPHK, WASP, PLC, ERK1/2, ¢ PKC, p47phox, Arp2/3, Rac, PAG3, PAK1, WASP,
WAVE and cofilin (yellow and golden) and few down regulated proteins such as PKC,
gelsolin, VASP, CrklII (red). Computer graph visualization from enrichnet of uploaded
dataset from these clusters shows overlapping proteins (green) for Fc gamma R-mediated
phagocytosis pathway in fig. 38. Blue are the total uploaded proteins dataset from

clusters and red are the non-overlapping proteins of this pathway.
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Figure 42 The enriched Fc gamma R-mediated phagocytosis pathway for the
differentially expressed proteins (DEPs) from cluster 2, 4 and 5. Cyan (cluster 2) and

yellow (cluster 5) are up regulated and red (cluster 4) down regulated.
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As a result of Interaction of FcR with their Ig ligands in leukocyte initiates a number of
responses including phagocytosis, antibody-dependent cell-mediated cytotoxicity
(ADCC), release of pro-inflammatory mediators and cytokines production [337, 338].
Phosphorylation of specific tyrosine residues within immunoreceptor tyrosine-based
activation motifs (ITAMs) takes place after receptor and ligand clustering [339] and Src
tyrosine-kinase family enzymes are involved in initial ITAM phosphorylation [340]. Syk
is a tyrosine kinase, very important player of this pathway as in neutrophils, its inhibition
repel phagocytosis of IgG coated particles [341]. But the exact role of Syk in this process
remains unclear. Some studies show its role in the formation of the actin filament cup

during FcRy-mediated phagocytosis [341, 342].

PLCy (phospholipase) produces IP3 and diacylglycerol (DAG) from PI-4, 5 bisphosphate
[PI(4,5)P2]. This leads to IP3, that mediates calcium release and DAG dependent
activation of several PKC isoforms. Inhibition of PLCy resulted into impaired
phagocytosis in macrophages and PLCy havs been found accumulated at the phagocytic
cup [343].

ERK activation occurs after translocation of PKC and Raf-1 to the plasma membrane
[344]. Raf-1 then activates MAPK kinase (MEK), and MEK activation directly leads to
ERK activation which mediates activation of nuclear factors, such as Elk and nuclear
factor-B, important for cytokine production [345]. Rac is also important participant in
this process as its inhibition in macrophages leads to complete inhibition of actin

assembly and internalization of IgG coated particles [346].

PAG3 (GTPase activating protein for ARF6) have been found accumulated with ARF6
and F-actin at phagocytic cups [347]. Cofilin and gelsolin are of the several actin-binding
molecules taking part in this phagocytosis through regulation of actin dynamics by
various mechanisms [348]. Arp2/3 complex was also found accumulated in phagosomes
and is required for particle ingestion by receptor [349]. Wiskott-Aldrich syndrome
protein (WASP) binds directly to Cdc42 and Rac in a GTP-dependent manner [350] and
is actively recruited to the phagocytic cup during IgG mediated phagocytosis (Fig. 42)
[351].
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Figure 43 Computer graph visualization from enrichnet of uploaded dataset from cluster

2, 4 and 5 overlap (green) is shown for Fc gamma R-mediated phagocytosis pathway.

Proteins encountered in Fc gamma R-mediated phagocytosis pathway were analyzed by

STRING for protein-protein interactions, which show strong binding interactions fig. 44.
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Figure 44 STRING network analysis of proteins from Fc gamma R-mediated
phagocytosis pathway from cluster 2, 4 and 5.

95



5.7.4 Chemokine Signaling Pathway:

The next common, significant, interesting and relevant pathway present in the table 7 is
the chemokine signaling pathway. The P-values and overlapping proteins for cluster 2, 4
and 5 are P=5.00e-12 and 18, P=1.84e-10 and 15, and 4.67e-10 and 16 respectively. The
up regulated (yellow and golden) and down regulated proteins (red) from this pathway

are shown in Fig. 45.

Neutrophils migrate toward the source of chemoattractants like formylated peptides, C5a,
leukotriene B4, and chemokines such as IL-8 [352] and after binding to its surface
receptor, a number of cytoplasmic events occurs which activates the cytoskeletal
machinery [353]. Ligand binding results in conformational change in the receptor
resulting in the exchange of GDP to GTP on the alpha subunit. This induces the release
of the a subunit from the By subunit pair [354]. The a and Py subunits are then free to
interact with downstream effectors [355]. Rac GTPases regulate different functions in
neutrophils including cytoskeletal structure, gene expression, and reactive oxygen species
(ROS) production [356, 357]. P-Rex1, a guanine-nucleotide exchange factor (GEF) for
Rac [358] is supposed to link GPCRs and PI3Ky to Rac-dependent neutrophil responses.
Another study proved the involvement of P-Rex1 in GPCR-dependent Rac2 activation
and ROS formation in neutrophils, as well as neutrophil recruitment to inflammatory sites
and chemotaxis, but not in degranulation [359]. P21-activated kinases (PAKSs) are
serine/threonine kinases which have been identified as targets of Rac and Cdc42 and
affect actin cytoskeleton [360]. Both G-protein-coupled chemoattractant receptors and Fc
receptors regulate PAK activity in human leukocytes [361]. PAKI1 has been also co-
localized with polymerized actin in the leading lamellae and phagocytic cups of
stimulated human neutrophils, consistent with a role for PAK in modulating leukocyte
responsiveness to physiological stimuli [362]. Paxillin localizes in cultured cells
primarily to sites of focal adhesions, which are structural links between the extra cellular
matrix (ECM) and actin cytoskeleton and are also important sites of signal transduction.
Importantly, focal adhesion proteins including paxillin also serve as a point of
convergence for signals resulting from stimulation of various classes of growth factor
receptor [363]. Computer graph visualization (Fig. 46) was performed to see the overlap

proteins of uploaded dataset and the pathway dataset. The STRING analysis of the
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overlapped dataset was analyzed for the protein-protein interactions that showed very

good interactions (Fig. 47).
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Figure 45

The enriched chemokine-signaling pathway of the differentially expressed

proteins (DEPs) from cluster 2, 4 and 5. Cyan- (cluster 2) and yellow (cluster 5) are up

regulated and red (cluster 4) down regulated.
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Figure 46 Computer graph visualization from enrichnet of uploaded dataset from cluster

2, 4 and 5 and overlapping genes in green for chemokine signaling pathway.
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Figure 47 STRING network for proteins from Fc gamma R-mediated phagocytosis
pathway from cluster 2, 4 and 5.

5.7.5 Pathways from Cluster 3

The most significant group of pathways encountered in cluster 3 comprehends metabolic
pathways in neutrophil with P-value P=3.58e-53 and 109 overlapping proteins. Computer
graph visualization from enrichnet of uploaded dataset from cluster 3 and overlapping
proteins (green) from metabolic pathways is shown in fig. 48. These proteins belong to
energy metabolism, carbohydrates and lipid metabolism, also including nucleotide and
amino acid metabolism and secondary metabolism. STRING analysis showed high

interactions among the proteins from such metabolic pathways Fig. 49.
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Other significant and important pathway predicted for the cluster 3 proteins is the

oxidative phosphorylation having P-value P=1.77e-23 with 30 overlapping proteins as

shown in fig. 50.
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Figure 50 The enriched Oxidative Phosphorylation pathway for differentially abundant
proteins (DAPs) from cluster 3. The purple highlighted show the overlapping proteins.

It was believed that mature neutrophils possess no or only a few mitochondria, having no
role in cellular function [364], proved by electron microscopy [365], and with very low
rate of mitochondrial respiration in the neutrophil [366]. Later, specific fluorescent dyes
were used and mitochondria were identified as a tubular network [365, 367].
of mitochondria were shown

Furthermore, clusters

in neutrophils undergoing
spontaneous or induced apoptosis, to which the pro-apoptotic Bax protein was located
[367-369]. In case of ischemia and reperfusion injury, the loss of mitochondrial
membrane potential and integrity along with the decrease in mitochondrial activity has

been noticed [201, 370].
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The importance of mitochondria in the regulation of neutrophil pro-inflammatory
functions is not clear, although alteration of cell shape and chemotaxis occurs as a result
of a decrease in the mitochondrial membrane potential [365]. Activated (and some
inactive) immune cells prefer to utilize glycolysis, as it is 100-times faster than oxidative
phosphorylation for macromolecule synthesis and proliferation [371]. Glycolysis
provides energy for chemotaxis but there is little knowledge about the regulatory role of
glycolysis under normal and pathological conditions in neutrophils [364]. Studies show
that neutrophils do not depend on oxidative phosphorylation and surprisingly glycolysis
is not increased on inhibition of mitochondrial ATP synthase [372]. Our data also showed
down regulation of oxidative phosphorylation during LAP and up regulation in IR group
to almost the same level of the control group. The role of these pathways during these
pathalogical conditions is not clear from the literature. We found glycolysis pathway to
be upregulated with P-value P=4.03e-08 and 10 overlapping proteins (Table 7) that might
be used by neutrophil for rapid enery production rather than oxidative phosphorylation

which is down regulated in cluster 3.
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Figure 51 Computer graph visualization from enrichnet of uploaded dataset from cluster

3 and over lapping proteins (green) for oxidative phosphoryalation pathway.
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Figure 52 STRING network analysis for proteins from Oxidative Phosphorylation
pathway of cluster 3.

Computer graph visualization analysis was performed for oxidative phosphorylation
pathway by using enrichnet (Fig. 51). STRING analysis of the overlapped proteins of
oxidative phosphorylation pathway shows high protein-protein interactions (Fig. 52).

5.8 Kinases and Phosphatases

Protein phosphorylation, an essential post-translational modification, affects most cellular
activities including signal transduction, gene expression, cell cycle progression,
immunity, learning and memory and other biological functions [124, 217, 218]. It is a
reversible reaction that is catalyzed by protein kinases by transferring the y-phosphate
from ATP to Ser, Thr and Tyr residues whereas phosphatases act in reverse fashion to
kinases (Fig. 53-A). Protein kinases have broad importance in signal transduction, are
among the largest families of eukaryotes genes, making up to about 2% of the genome

and have been extensively studied [218, 373, 374]. The human genome contains about

102



518 putative protein kinases [375-377], which can be divided into two families: 428
serine/threonine (Ser/Thr) kinases (PSKs) and 90 tyrosine (Tyr) kinases (PTKs). There
are about 107 putative protein Tyr phosphatases (PTPs) and very few, about 30, protein
Ser/Thr phosphatases (PSPs) [378, 379]. In this study we identified 188 phosphorylation
sites in 84 proteins with term kinases making 2% and 107 phosphorylation sites in 50
proteins with term phosphatases making 1% of the total identified rat neutrophil
proteome that significantly changed their regulation in control, laparotomy and ischemia

(Fig. 53-B).
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Figure 53 A shows protein phosphorylation and de-phosphorylation by protein kinase
and phosphatase respectively. Fig. B. shows distribution of regulated kinases and
phosphatases with and without regulation of phosphorylation in domains identified in

total rat neutrophils.

5.8.1 Phosphorylated Kinases in Neutrophil

In the total neutrophil proteome 84 proteins were found with the term “Kinase”, which
also showed regulation. In these 84 proteins 47 were only regulated, 21 showed
regulation in phosphorylation in addition to abundance but these phosphorylations were

not encountered in the regulatory domain regions whereas only 16 showed regulation in
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abundance, regulation in phosphorylation and these phosphorylations were encountered
in domains. Of the 2% of the kinases that are only regulated make 56%, kinases that
showed regulation in their phosphorylation make 25% and those whose phosphorylation
in addition to expression was found in domain make 19% of the total identified kinases
(Fig. 53-B). Kinases with cluster-wise expression, number of phosphorylated peptides

and their domains having significant change in the phosphorylation are given in table 8.

5.8.1.1 Serine/threonine-protein kinase, MARK?2, (008679)

The serine/threonine-protein kinase, MARK?2, (008679) was up regulated (Cluster 2) and
also its phosphorylation was up regulated (Cluster 5) at S562 and interestingly this
phosphorylation was in APC basic domain that interacts with microtubules. MARK2 has
a single trans-membrane domain and is involved in regulating the stability of
microtubule, the Wnt signaling pathway, and plays a role in vesicular trafficking [380-
388]. The role of microtubule in neutrophil polarity and migration has already been
known in zebrafish [389] whereas Wnt signaling pathway regulates transendothelial
migration in monocytes [390]. STE20-like serine/threonine-protein kinase, slk, (O08815)
showed progressive up regulation in laparotomy and further in ischemia groups as
compared to control (Cluster 5), and we found phosphorylation on Ser residues S372,

S780, S778 and S77.
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Table 8 Phosphorylated Kinases with regulated expression after

laparotomy and

ischemia.
UNIPROT GENE Official Description Length Enzyme Codes Domain containing the
phosphopeptides symbol phosphopeptide
serine/threonine-protein kinase EC:2.7.11.26; N .
008679 1 Mark2 MARK2 722 EC2.7.11 APC basic domain.
AAA ATPase containing von
STE20-like serine/threonine-protein Willebrand factor type A (VWA)
008815 4 sk kinase 1206 27111 domain; RecF/RecN/SMC N
terminal domain.
STKc_nPKC_delta, Catalytic domain
of the Protein Serine/Threonine
Kinase, Novel Protein Kinase C
delta; active site on conserved
domain STKc_nPKC_delta;
substrate binding site on conserved
P09215 12 Prked protein kinase C delta type 673 Eagaay COEnSIEAE Gl
activation loop (A-loop) on
conserved domain
STKc_nPKC_delta; protein kinase A
catalytic subunit; S_TK_X,
Extension to Ser/Thr-type protein
kinases; Pkinase_C domain; Protein
kinase C terminal domain.
P11980 1 Pkm pyruvate kinase PKM 531 EC:27.1.40  Pyruvatekinase (PK); domain
interface.
PTKc_Fes, Catalytic domain of the
Protein Tyrosine Kinase, Fes;
£C:2.7.10.2; activation loop (A-loop) on
P16879 2 Fes tyrosine-protein kinase Fes/Fps 822 EC:1.97.1 ’ conserved domain PTKc_Fes; active
site on conserved domain
PTKc_Fes; substrate binding site on
conserved domain PTKc_Fes.
STKc_RSK_N[cd05582]; turn motif
P18654 5 Rps6ka3 ribosomal protein S6 kinase alpha-3 740 EC:2.7.11 phosphorylation site on conserved
domain STKc_RSK_N.
EC:2.7.11.16; G Protein-Coupled Receptor Kinase
P26817 2 Adrbk1 beta-adrenergic receptor kinase 1~ 689 EC:2.7.11.14; 2 subgroup pleckstrin homology
EC:2.7.11.15  (PH) domain.
P35991 5 Btk tyrosine-protein kinase BTK 659 EC:2.7.10.2
B A a EC:2.7.11.24;
P36506 2 Map2k2 s'r’;t'esi‘:‘e'fi:::e"k?:::ezn'm'Vated 400 EC:2.7.11;
EC:2.7.10
Active site, substrate binding site,
active loop (A-loop); KIM docking
site; Catalytic domain of the
P47811 3 Mapk14 mit»ogen-activated protein kinase 360 £C:2.7.11.24 Se.rine/Threo.nine Kinase,. p3§a|pha
14 isoform 1 Mitogen-Activated Protein Kinase
;Serine/Threonine Kinases (STKs),
p38alpha subfamily, catalytic (c)
domain.
Hydrophobic binding pocket;
autoinhibitory site; SH2_Src_HCK;
" A EC:2.7.10.2; active site; substrate binding site;
P50545 6 Hck tyrosine-protein kinase HCK 524 EC:2.7.10 active loop (A-loop); PTKc_Src_like
domain; Pkinase_Tyr; STYKc; SPS1;
PLNO0034.
AMPKA1_C, C-terminal regulatory
domain of 5'-AMP-activated
\ . L protein kinase (AMPK) alpha 1
P54645 8 Prkaal S"-AMP-activated protein kinase oo EC:2.7.11 catalytic subunit; AMPKA_C_like
catalytic subunit alpha-1 3 B
superfamily; beta/gamma subunit
interface on conserved domain
AMPKA1_C.
P67871 1 Csnk2b casein kinase Il subunit beta 215 AL
EG2A7A!
P68404 1 Prkcb Protein kinase C beta type 671 EC:2.7.11 STKe_cPKC_beta; turn motif
phosphorylation site.
P70600 5 Ptk2b protein-tyrosine kinase 2-beta 1009 EC:2.7.10
£C:2.7.1.59; Neucleotide binding site;
P81799 1 Nagk N-acetyl-D-glucosamine kinase 343 Ec:2,7.1A60l NBD_sugar-kinase_HSP70_actin
domain; BcrAD_BadFG; COG2971.
P97820 1 Map4ka WIeETE G e e (e EC:2.7.11
kinase kinase kinase 4
Q53UA7 5 Taok3 serine/threonine-protein kinase 308 EC:2.7.11
TAO3
Q55006 1 Lrrk2 LGRS 2527 EC:2.7.11
serine/threonine-protein kinase 2
Q5XxIs9 2 Prkd2 serine/threonine-protein kinase D2 875 EC:2.7.11.13
Catalytic domain of the Protein
Serine/Threonine Kinase, Protein
. N L EC:2.7.11; Kinase N ; Serine/Threonine
Q63433 10 Pknl serine/threonine-protein kinase N1 946 FC:2.7.11.13 Kinases (STKs), Protein Kinase N
(PKN) subfamily, catalytic (c)
domain.
SPS1 Domain; STKc_RSK_N
Domain; hydrophobic motif (HM)
on conserved domain STKc_RSK_N;
Q63531 4 Rps6kal ribosomal protein S6 kinase alpha-1 735 EC:2.7.11 Protein kinase C terminal domain;

protein kinase A catalytic subunit;
turn motif phosphorylation site on

conserved domain STKc_RSK_N.
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Continue

EC:2.7.10.2;
Q64725 5 2 Syk 0 tyrosine-protein kinase SYK 629 EC:2.7.10.1;
EC:2.7.10
PTKc_Src_like, Catalytic domain of
Src kinase-like Protein Tyrosine
Kinases; Protein Tyrosine Kinase
(PTK) family; active site on
conserved domain PTKc_Src_like;
substrate binding site on conserved
domain PTKc_Src_like; activation
loop (A-loop) on conserved domain
Q6P6UO 17 5 Fgr 0 tyrosine-protein kinase Fgr 517 EC:2.7.10 _PTKC—SrC—IIke; SH3/SH2 doma_lln
interface on conserved domain
PTKc_Src_like; SH2_Src_Fgr, Src
homology 2 (SH2) domain; SH2
domain; hydrophobic binding
pocket on conserved domain
SH2_Src_Fgr; autoinhibitory site on
conserved domain SH2_Src_Fgr;
phosphotyrosine binding pocket on
conserved domain SH2_Src_Fgr.
serine/threonine-protein kinase
Q6P9R2 5 5 Oxsrl 2 OSR1 527 EC2A7A1) SPS1.
serine/threonine-protein kinase
Q8K1R7 4 4 Nek9 2 Neko 984 EC:2.7.11
serine/threonine-protein kinase EC:2.7.11.18;
Q91Xs8 3 5 Stk17b 1 178 371 £C271117
Qa1 3 4 Stk4 0 serine/threonine-protein kinase 4 ~ 487 EC27.11;
EC:2.7.11.13
QOIIH7 10 2 Wk o serine/threonine-protein kinase 2126 £C2.7.11

WNK1 isoform 3
STKc_RSK_N, N-terminal catalytic
Q9WuUT3 3 3 Rps6ka2 2 ribosomal protein S6 kinase alpha-2 733 EC:2.7.11 domain of the Protein
Serine/Threonine Kinase.
ECA/AM O3

Q97277 2 5 Bazlb 2 tyrosine-protein kinase BAZ1B 1479 £C:2.3.1.48

Phosphorylation on S372 and S780 showed down phospho-regulation in Laparotomy
(Cluster 3), whereas S778 and S776 showed down regulation in ischemia only (Cluster
4). It has one transmembrane domain and recently SLK-mediated phosphorylation of
paxillin has been shown to be required for focal adhesion turnover and cell migration
[391]. We found paxillin up regulated (Cluster 2) with 22 different phospho sites. Slk
exacerbates apoptosis and may regulate cell survival during injury or repair [392]. Other
studies have also shown the apoptotic role of slk after its expression during in vitro

ischemia-reperfusion injury [393-395].
5.8.1.2 Protein kinase C delta type, prkcd, (P09215)

Protein kinase C delta type, prkcd, (P09215) is an AGC kinase of serine-threonine
specific protein kinase C (PKC) family with a single trans-membrane domain. Prked was
down regulated in ischemia as compared to control and laparotomy (Cluster 4) and we
found 12 phosphosites with regulated phosphorylation on prkcd protein. Blake et al,
1999, have shown that Src promotes PKC delta degradation by phosphorylating it at
Tyr311 residue [396] and our studies support their analysis as we also found prked
downregulated and phosphorylated at Y311. It would also be interesting to mention that
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we found Src kinase-associated phosphoprotein 2 (Q920G0) up regulated (Cluster 2) in
our studies with 14 phosphosites showing its role in prkcd phosphorylation at Y311 to
cause its degradation. We found down regulation in phosphorylation at Ser504, Thr505
and Thr509 residues, which were in the active site, substrate binding site and activation
loop (A-loop) of the STKc nPKC delta Domain. We also found Ser643, Ser662
phosphosites down regulated (Cluster 1) and Ser645 up regulated (Cluster 5) at the C-

terminal Domain of PKC.
5.8.1.3 Pyruvate kinase, pkm, (P11980)

Pyruvate kinase, pkm, (P11980) catalyzes a phosphate group transfer from
phosphoenolpyruvate (PEP) to ADP resulting in an ATP and a pyruvate molecule. In our
study we found an increase in pkm expression profile (Cluster 2) and also an increase in
phosphorylation at Ser437 (Cluster 5) and interestingly this phosphorylation was in
PK C domain. Oehler et al, 2000, have reported an increased expression of pkm in
PMNs from polytrauma patients [397] and our results are in accordance with that as we
can see that pkm expression is higher in laparotomy group that is a surgical trauma and a
little down in ischemia but higher in both as compared to the control group. Further they
suggested that the increased expression of pkm in neutrophils of polytrauma patients
results in a higher pentose phosphate pathway (PPP) for higher NADPH production that
is involved in reactive oxygen species (ROS) production in the neutrophils when exposed

to appropriate stimuli [398].
5.8.1.4 Tyrosine-protein kinase Fes/Fps, fes, (P16879)

Tyrosine-protein kinase Fes/Fps, fes, (P16879) was down regulated in the laparotomy
group (Cluster 3) and we found two phosphosites with down regulation in
phosphorylation at Thr412 and Tyr713 (Cluster 1). The down regulation at Tyr713 was in
PTKc Fes, Catalytic domain of the Protein Tyrosine Kinase, Fes; activation loop (A-
loop) on conserved domain PTKc_ Fes, active site on conserved domain PTKc Fes and
substrate binding site on conserved domain PTKc Fes. Directional movements and
recruitment of neutrophils are extremely important in innate immunity. Parsons et al,
2007, have shown that Fps/Fes kinase regulates leucocytes recruitment and extravasation

during inflammation and they found high leucocytes adherence to venules, high
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transendothelial migration in fps/fes-knockout mice [399]. Another recent study from the
same group also supports this previous study that fer kinase restricts neutrophil
chemotaxis in direction of chemoattractants where they observed enhanced chemotaxis in
kinase-inactivating mutation (FerDR/DR) mice neutrophil toward the end target
chemotactic peptide (WKYMVm) and C5a compared to the wild type [400]. Both of
these studies support our analysis and suggest fps/fes as an inhibitory kinase for

leucocytes and neutrophils chemotaxis towards chemoattractants.
5.8.1.5 Ribosomal protein S6 kinase alpha-3, Rps6ka3/RSK2, (P18654)

Ribosomal protein S6 kinase alpha-3, Rps6ka3/RSK2, (P18654) an AGC kinase of the
RSK family, with two transmembrane domains, undergoes phosphorylation resulting in
activation of transcription factors (e.g., cyclic AMP response element-binding protein
(CREB), inhibitor of kBa/nuclear factor-kB, c-fos) [401-403]. It has been investigated in
neutrophils that RSK2 phosphorylates and causes glycogen synthase kinase 3
inactivation, an event that improves neutrophils survival [404, 405]. Our analysis shows
down regulation of RSK2 (Cluster 1) and 5 phosphosites were found. The
phosphorylation at Thr365 residue showed up regulation that was found in
STKc RSK N domain and phosphorylation at Ser369 was down regulated (Cluster 4)
that was encountered in “turn motif phosphorylation site” of the STKc RSK N domain.
The Ser369 phosphorylation has already been shown for the activation of RSK2 [406]
and we found down regulation in both RSK2 expression and Ser369 phosphorylation
probably leading to glycogen synthase kinase 3 activation, that is involved in neutrophils
survival [404, 405] and interestingly glycogen synthase kinase-3 alpha (P18265) was
found up regulated (Cluster 2).

5.8.1.6 Beta-adrenergic receptor kinase 1, Adrbkl/GRK2, (P26817)

Beta-adrenergic receptor kinase 1, Adrbkl/GRK2, (P26817) is a ubiquitous protein
kinase of GRK family that phosphorylates the beta-2 adrenergic receptor [407], can
regulate chemotactic activity [408] and increases neutrophil mobilization if not fully
expressed [409] . It has been demonstrated that activated neutrophils produce oxygen
radicals during ischemia and reperfusion [410] and in vitro studies show the capability of

inflammatory mediators like pro-inflammatory cytokines and oxygen radicals to reduce
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GRK2 protein [411, 412]. Its expression was down regulated (Cluster 4) with two
phosphosites at Ser666 and Ser670 in PH GRK2 subgroup. So probably this low
expression of GRK2 was because of high oxygen radicals production by the neutrophils

during ischemia, facilitating their migration.
5.8.1.7 Tyrosine-protein kinase, BTK/BPK, (P35991)

Tyrosine-protein kinase, BTK/BPK, (P35991) is a tyrosine kinase of the Tec-family
kinases that are expressed in blood cells like monocytes, macrophages, B cells and
neutrophils [413]. During ischemia it was down regulated (Cluster 4) with 5 phosphosites
including Ser180. It is clear from the literature that PKCP mediated phosphorylation at
Ser180 causes down regulation of btk resulting in sequestration of btk in the cytoplasm
[414]. Our results support down regulation of btk but Ser180 phosphorylation was found
down regulated (Cluster 1) showing phosphorylation regulation of another candidate
amino acid for btk down regulation in neutrophils. In human neutrophils btk negatively

regulates stimulation induced apoptosis and ROS production [415].

5.8.1.8 Dual specificity mitogen-activated protein kinase kinase 2, Map2k2/MEK?2,
(P36506)

It has been reported that MEK?2, a member of the STE7 kinase family, is phosphorylated
and activated by upstream serine/threonine kinases like MEK and Raf kinase and MEK2
phosphorylates and activates ERK2 [416]. MEK2 was down regulated (Cluster 3) in
laparotomy and during ischemia its expression was not changed. Two phosphosites
Ser393 and Thr394 were encountered with down (Cluster 4) and up regulation (Cluster 2)
respectively. There are different Anti-MEK2 Phospho T394 antibodies available in the
market but there is no known function of significantly up regulation on Thr394

phosphorylation [417].

5.8.1.9 Mitogen-activated protein kinase 14 isoform 1, Mapkl4/ P384/P38MAPK,
(P47811)

P38MAPK belongs to the family of MAPKs with two transmembrane domains, and is
activated by phosphorylation of Thr and Tyr residues. It was up regulated (Cluster 2)
with three phosphosites, Thr180, Thr185 and Tyr182. All these phosphosites were found
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in the active site, substrate binding site, active loop (A-loop), KIM docking site of the
Catalytic domain of the Serine/Threonine Kinase, p38alpha Mitogen-Activated Protein
Kinase (STKc p38alpha MAPK14). Phosphorylation on Thr185 was down regulated
(Cluster 1) whereas the other two were up regulated (Cluster 2). This dual
phosphorylation on Thr180 and Tyr182 is caused by the MAP2Ks MAP2K3/MKK3,
MAP2K4/MKK4 and MAP2K6/MKK6 in response to environmental stress, growth
factors or inflammatory cytokines and is important for the activation of the enzyme [418,
419]. Furthermore, it has also been demonstrated that phosphorylated p38MAPK at both
residues Thr180 and Tyr182 has 10-20 fold more activity than its phosphorylation at
Thr180 only, whereas p38MAPK phosphorylated at Tyr182 alone is inactive [419]. This
phosphorylation pattern was not previously described as a response to IRI. Based on the
localization of Thr185 in the important domain sites, the down regulation of Thr185
could be of importance for the activation of p38MAPK. Various studies have shown that
pharmacological inhibition of p38MAPK attenuates different functions of neutrophils
like adherence, chemotaxis and degranulation [420-422]. Moreover, some studies in
neutrophils and others in general have shown the blockage of NADPH oxidase activity

by inhibiting p38MAPK [420, 423-426].

5.8.1.10 Tyrosine-protein kinase, HCK, (P50545) and tyrosine-protein kinase, Fgr,
(06P6U0)

Tyrosine-protein kinase, HCK, (P50545) and tyrosine-protein kinase, Fgr, (Q6P6UO0)
belong to the Scr family that is predominantly expressed in hematopoietic cell types.
Both Hck and Fgr were found up regulated belonging to cluster 2 and 5 with six and
nineteen phosphosites respectively. Hck showed down phosphorylation (Cluster 3) in
laparotomy at Tyr207 that was in hydrophobic binding pocket and autoinhibitory site of
SH2 Src HCK domain. Phosphorylation at Tyr409, Thr410 and Ser460 was up regulated
(Cluster 5). Tyr409 and Thr410 were found in the active site, substrate binding site,
active loop (A-loop) and SH3/SH2 domain interface of the PTKc Src like domain
whereas Ser460 phosphorylation was found in all like Tyr409 and Thr410 except the
activation loop (A-loop). Phosphorylation at Tyr400 in Fgr was found up regulated
(Cluster 2) that is inhibited by a prior phosphorylation at Tyr511 [427], which was not
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found in our case. Hck and Fgr deficient mouse and human neutrophils result in the
failure of respiratory burst activation and neutrophils migration in response to fMLP
[428]. Two contradictory studies on fMLP stimulated but Hck and Fgr deficient mice
neutrophils have been published stating the inability [421] and ability [429] of Hck and
Fgr to activate p38MAPK. In neutrophils, the Hck enzyme has been shown to have
important roles like regulation of actin-based chemotaxis and adhesion [430-432] and

integrin and FcRy-mediated phagocytosis as well [433, 434].
5.8.1.11 Protein kinase C beta type, Prkcb/pkcb, (P68404)

Pkeb is an AGC kinase of the PKC family. It has one transmembrane domain and showed
up regulation (Cluster 5) with one phosphorylation at Thr642 that was encountered up
regulated (Cluster 2) in the turn motif phosphorylation site of the STKc cPKC beta
domain. It has been demonstrated that phosphorylation at Thr642 is very important for
the enzymatic function of the PKC [435]. Zhang et al show that neutrophils require
sustained increase in concentration of cytosolic Ca®" for the production of superoxide
because of the Ca®* dependent activation of the protein kinase C (PKC) isoforms (PKCa
and PKCb) [436] as these isoforms are very important to phosphorylate components of
the NADPH oxidase [437, 438].

5.8.1.12 N-acetyl-D-glucosamine kinase, Nagk, (P81799)

Nagk, belongs to the sugar kinase/Hsp70/actin superfamily. It converts N-acetyl-D-
glucosamine to N-acetyl-D-glucosamine-6-phosphate, converting ATP to ADP, [439]. In
Addition, like ATPases, Nagk also converts ATP to ADP and up regulation of Nagk may
contribute to energy loss [440]. Its expression was up regulated (Cluster 2) with one
phosphosite Ser76 that showed down regulation (Cluster 4) in ischemia. This
phosphorylation at Ser76 was found in the nucleotide-binding site of the NBD sugar-
kinase HSP70 actin domain, which is nucleotide-Binding Domain of the sugar
kinase/HSP70/actin superfamily. This phosphorylation on Ser76, which may have some
role in Nagk regulation because of its localization, is not reported in the literature
showing its role on the regulation of this enzyme although phosphorylation of Tyr205
was reported that may have a role in the activation of Nagk [439].
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5.8.1.13 Serine/threonine-protein kinase N1, Pknl/Prkl/Pakl, (063433)

Pknl is a member of protein kinase C superfamily of serine/threonine kinases which is
one of the first identified effectors for RhoA-GTPase existing in an integral plasma
membrane pool and a cytosolic/peripheral pool [441]. It was down regulated in
laparotomy (Cluster 3). Total ten phosphosites were found for Pknl and two phosphosites
showed up regulation (Cluster 5) at Thr918 and Ser920 and these were found in a turn
motif phosphorylation site of the STKc PKN domain, which is the catalytic domain of
the Protein Serine/Threonine Kinase, Protein Kinase N. Another up regulation (Cluster 2)
in phosphorylation on Ser377 was also encountered in our analysis that is involved in the
facilitation of Pknl integration into the plasma membrane to function as a Rho effector

[441].
5.8.1.14 Ribosomal protein S6 kinase alpha-1, Rps6kal/Rskl, (063531)

Rps6kal is an AGC kinase of the RSK family. It has two transmembrane domains and it
showed down regulation (Cluster 1) with four phosphosites, one with down regulation
(Cluster 1) Ser732 and the other three phosphosites Tyr359, Ser363 and Ser380 with up
regulation (Cluster 2). All of the last three up regulated phosphorylations were found in
STKe RSK N domain, which is the N-terminal catalytic domain of the Protein
Serine/Threonine Kinase, 90kDa ribosomal protein S6 kinase. Ser363 phosphorylation
was found in a turn motif phosphorylation site of the STKec RSK N domain whereas
phosphorylation on Ser380 was found in a hydrophobic motif (HM) on the conserved
domain STKc RSK N. Rps6kal can interact with transcription factors like CREB in
neutrophils and G subunit of phosphatase 1 that regulates the glycogen synthase
activation [442, 443].

5.8.1.15 Ribosomal protein S6 kinase alpha-2, Rps6ka2/Rsk3, (QIWUT3)

Rps6ka2 is an AGC kinase of the RSK family. It has two transmembrane domains and it
was down regulated in laparotomy (Cluster 3) and has three phosphosites Ser360 (Cluster
5), Ser377 (Cluster 2) and Ser716 (Cluster 1). Up regulation of the phosphorylation on
Ser360 was found in a turn motif phosphorylation site and Ser377 was in a hydrophobic
motif (HM) of the STKc RSK N domain, which is the N-terminal catalytic domain of
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the Protein Serine/Threonine Kinase, 90kDa ribosomal protein S6 kinase. It has been
found that under similar in vitro conditions RSK3 activity is not affected by RSK2 and
also Rsk3 phosphorylates nuclear target proteins like c-fos and histones [444]. Both Rsk2
and Rsk3 have been found to be activated by Ngf and activate CREB by phosphorylating
it at Ser133 in vitro [445] and in our data we did not find any phosphorylation at Ser133
on (P15337) Creb (cyclic AMP-responsive element-binding protein 1 isoform B) but we
found other phosphorylated residues.

5.8.1.16 Serine/threonine-protein kinase, Oxsr1/Osrl, (Q6P9R2)

Oxsrl is an oxidative-stress responsive 1 protein of the STE20 family. It has two
transmembrane domains and was up regulated (Cluster 5) with three phosphosites Ser325
that was down regulated (Cluster 1) and Ser324 and Ser359, which were up regulated
(Cluster 5). All these three phosphosites were found in SPS1, which is Serine/threonine
protein kinase domain. The Osrl is stimulated by Wnkl [446] that was also found up
regulated in our datasets with 10 phosphosites as mentioned before. Osrl regulates
Na'/H" exchanger activity, which further participates in the cell volume regulation [447-
449] and ROS production [446] as ROS production is paralleled by the generation of H"
that inhibits NADPH oxidase, which generates ROS [450].

5.8.2 Phosphorylated Phosphatases in Neutrophil

In the neutrophil proteome we describe, 50 regulated proteins with term “phosphatase”
were found. Among these 50 phosphatases, 13 showed regulation in their
phosphorylation and the regulation in phosphosites for 4 phosphatases were found in
domain regions. Of the 1% of the phosphatases that showed only regulation make 72%,
those who showed regulation in phosphorylation make 19% and only 9% of phosphatases
were encountered to have regulated phosphorylation in domain regions (Fig. 53-B).
Phosphatases with cluster-wise expression, number of phosphorylated peptides and their

domains having significant change in the phosphorylation are given in table 9.
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5.8.2.1 Receptor-type tyrosine-protein phosphatase C isoform 4 precursor, Ptprc/CD45,
(P04157)

CD45 is a receptor type protein tyrosine phosphatase with two transmembrane domains
and commonly known as CD45 or LCA (Luekocyte common antigen). It was found up
regulated (Cluster 5) with 18 phosphosites. Regulation in phosphorylation was found in
Protein tyrosine phosphatase (PTPc) catalytic domain. CD45 plays a role in neutrophil
adhesion, chemotaxis, phagocytosis, ROS production and bacterial killing [451]. The
receptor-like protein tyrosine phosphatase (RPTPs) CD45 and CD148, have redundant
roles in the SFK activity in B cells and macrophages in ITAM immune-receptor
stimulation [452]. A study showed that both CD45 and CD 148 are essential for
chemoattractant mediated chemotaxis in the neutrophil after S. aureus infection. CD45
positively while CD148 positively and negatively regulate GPCR function and proximal
signals including Ca®’, PI3K, and pERK activity. Moreover, CD45 and CDI148
preferentially target different SFK members (Hck and Fgr versus Lyn, respectively)
during regulation of GPCR pathways [451].

5.8.2.2 Tyrosine-protein phosphatase non-receptor type 6, Ptpn6/Shp-1, (P81718)

Ptpn6 has one transmembrane domain and was found up regulated (Cluster 2) with ten
phosphosites. Phosphorylation on Serl2 was found up regulated in SH2 N-
SH2 SHP like, N-terminal Src homology 2 (N-SH2) domain found in SH2 domain
Phosphatases (SHP) proteins. The Src homology domain 2 (SH2)-containing tyrosine
phosphatase-1 (SHP-1) is found in the regulation of differentiation, proliferation, and
activation of hematopoietic cells. SHP-11is also involved in modulating apoptotic
pathways in neutrophils. Low level of SHP-1has been associated with increased
neutrophil survival in vitro and mice deficient of SHP-1 developed severe neutrophilic
inflammatory responses. In contrast, high expression has been noticed in neutropenic
patients [453]. Recently Ptpn6 deletion in neutrophils and dendritic cell from moth eaten
mice resulted in cutaneous inflammation (neutrophilic dermatoses) and severe
autoimmunity, without inflammation respectively [454]. It has been also proposed that

SHP1 binds to multiple kinases, such as Jak2, Jak3, TAK1, ERK1/2, p38, JNK, IL-1R-
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associated kinase 1, and Lyn, through a novel phosphorylation-independent kinase

tyrosyl inhibitory motif [455].

Table 9 Phosphorylated Phosphatases with regulated expression after laparotomy and

ischemia.
UNIPROT No. of regulated Cluster ~ GENE Official TM Description Length Enzyme Codes Domain containing the
phosphopeptides symbol phosphopeptide
B2GVS7 3 4 Ptpre 1 recgptor-type tyrosine-protein phosphatase 609 31348
epsilon precursor
POA157 18 5 Ptprc 5 reFeptor-type tyrosine-protein phosphatase 1273 EC3.13.48 Protein tyr05|lne phosphatase
Cisoform 4 precursor (PTPc) catalytic domain
P20417 5 3 Ptpn1 0 tyrosine-protein phosphatase non-receptor m
type 1
SH2_N-
SH2_SHP_like[cd10340], N-
. ) terminal Src homology 2 (N-
tyrosine-protein phosphatase non-receptor . .
P81718 10 2 Ptpn6 1 tvoe 6 613 EC:3.1.3.48  SH2) domain found in SH2
¥ domain Phosphatases (SHP)
proteins; SH2 domain; Src
homology 2 domains
PT200449, 104 kDa
microneme/rhoptry antigen;
Catalytic inositol
o ) polyphosphate 5-phosphatase
hosphatidylinositol 3,4,5-trisphosphate 5- EC:3.1.3; §
po7573 28 3 Inpp5d g |EHIE SRR 1190 (INPPSC) domain of SH2
phosphatase 1 EC:3.1.3.56 ) A L
domain; putative catalytic site;
putative active site; putative
MG binding site; putative PI/IP
binding site
Q10728 29 4 Ppplri2za 1 '1’;‘:9'” phosphatase 1 regulatory subunit a5 ge.3 4396
Q5HZV9 2 2 Ppplr7 0  protein phosphatase 1 regulatory subunit 7 360
Q6PD03 2 3 Pop215a 1 ser|ne/threon|ne-protve|n pholsphatase 2A 56 136
kDa regulatory subunit alpha isoform
CAF-1_p60_C, Chromatin
) . . assembly factor complex 1
serine/threonine-protein phosphatase 6
QT3 2 5 Pop6rl ) ESMELICTIER IR subunit p60, C-terminal;
regulatory subunit 1
PHA03247, large tegument
protein UL36 .

Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1, Inpp5d/Ship, (P97573)

Inpp5d was found down regulated in laparotomy and with no change in ischemia (Cluster
3) with 28 regulated phosphorylation sites in PTZ00449, a 104 kDa microneme/rhoptry
antigen; Catalytic inositol polyphosphate 5-phosphatase (INPP5c) domain of SH2
domain; putative catalytic site; putative active site; putative MG binding site and putative
PI/IP binding site. SHIP1 (Inpp5d) SHIP converts phosphatidylinositol 3, 4, 5
triphosphate to phosphatidyl 3, 4 biphosphate and neutrophils deficient of SHIP1 showed
impaired polarization and motility in vitro, suggesting its role in neutrophil motility
[456]. Recently a study in zebra fish showed that SHIP phosphatases limit neutrophil
motility by modulating PI3K signaling. Depletion of SHIP phosphatases led to increased
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neutrophil 3D motility and neutrophil infiltration into wounds. Moreover, overexpression
of the SHIP phosphatase domain in neutrophils impaired neutrophil 3D migration [457].
SHIP is a negative regulator in TLR2-induced neutrophil activation and in the
development of related in vivo neutrophil-dependent inflammatory processes, such as

acute lung injury [458].
Serine/threonine-protein phosphatase 6 regulatory subunit 1, Ppp6rl/Sapsl, (Q7TS13)

Ppp6rl has one transmembrane domain and was found up regulated (Cluster 5) with two
up regulated phosphosites on Ser531 and Ser817. Phosphorylation on Ser817 was up
regulated (Cluster 5) and was found in CAF-1 p60 C, Chromatin assembly factor
complex 1 subunit p60, C-terminal and PHA03247, large tegument protein UL36.

Protein phosphatase 6 (PP6) is the major T-loop phosphatase for Aurora A, which is an
important mitotic kinase. Depletion of catalytic or regulatory subunits interferes with
spindle formation and chromosome alignment and resulted into loss of PP6 function
because of increased Aurora A activity. PP6 holoenzyme consist of PPP6C catalytic,
SAPS1-3 regulatory, and ANKRD28-44 subunits and all of these are require for normal
mitosis [459]. We are here first time reporting the presence of SAPS1 (Ppp6rl)
regulatory subunit in neutrophil. Literature shows that it is not even reported in any

immune cell before.
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6 Summary of pathway results

Summarizing the results from pathways and enzymes analysis in the figure-54 shows that
in case of ischemia and reperfusion signal for neutrophil activation came from the
intestine/endothelial cells (ECs) in the form of chemokines and chemoattractants. As C5a
and LTB4 are the potent chemoattractants and leads to up regulation of vascular adhesion
molecules, ICAM-1, endothelial E-selectin, P-selectin, IL-8, MCP-1 [82, 83] and finally
activate the chemokine signaling pathway. Most of the proteins of chemokine signaling
pathway has been found up regulated after IR. We have also encountered down
regulation of 57 ribosomal proteins and role of most of the proteins is not clear in
neutrophil. However RP19 has antagonist-induced effect on the neutrophil C5aR and
alters the chemotaxis of leukocytes by causing functional differences in the C5a receptor
response. [333]. Neutrophils migrate toward the source of chemoattractants like
formylated peptides, C5a, leukotriene B4, and chemokines such as IL-8 [352] and after
binding to its surface receptor, a number of cytoplasmic events occur which activates the
cytoskeletal machinery [353]. Proteins from cytoskeleton pathway are also found up
regulated in neutrophil after IR. Activation of proteins belonging to this pathway further
lead to enhanced motility, locomotion, chemotaxis, firm focal adhesion, trans-endothelial
migration (TEM) through formation of lamellopodia and fillopodia. As a result of
Interaction of FcR with their Ig ligands in leukocyte initiates a number of responses
including phagocytosis, antibody-dependent cell-mediated cytotoxicity (ADCC), release
of pro-inflammatory mediators and cytokines production [337, 338]. Lipoxygenases (5-
LO and 15-LO) are involve in arachidonic acid (AA) metabolism leading to production
of LTB4, which is another source of PMNs recruitment in ECs. After TEM
degranulation, neutrophil releases cytokines and ROS inside the endothelium that not
only results into recruitment of further PMNs but also causes endothelial damage. Energy
require for neutrophil activation comes from metabolic pathways as 109 proteins have
been found upregulated from metabolic pathways. We also found glycolysis pathway to
be upregulated that might be used by neutrophil for rapid enery production rather than
oxidative phosphorylation which is found down regulated. Activated immune cells prefer
to utilize glycolysis, as it is 100-times faster than oxidative phosphorylation for

macromolecule synthesis and proliferation [371]. However exact role of these metabolic
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pathways is clear.
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Figure 54 Summary of some important results and interaction between pathways.
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7 Conclusion and Future perspectives:

In clinical conditions ischemia reperfusion injury is associated with high morbidity and
mortality. The role of neutrophils in the pathogenesis of IRI is clear from the literature
and we did not find any study showing the underlying mechanisms and different proteins
expression or abundance in neutrophils in these surgical procedures. Our study illustrates
the significance of comparative proteomic strategies applied to the neutrophil in different
surgical groups. We report the most comprehensive proteomic coverage of the neutrophil
up to date showing the adequacy and sensitivity of the equipment and methods used
during this study. The applied tools and strategies discussed are appropriated for the high
level identification of unmodified proteome and phosphoproteome in neutrophils and to
better understand the molecular facets of neutrophil biology. Our results contradict and
support existing results and can generate novel ideas and hypothesis. This study of the rat
neutrophil proteome shows the regulation of some important enzymes from cluster
analysis. Some of these are well known for their role in neutrophil while few of the
enzymes were identified here for the first time in neutrophil and their role is poorly
characterized. Important kinases and phosphatases have been identified along with their
expression and phosphorylation regulation in different surgical groups and may be

considered as future therapeutic targets in neutrophil biology.

This study opens new window to the better understanding of neutrophil proteome and
provides database for the further studies. Validation of these enzymes can be very helpful

in this regard and can further lead to the biomarker discovery.

We are reporting some interesting predicted events like Ribosomal Pathway, Regulation
of Actin Cytoskeleton Pathway, Fc gamma R-mediated phagocytosis pathway,
Chemokine Signaling Pathway, and Oxidative phosphorylation with regulation pattern.

As part of an ongoing research line from the laboratory LBQP-UnB, the analysis
completed to date will be extended by the comprehensive study of the proteomics
activated in different experimental conditions. Further examination of the other post-
translation modifications like glycosilation and acetylation will provide more insights

into the underlying signaling pathways and neutrophil biology.
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The results presented in this work show significant differences in the hematimetric
parameters among all of the conditions evaluated. The most remarkable parameters are
those related to leukocytes and platelets; some of these, including the lymphocyte and
granulocyte counts and the granulocytes/lymphocytes ratios, suggest that IPC attenuates
the effect of the IR in the circulating blood cells. Our work provides data to aid the better
understanding of hematological responses in the body after IR and IPC. Some of the
parameters described here can be further validated as predictive markers for ischemia and
may lay the basis for further studies aiming to reduce the tissue injury resulting from
ischemia/reperfusion. From platelets count, platelet distribution width (PDW) and mean
platelet volume (MPV) and plateletcrit (PCT) show the involvement of platelet activation
in IR and IPC. As platelets role is not clear from the literature so proteomic analysis of
platelets in similar model may be helpful to minimize the tissue injury by unveiling the
potential candidate biomarkers, underlying pathways and overall mechanisms of tissue

injury a long with the neutrophils.
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1. Introducao

1.1 Polimorfonucleares: Neutrofilos (PMN5s)
Os neutrofilos sdo parte do sangue periférico e desempenham um papel importante na

elimina¢do microrganismos, participando na resposta inflamatoria sistémica apds sua
ativagdo [1]. Assim que ocorre a invasdo por patdgenos, os neutrofilos sdo ativados e
migram para local da lesdo. Para controlar a infecgdo os neutrofilos disparam
mecanismos de fagocitose e produzem radicais livres. Estas células podem ser ativadas
por hipoxia, produtos microbianos e citocinas, € a completa ativacdo destas células
resulta na produgdo de anions superoxido, adesdo endotelial e expressdo de receptores de
membrana [2]. O recrutamento de neutrofilos ¢ um processo de multiplos passos que
exige trés classes de receptores de adesdo, incluindo as selectinas, integrinas e os
receptores de adesdo da superfamilia das imunoglobulinas [3]. Estes passos sdo

demonstrados na figura 1.

5 Integrin activation Migration through
Rolling by chemokines Stable adhesion endothelium
Leukocyte ¢ Sialyl-Lewis X-modified glycoprotein
— Integrin (low affinity state)
Integrin (high-
affinity state)
/

PECAM-1

Integrin ligand
(ICAM-1)

® dq @
Chemokines )

Proteoglycan

Cytokines

(TNF, IL-1) Macrophage

with microbes
Fibrin and fibronectin

(extracellular matrix)

Figura I Recrutamento de neutrdfilos para os locais de inflamagdo. Um processo passo a
passo que envolve o rolamento de leucdcitos, ativacdo e adesdo ao endotélio, rolamento
basal, transmigra¢do através do endotélio direcionados pelos quimioatraentes que sio

liberados na sitio da lesdo. Adaptado de [4].
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1.1.1 Rolamento

Selectinas sdo glicoproteinas de adesdo de superficie, como a L-selectina (em leucdcitos),
E-selectina (células endoteliais (EC)), e P-selectina (EC e plaquetas), que ndo s6 auxiliam
no rolamento, como também contribuem no processo de adesdo [5]. Os ligantes de
neutrofilos para L-selectina sdo multiplos determinantes de carboidratos sialilados, que
estdo ligados a moléculas similares a mucinas [5]. A ativacdo de receptores toll like
(TLR-2) e do sistema complemento, producdo de EROS e de trombina e uma alta
concentracdo de célcio intracelular, causam o aumento maximo da expressao de P-
selectina endotelial de Weibel-Palade dentro de 10-20 min de reperfusdo apos isquemia.
A interacdo da P-selectina com a glicoproteina ligante-1 da P-selectina (PSGL-1)
expressa por neutrofilos resulta em uma fraca e reversivel interacdo entre neutrédfilos e
endotélio, ou seja, a adesdo seguida de rolamento[6, 7]. Em um modelo experimental de
isquemia / reperfusdo o bloqueio de L-selectina e /ou P-selectinas diminuiu tanto

rolamento dos neutrofilos quanto adesao [8].

1.1.2 Firme adesao

Integrinas sdo proteinas heterodiméricas, contendo a-subunidades e B-subunidades que
sdo expressas na superficie da célula. B2 integrinas sdo expressas em leucocitos e
consistem em trés a-subunidades distintas tais como CD11a, CD11b, e CDl1c, que se
ligam a uma (-subunidade comum, tal como CDI18. A expressdo relativa de o-
subunidade difere de acordo com o estimulo, causando a adesdo dos leucdcitos e
transmigracdo [9]. Moléculas de células endoteliais, tais como molécula de adesdo
intercelular (ICAM-1) agem como ligante para ambos CD11a / CD18 e CD11b / CD18;
mas ICAM-2 apenas se liga com CD11a, resultando em forte adesdo dos neutréfilos ao
endotélio [10]. O aumento da adesdo e migragdo de PMN para regides poOs capilares foi
observado durante o estudo de um tecido que sofreu injlria por isquemia e reperfusdo
(IRI) [11]. Espécies reativas de oxigénio, fator de ativacdo plaquetaria (PAF), a IL-1,
Fator de necrose tumoral - o (TNF-a) e leucotrieno B4 (LTB4) liberados pelo endotélio e
células do sistema imune apds reperfusdo provocam um aumento na expressdo de 2
integrinas de neutréfilos a partir de granulos intracelulares que resultam na firme adesdo

[12, 13 ].
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1.1.3 Migracao transendotelial /Diapedese

Moléculas de adesdo plaquetaria ao endotélio (PECAM-1) expressas sobre as bordas
laterais das células endoteliais (CE) bem como em neutréfilos e estdo envolvidas na
transferéncia de neutrofilos para os tecidos, processo chamado como diapedese. O
bloqueio de PECAM-1, conduz a inibi¢do da diapedese, pois diminui a forte adesdo entre
neutro6filos e o endotélio [14]. Em outro estudo, o aumento da regulacdo de moléculas de
adesdo tém sido observadas apds IRI, o que pode promover a diapedese de neutréfilos,
contribuindo ainda mais para a disfun¢do muscular [15]. A interacdo entre CD11 / CD18-
ICAM-1 e ROS também facilitam a diapedese e diminuem a expressdo de caderina, e ao
induzir a fosforilagao de Caderina-vascular e catenina endoteliais , levando a soltura de

jungdes intercelulares resultando na transmigragdo de neutréfilos [16, 17].

1.1.4 Quimiotaxia

Apos a transmigracdo celular, as células se movem no sentido do aumento do gradiente
de quimioatraentes, num processo conhecido como quimiotaxia [18]. Esses
quimioatrativos para diferentes populagcdes de leucocitos incluem os peptidios N-
formilados produzidos por bactérias, tais como formil-Metionil-Leucil-Fenilalanina
(fMLP), peptidios (por exemplo, C5a), e lipidos (por exemplo, leucotrieno-B4) [19].
Citocinas e quimiocinas, sao uma nova familia que inclui IL-8 [20], peptidio ativador de
neutr6filos-2; relacionados ao oncogene de crescimento (GRO) -a, GRO- e GRO-9; e
as proteinas inflamatdrias de macrofagos MIP-2a e MIP-2f. Estas quimiocinas pertencem
a familia de CXC quimiocinas o/quimiocinas e sdo semelhantes em nivel de estrutura.
Outra familia de quimiocinas ¢ a CC quimiocinas 3 / quimiocinas, que inclui RANTES /
CCLS5 (regulada na ativagdo; expressa e secretada por células T normais); proteina
quimioatrativa de monocitos-1, -2 e -3 (MCP-1/2/3) ; e proteinas inflamatorias de

macrofagos, MIP-1a e MIP-10 [21].

Juntamente com a produ¢do massiva de ROS, sdo liberadas proteases a partir dos
granulos de neutrofilos e metabodlitos de acido araquidonico (AA), tais como PAF e
LTB4 que também estdo envolvidos na lesdo tecidual promovida por neutréfilos. PAF e

LTB4 sdo potentes quimiocinas que estimulam a desgranulacao dos neutrofilos [22].
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1.2 Os granulos de neutréfilos e Degranulagao
Existem quatro tipos fundamentais de granulados em neutréfilos , como mostrado abaixo

(Figura 2).

1.2.1 Granulos azurodfilos
Granulos azur6filos ou granulos primarios sdo produzidos pela primeira vez durante a

maturagdo dos neutrofilos, e contém mieloperoxidase (MPO), que ¢ uma enzima muito
importante para o estresse oxidativo [23]. As defensinas, lisozima, proteina indutora da
permeabilidade (BIP), e um nimero de serino proteases como: elastase de neutrofilos
(NE), a proteinase 3 (PR3), e catepsina G (CG), também sdo armazenados nos granulos

primarios [24].

1.2.2 Granulos especificos (ou secundarios)
Granulos especificos contém a glicoproteina lactoferrina e compostos anti-microbianos

diferentes, que incluem a lipocalina associada a gelatinase de neutr6filos(NGAL), a

proteina antimicrobiana catelicidina humana (hCAP-18), e a lisozima [23, 24].

1.2.3 As Gelatinases (granulos terciarios)
Os granulos de gelatinase contém alguns antimicrobianos, e armazenam metaloproteases,

como gelatinase e leucolisina [25].

1.2.4 Vesiculas secretorias:
Vesiculas secretorias sdo ricas em albumina ligada a membrana, e armazenam moléculas

necessarias a migracao de neutroéfilos [26].

125



Primary Secondary Tertiary Secretory

Granule type (azurophilic) (specific) (gelatinase) vesicles
Stage o.f Myeloblast Promyelocyte Myelocyte Metamyelocyte Band cell PMN
formation
Degranulation
propensity
Characteristic Lysozyme Complement receptor 1
proteins
Myeloperoxidase Lactoferrin FeyRIll
Elastase Gelatinase
Defensin
Other Cathepsin G, PR3, Gp91phox/p22phox, Gp91phox/p22phox, Gp91phox/p22phox,
proteins BPI, azurocidin, (D11b, collagenase, CD11b, MMP25, CD11b, MMP25, C1g-R,
sialidase, hCAP18, NGAL, B128BP, arginase-1, FPR, alkaline
p-glucuronidase SLPI, haptoglobin, B2-microglobulin, phosphatase, CD10,
pentraxin 3, CRISP3 (D13,CD14,
oroscomucoid, plasma proteins

p2-microglobulin,
heparanase, CRISP3

Figura 2 Os granulos de neutrofilos e as suas proteinas caracteristicas.

Os granulos de neutrofilos transportam uma grande variedade de agentes antimicrobianos

e moléculas de sinalizacdo. Adaptado de [27].

1.2.5 Degranulacao
A ativagdo de neutréfilos, provoca alteracdo da composi¢do molecular de membrana dos

granulos resultando na mobilizagdo dos mesmos, a fusdo com a membrana plasmatica ou
fagossoma e a liberagdo do conteudo para fora da célula. A ordem de mobilizacdo ¢ a
primeira secrecdo de tercidrios, e depois de primarios e secunddrios, sendo esta

mobilizacdo disparada pelos niveis de célcio intra celular[28].

A mobilizagcdo de vesiculas secretdrias ¢ necessdria para a continuagdo da ativagdo dos
neutrofilos, pois sua membrana contém as 2 integrinas, complemento e receptores de
fMLP, bem como o receptor FcyRIII [25]; resultando na firme adesdo dos neutréfilos ao
endotélio e liberacdo dos granulos de gelatinase, adicionando mobilizadores que liberam

metaloproteases [29].

Depois do extravasamento, o estresse oxidativo se inicia com mobilizagdo dos granulos

azurofilos e especificos que contém flavocitocromo B558, um componente da maquinaria
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de NADPH-oxidase. Como um resultado da montagem do complexo de NADPH-oxidase
ocorre a produgdo de ROS tanto no interior do fagolisossoma e quanto fora da célula,

criando um ambiente antimicrobiano [30].

1.3 Isquemia
A isquemia ¢ o fornecimento insuficiente de sangue a um 6rgdo, que conduz a uma

disfuncdo celular e necrose. Ela ocorre principalmente no caso de trauma, choque,

cirurgia ou transplante de 6rgaos [31].

1.3.1 Efeitos celulares da Isquemia
Uma Isquemia prolongada resulta numa variedade de alteragdes metabolicas celulares e

ultra-estruturais (fig-3A). Durante a isquemia, o metabolismo anaerdbio produz uma
diminui¢do no pH celular por acumulacio de ions de hidrogénio e, em seguida, a bomba
de Na'/ H" excreta os ions de hidrogénio em excesso, resultando em grande influxo de
ions de sddio [32]. O ATP celular se esgota e inativa as ATPases, reduzindo efluxo
ativo de Ca*" e limitando a re-absor¢do de célcio pelo reticulo endoplasmatico,
produzindo assim, uma sobrecarga de calcio na célula. Como um resultado de transi¢do
da permeabilidade mitocondrial (MPT) e de poros abertos, o que perturba ainda mais a
producdo de ATP, interrompendo o potencial de membrana mitocondrial. A magnitude
do fluxo sanguineo e duragdo do efeito isquemia influencia no grau de lesdo tecidual [33]
(fig-3A). O factor indutivel de hipoxia 1 (HIF-1) induz o aumento na transcri¢do do fator
de crescimento endotelial vascular (VEGF), que também desempenha um papel

importante na angiogénese [34, 35].
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Figura 3 Efeitos da esquemia na célula.

Modificado de [32]. (1) A excrecdo de H +, devido a uma diminui¢do do pH, (2)
desativagdo devida a perda de ATP, e (3) reducdo de Na + / Ca2 + devido a redugdo de

pH extracelular e a acumulagdo de Na + intracelular.
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Figura 3-B: Efeito celular da reperfusdao. Modificado de [32]. (1) A robusta excre¢ao de
H +, devido a pronta recuperagao de pH extracelular, (2) "modo reverso" excre¢do de Na
+ acumulado e influxo de Ca2 +, por sua vez, e (3) re-excre¢do de Ca2 + seguido de

recuperacdo da sintese de ATP.
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1.4 Lesao isquémica de reperfusao (IRI)
Reperfusdo resulta na infiltracdo de neutroéfilos ativados no local da lesdo, contribuindo

para a resposta inflamatdria aguda [36]. O mecanismo subjacente a lesdo de reperfusdo ¢

complexo, multi-fatorial (Fig-3B) e envolve:

1. A geracdo de espécies reativas de oxigénio (ROS) durante a re-introducdo de oxigénio

molecular,

2. Sobrecarga de célcio,

3. Abertura de poros MPT,
4. Disfuncao endotelial,

5. Actimulo de hipoxantina,

6. A expressdo de determinados produtos génicos prd inflamatdrios, tais como as

moléculas de adesdo dos leucdcitos, citocinas,

7. Repressao de produtos de genes de protecdo como constitutiva da 6xido nitrico sintase,

trombomodulina e agentes bioativos, isto €, a prostaciclina, 6xido nitrico [37].

Vasoconstrigdo ap0s a lesdo por reperfusdo ocorre como um resultado da diminui¢do da
biodisponibilidade de mediadores endoteliais, que resultam em uma maior producdo de
moléculas de adesdo e citocinas. Essas moléculas de adesdo e citocinas recrutam células
inflamatorias que libertam ainda mais mediadores inflamatorios, conduzindo a disfungdo

endotelial e maiores danos aos tecidos [38, 39].

1.5 Reperfusao Isquémica Intestinal (IRI) e PMN
Intestino € o 6rgdo mais sensivel a IRI e ¢ causada por varias condigdes clinicas, como

isquemia mesentérica aguda, obstrug¢do intestinal, hérnia encarcerada, o transplante de
intestino delgado, enterocolite necrosante neonatal, trauma e choque. Tal fendmeno pode
resultar em sindrome clinica grave, ou at¢é mesmo a morte [40, 41]. Por exemplo, a
isquemia mesentérica aguda (AMI) tem mortalidade de 60% a 80%, e a incidéncia esta

aumentando com o tempo, havendo dificuldade em se reconhecer a condigao [42, 43].
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IRI dos intestinos altera a absorcao intestinal, resultando na baixa absor¢do de nutrientes,
causando infarto do intestino, sindrome do intestino curto e até mesmo a morte [44]. A
translocacdo bacteriana através da mucosa epitelial para locais extra-intestinais pode
ocorrer apos IRI que, posteriormente, pode induzir sepse, choque ou faléncia de multipla
de orgdos (MOF). A translocagdo bacteriana tem sido notada em 44% dos pacientes
pediatricos apos o transplante de intestino delgado [45, 46]. Similarmente a endotoxina
lipopolissacarideo (LPS), que ¢ parte da membrana exterior de bactérias gram-negativas,
liga-se a TLR4 e no final amplifica a produ¢do de citocinas [47-49]. Espécies reativas de
oxigénio, tais como peroxido de hidrogénio, superdxido, juntamente com citocinas levam
ao desenvolvimento de sindrome da resposta inflamatoria sistémica (SIRS), que pode
evoluir para faléncia de multiplos o6rgaos (MOF) [50]. A infiltragdo pulmonar de
neutrofilos, que ¢ um processo bem estudado, contribui para o desenvolvimento da

sindrome da angustia respiratoria aguda (ARDS) e lesdo pulmonar aguda (ALI) [51].

O intestino ¢ composto de células labeis que sdo sensiveis e facilmente feridas por
isquemia e reperfusdo [52]. A mucosa do intestino torna-se o local para a producio de
varias proteinas de fase aguda [53], hormonios intestinais [54], citocinas [55], espécies
reativas de oxigénio [11], o 6xido nitrico [56], derivados do AA [57], e moléculas de
adesdo celular [58]. Respostas inflamatorias moleculares e celulares como a transcri¢ao
de fatores nucleares -kB (NF-kB) [59], a indugdo do fator de estimulagdo de coldnias de
granuldcitos (G-CSF) e interleucina (IL) -6 influenciam recrutamento de neutréfilos para

a regido o muscular intestinal ap6s ocorrer a IRI [55].

Diversos estudos comprovaram que PMNs estdo envolvidos na fisiopatologia da IRI,
onde a lesdo de reperfusdo intestinal ¢ principalmente devido a interagdes de leucocitos e
CE na mucosa do intestino transplantado [60]. O esgotamento dos PMNs do sangue antes
da reperfusdo mostrou diminuir IRI no intestino delgado humano [61]. Estudos com
microscopia intra-vital em tecidos apds eventos de IRI mostraram uma resposta
inflamatoria aguda devido ao aumento do efluxo de proteinas e de adesdo de PMN em
vénulas pos capilares [11]. Riaz et al. demonstraram que apds o IRI do intestino do rato,
tanto P- e E-selectinas aumentaram sua expressdo. O bloqueio de P-selectina reduz o

rolamento e adesdo dos PMN, de modo a atenuar a lesdo [62]. PMNs causam danos por
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caminhos diferentes, como a secrecdo de enzimas proteoliticas de granulos
citoplasmaticos [63], a producdo de radicais livres pela explosdo respiratéria [64], e
danos a microcirculacdo e extensdo da isquemia [65]. Estudos demonstraram que PMNs
sdo a fonte inicial de radicais livres, em modelo de rato com IRI do intestino [66]. Esta
lesdo por reperfusdo intestinal provoca nao sé resposta local inflamatéria aguda, mas
também lesdes pulmonares notaveis, bem como alteragdes inflamatdrias sistémicas [67].
Estratégias farmacologicas, que reduziram a infiltracdo de neutréfilos também reduzir IRI
[67, 68]. Apesar de inimeras modalidades e substancias que foram testadas para reduzir a
mortalidade induzida por isquemia/reperfusdo, nenhuma foi totalmente bem sucedida.
Além disso, os mecanismos moleculares e vias subjacentes da IRI ainda sdo pouco
conhecidos. Neutrofilos sdo muito importantes na IRI, e a participagdo dos neutrédfilos
neste processo ainda ndo ¢ completamente conhecida. Para uma melhor compreensdo dos
mecanismos moleculares que ocorrem durante o IRI, ¢ necessario uma maior
compreensdo da biologia dos neutréfilos. Isso serd possivel a partir do conhecimento do

proteoma de neutrofilos.

1.6 Os mediadores e receptores de IRI

1.6.1 Leucotrienos (LT) B4

Leucotrieno (LT) B4 ¢ um dos mediadores inflamatorios conhecido por ativar neutréfilos
e induzir seu recrutamento em tecidos intestinais apos a isquemia e reperfusdo grave da
artéria mesentérica superior. Em estudos farmacoldgicos com antagonista do receptor
LTB4, ndo foi demonstrado nenhum efeito sobre os neutrdfilos, portanto, receptor BLT
desempenha um papel menor nas lesdes locais, remotas e sistémicas apds IRI grave em
ratos [69]. O LTB4 ¢ produzido como um resultado do metabolismo do dacido
araquidonico (AA). Ele ¢ produzido por uma reacdo de catalise da 5-lipoxigenase e de
leucotrieno A4 hidrolase [70] que se liga ao receptor acoplado a proteina G de BLT-1,

promovendo a quimiotaxia dos neutréfilos [71, 72].

1.6.2 TNF-a
TNF-a ¢ liberado durante a IRI e atua como mediador da cascata inflamatoria. A

diminui¢do do recrutamento dos neutrofilos e lesdo de tecidos foi observada apds a

inibicdo do TNF-a [73]. TNF-a também induziu apoptose em neutrdfilos [74]. Num
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estudo de TNF-a e IL-1f a producdo do mesmos foi associada com a resposta
inflamatoria mediada em parte pelo receptor Toll-like (TLR), na sinalizacdo em modelos
de IR. Esta inflamacdo pulmonar e intestinal era dependente de sinalizagdo TLR / MyD88

sugerindo o envolvimento da cinase p38 e NF-kB [75].

1.6.3 Trombina
A trombina induz o rolamento e adesdo de leucocitos apos IR e antitrombina diminuiu

acentuadamente a lesdo pulmonar caracterizada pela diminuicdo do extravasamento,
sequestro de leucocitos e atividade da MPO [76]. Trombina induz a via PAR1 através de
receptores acoplados a proteina G, resultando na libertagdo de neutrofilos de rato

induzida por citocina quimioatrativa-1 (CINC-1) (quimiocina) durante IR [77].

1.6.4 Canais de potassio (KATP)
Em células epiteliais do intestino delgado, os canais de K + fornecem a for¢ca motriz para

o processo de transporte através da membrana plasmatica, e estdo envolvidos na
regulagdo do volume celular. O ajuste fino de transporte de sal e dgua e de K +
(homeostase) ocorre em células epiteliais do colon, onde os canais de K + estdo

envolvidos nos processos de secrecdo e reabsor¢do [78].

Em estudos com bloqueadores de canais de potassio (KATP), foi mostrado a supressdo na
migracdo de neutréfilos e a quimiotaxia, durante as respostas inflamatdrias agudas. Lesdao
local, remota e sistémica foram impedidas apds o tratamento com glibenclamida
(bloqueador de canais KATP), sugerindo importante papel dos canais KATP na lesdo

intestinal em modelo de rato associada aos neutrofilos [79].

1.6.5 Sistema complemento
Sistema do complemento ¢ um mediador conhecido que estad envolvido na lesdo por

isquemia / reperfusdo (I / R), que exerce os seus efeitos de véarias maneiras. Por exemplo,
o complexo de anafilatoxinas (C3a e C5a) e o complexo de ataque a membrana (C5b-9),
induzem a expressdo aumentada de ICAM-1, E-selectina endotelial, P-selectina, IL-8,
MCP-1, e de ROS. Como resultado temos a atracdo e agregacdo de neutrofilos,
quimiotaxia, atividade citotoxica, ocorrendo a liberagdo de ROS metabolitos e proteases
[80, 81]. Além disso, a C5a ¢ um quimioatraente potente para outras células do sistema

imunolédgico e leva a producdo aumentada de moléculas de adesdo vascular [82]. O
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receptor C5a (C5aR) em camundongos knockout, antes da oclusio SMA levou a prote¢ao

de lesdo intestinal e diminui o seqiiestro derivados do intestino neutrofilos pulmonar [83].

1.6.6 Receptores CXC 1 e 2 (CXCR1/2)
CXCR1 e CXCR2 pertencem a classe de receptores acoplados a proteina G (GPCR),

atuando como receptores para C5a, LTB4, PAF, e fMLP [84]. O Bloqueio de CXCRI1 e
CXCR2 reduziu significativamente a infiltragdo de neutrdfilos na lamina jejuno, no
parénquima pulmonar e no derrame vascular nas vias aéreas (proteina BAL), porém nao

teve nenhum efeito sobre a expressdo de mieloperoxidase, IL-1, IL-6, GRO, MIP-2 e

MMP-9 [85, 86].

1.6.7 Espécies reativas de oxigénio (ROS)
Espécies reativas de oxigénio como anion superdxido (O2 ¢), peroxido de hidrogénio

(H20,) e radical hidroxila (OHe) pode provocar a oxidacdo de proteinas, DNA,
fosfolipidios e outras estruturas bioldgicas. Durante a reperfusdo, o PAF, o TNF-a, IL-6,
IL-1B, GMCSF, C5a e a ROS auto estimulam as células endoteliais e a produ¢do ROS em
neutrofilos [87, 88]. As principais fontes de ROS em neutrofilos sao NADPH-oxidase,
xantina oxidase (XO), as mitocondrias € o metabolismo do acido araquidonico apds a
reperfusdo [89, 90]. As ROS podem levar diretamente a danos estruturais, aumentar a

abertura MTP, ativar o sistema imunologico e ECs, e induzir a apoptose [91].

1.7 Protedmica baseada em Espectrometria de Massas

1.7.1 Introduco a espectrometria de massas

O espectrometro de massa ¢ um instrumento que mede as razdes entre massa-carga (m /
z) de ions de modo a encontrar sua massa molecular. Um espectrometro de massa tipico
consiste em uma fonte de ions, um analisador de massa e um detector. A fonte de ions
cria os mesmos em fase gasosa a partir de diferentes analitos. O analisador de massa
resolve os ions de acordo com a sua propor¢do de massa-carga (m / z). E,
sequencialmente, o detector detecta os ions. Fig4 ¢ um esquema grafico de um

espectrometro de massa.
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Figura 4 Esquema representativo de passos realizados em um espectrometro de massas.

(caixas azuis) com algumas medidas relacionadas com a preparacdo da amostra e anélise
de dados (caixas de laranja). A maioria das caixas representam componentes de um
espectrometro de massa. As caixas nomeadas pré-fracionamento e amostra, representam
passos executados para preparar a amostra para a espectrometria de massa. Ao lado das
caixas sdo representados alguns dos tipos mais comuns de elementos de espectrometria

de massa. Adaptado de [92].

1.7.1.1 Fonte de ions

Existem muitos métodos de ionizacado, incluindo ionizacdo quimica (CI) e dessor¢ao por
plasma (PD), que foram introduzidas em 1966 e 1974 [93]. Mais tarde, por
bombardeamento atdmico rapido (FAB) [94], a espectrometria de massa de ions
secundarios em meio liquido (LSI-MS) [95], com ionizag¢do por eletrospray (ESI) (Fig.5-
A) [96] e de matriz assistida por laser de ioniza¢do e dessor¢ao (MALDI ) (Fig.5-B) [97]
foram desenvolvidos, sendo os dois ultimos os métodos predominantes atualmente
aplicados em protedmica. Na andlise por MALDI, o analito ¢ a primeiramente co-
cristalizado a uma matriz. Depois disso, uma radiacdo laser ¢ aplicada a esta mistura
(matriz-analito) conduzindo a sublimagdo de matriz ¢ do analito, ¢ a matriz doa uma

carga para o analito [98]. Os ions gerados a partir MALDI s3o na sua maioria isolados
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carregadamente e acelerados por um campo eletrostatico para o analisador. A principal
desvantagem de MALDI ¢ a reprodutibilidade inferior (diferente de tiro a tiro) devido a
preparacdao da amostra e o seu deposito ndo homogéneo sobre a superficie da placa/sonda.
No entanto, permite a ionizagdo por MALDI dos analitos de massa molecular muito
elevada; até 300,000 Da. ESI ioniza analitos em solucdo, onde a aplicagdo de um campo
elétrico forte resulta na evaporacdo da solucdo de amostra para a fase gasosa de
electrospray com goticulas altamente carregadas (ES). Enquanto as goticulas carregadas
evaporam, o analito ¢ ionizado e transferidos para a fase gasosa e MS lentes com carga
oposta atraem estes ions. ESI tem a vantagem de produzir ions de cargas multiplas a
partir de grandes biomoléculas. Além disso, o acoplamento a um pré-fraccionamento de
moléculas utilizando cromatografia liquida de alta eficiéncia (HPLC), com a ESI-MS
tornou esta técnica altamente proficientes na analise de diferentes tamanhos de moléculas

com diferentes polaridades, em uma amostra contendo uma mistura complexa[99].
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Figura 5 Técnicas de ionizagdo por MS.
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1.7.1.2 Analisador de massa

Um analisador de massa separa os ions de acordo com os seus valores de m / z. Existem
diferentes principios fisicos utilizados para a separacdo de ions, em analisadores de
tradicionais sdo feitas eletricamente (ou seja, utilizando p6los magnéticos) utilizando um
campo magnético. Atualmente, analisadores de massa sdo compostos por um quadrupolo
(Q), quadrupolo ion trap (QIT), time-of-flight (TOF), e transformada de Fourier de

ressonancia cyclotrone ion (FT-ICR); tipos de analisadores (Fig. 6).
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Figura 6 Espectrometro de massa utilizada na pesquisa de proteoma.

Adaptado de [100]. (a) Instrumentos Tempo de vdo (TOF), (b) Instrumento TOF-TOF,
(c) Espectrometros de massa de quadrupolo, (d) instrumento Quadrupolo TOF, (e) O ion

trap (tridimensional) e (f) instrumento FT-MS.

As caracteristicas de um analisador de massa sdo determinados pela resolucdo (a
eficiéncia de separagdo de ions, através da sua razdo ( m / z), a precisdo de massa (
confianga dos valores de m / z), faixas de massa, a aquisi¢cdo e precisdo de MS / MS (a
capacidade de reproduzir uma medida da massa de um dado composto) incluindo a faixa
dinamica (a razdo entre o mais abundante € o menos abundante detectados dentro de um

unico scan, para garantir precisdo massa especifico). A aquisicdo mais recente da familia
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FT / MS ¢ o analisador Orbitrap, que ¢ uma modificacdo da QIT, onde o Orbitrap
trabalha com campos eletrostaticos estaticos, enquanto o QIT usa uma dindmica de
campo elétrico tipicamente oscilante em ~1 MHz. Espectrometros de massa Orbitrap
fundamentalmente se diferem da maioria dos espectrometros de massa FT-ICR por causa
de sua constitui¢do no mecanismo de excitagdo por inje¢do [101]. Orbitraps tem uma
elevada precisdo de massa (1-2 ppm), um poder de resolucio elevado (de 240.000 , e
deteccao de m/z de até¢ 400), uma faixa dinamica elevada (cerca de 5000) e de alta

sensibilidade [102-104].

O tipo de instrumento aplicado em espectrometria de massa neste trabalho de pesquisa de
doutorado foi um LTQ-Orbitrap Velos. Ele inclui uma fonte de ions por eletrospray
(ESI), e duas armadilhas de ions LTQ. E possivel ejetar os fons diretamente no analisador

de massa Orbitrap ou na camara de colisdo (. Fig 8).

LTQ Velos Orbitrap
Electrospray lon Sowrce  S-Lens Square Quadrupole  Octopole  High Pressure Cell ~ Low Pressure Cell Multipole (-Trap HCD Collision Cell

| 0
O

=

(Orbitrap Mass Analyzer

Figura 1 Visualiza¢do esquemdtica do LTQ Orbitrap Velos. Adaptado de [105].

1.7.1.3 Fragmentacio de peptideos
Para obter informacgdes sobre a sequéncia de aminoacidos de um peptideo a partir de uma

proteina proteoliticamente digerida usando espectrometria de massa, o peptideo precursor
de fons tem de ser fragmentado em uma "escada" de ions consecutivamente em

fragmentos de ions menores, cada um tendo perdido um aminodcido ou mais. A técnica
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de fragmentacdo de peptideos mais comum em MS, ¢ a dissociag¢do induzida por colisdo
(CID), leva os ions dos fragmentos em N e C-terminais resultando da clivagem de uma
ligacdo C-N no esqueleto do peptideo, produzindo entdo ions y e b, respectivamente (
Fig. 8). Os outros tipos de métodos de fragmentagdo importantes na analise de peptideos
sdo a dissociagdo de captura de elétrons (ECD) e dissociacdo por transferéncia de
elétrons (ETD), que produzem fragmentos N e C-terminais da cadeia principal entre o
atomo de carbono alfa e o nitrogénio, gerando assim ions ¢ e z, respectivamente [106,
107]. A fragmentagdo por ETD pode identificar modificagdes pos-traducionais CID-
estaveis (PTMs). Com o uso do ETD, para estes peptideos com PTMs, pode-se adicionar
tanto a informacao da sequéncia quanto da localizagcdo dos sitios de modificagdo. Outro
método alternativo ¢ a fragmentagdo que ¢ um tipo de CID, porém sendo de alta energia
de dissociagdo por colisao (HCD). O destaque do padrdo de fragmentagdo do HCD ¢ a
maior energia de ativagdo e menor tempo de ativacdo em comparagdo com a tradicional
CID em ion trap. Na fragmentagdo por HCD também sdo gerados fragmento de ions do
tipo b e y. Embora a energia mais elevada para o HCD leva a uma predominancia de ions
de y; fons do tipo b podem ser ainda fragmentados a espécies menores de ions. Sem a
restri¢do de corte baixa massa e com elevada precisdao MS2 espectros de massa, HCD tem
sido aplicado com sucesso para sequenciamento de novo de peptideos, fornecendo uma
série de ions mais informativa. Quanto aos estudos com PTMs, certos ions diagnosticos
especificos para HCD podem ser reconhecidos para a identificagio de PTMs.
Fragmentacdo eficiente com deteccdo em uma larga faixa de m/z faz do HCD uma
ferramenta poderosa para sequenciamento e quantificagdo de peptideos marcados com
tags do tipo iTRAQ . Em particular, a combinagdo de alta qualidade de exatiddo de
massa em espectros MS/MS, com a alta resolugdo e abundancia de ions reporter do
marcador iTRAQ ¢ bem adequado para a identificagdo e quantificacdo simultanea de

peptideos em digestos de amostras complexas de proteina [108, 109].
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Figure 2 Nomenclatura de fragmenta¢do de peptidoes Roepstorff-Fohlman-Biemann
[107, 110].

A. A clivagem de um simples Ca-C, C-N, ou N-C a bond resulta em ions a, b, € c,
respectivamente, quando a carga ¢ retida da por¢do N-terminal; enquanto ions x,y ou
z sdo produzidos, respectivamente, quando a carga ¢ retida da por¢do C-terminal do
fragmento. B. Dupla clivagem da estrutura, resultando em apenas um imdnio,

contendo uma unica cadeia lateral.

1.8 Protedmica Quantitativa
Espectrometria de massa baseada em protedmica quantitativa ¢ usada em pesquisas

bioldgicas e clinicas, para a identificacdo de mddulos funcionais e vias, ou até mesmo
para a identificagdo de biomarcadores de doengas. Resultados quantitativos podem ser
obtidos através da utilizagdo de uma marcacdo com isotopos estaveis, ou através de
métodos sem marcacdo (Label free)[104, 111]. As técnicas com marcagao isotopica tém
alta reproducibilidade, enquanto técnicas /label-free requerem sistemas de alta
reproducibilidade cromatografica (LC- MS/MS) [112]. Vérios métodos foram
desenvolvidos baseados em marcagcdo com isétopos pesados (2H, 13C, 15N e 180),
como a marcagdo com aminodcidos marcados com isotopos estaveis em cultura de
células (SILAC) [113], Is6topos marcados com afinidade a uma fag (ICAT) [114] e
Tags isobdricas para quantificagdo relativa e absoluta (iTRAQ) [115]. Em contraste com
as marcagdes ICAT e SILAC onde duas ou trés amostras sdo comparadas, a marcacao
com iTRAQ de quatro a oito amostras sdo marcadas e analisadas e quantificadas
simultaneamente [115, 116]. Ao analisar a combina¢do de multiplas amostras e uma

unica corrida, reduz-se o tempo de uso do equipamento das andlises, e da variagdo entre
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diferentes corridas de LC/MS, aumentando a acuracia dos resultados. Estudos
comparativos para diferentes marcagdes isotopicas, incluindo eletroforese diferencial em
gel (DIGE), ICAT, e iTRAQ mostraram que iTRAQ ¢ mais sensivel do que ICAT [117].
A técnica com a marcacao por iTRAQ possibilita alto rendimento para andlises de

protedmica quantitativa, produzindo um grande conjunto de dados [115, 116, 118].

1.8.1 Marcacoes isobaricas para quantificacio relativa e absoluta (iTRAQ)
Quantificacdo relativa e absoluta pode ser realizada com i1TRAQ, porém para

quantificag@o absoluta sdo necessarios padroes internos de referéncia [115, 116].

1.8.2 A quimica do reagente iTRAQ™
O reagente iTRAQ™ ¢ uma fag isobarica que pode marcar a maioria dos peptideos e

proteinas, uma vez que o mesmo reage com aminas primarias da por¢do amino terminais,
incluindo o N-terminal e o grupo e-amino da cadeia lateral das lisinas. Cada fag contém
um unico grupo repoérter, um grupo de peptideo reativo, € um grupo de balanco neutro,
estes em conjunto mantém uma massa total of 145Da ( Figura 9). Durante a
fragmentagio peptidica no evento de MS/MS, os grupos reporter iTRAQ™ se separaram
das fags isobdricas e produzir ions distinguiveis com m/z 114, 115, 116 e 117. Desse
modo, as intensidades relativas dos ions reporter forneceram a abundancia relativa de
cada peptideo para cada uma das amostras. Esta fragmentagdio MS/MS de iTRAQ™
ligaado aos peptideos também produz fortes sinais dos ions y e b, favorecendo uma
identificacdo com maior confiabilidade [119].

Isobaric tag
Total mass = 145

N\

Amine-sepcific peptide

Reporter group reactive reporter group (PRG)
.

Balance Group

Figura 9 Estrutura do reagent iTRAQTM. Adaptado de [120].
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1.8.3 Fluxograma de trabalho do reagente iTRAQ™

As amostras sdo reduzidas, alquiladas e depois digeridas com a enzima tripsina. O
conjunto de peptideos obtidos depois da digestdo sdo entdo marcadas com uma das quatro
tags de iTRAQ™. Em seguida, os peptideos marcados sdo reunidos em uma tUnica
aliquota, separados por cromatografia liquida (LC), e as fragdes obtidas ao fim do

processo sao analisados por Espectrometria de Massas (Figura 10).
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Figura 10 Um esquema geral e exemplo de dados para um experimento iTRAQ 4-Plex.
Adaptado de [120].
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A quantificagdo por iTRAQ™ pode ser realizada com base no LTQ-Orbitrap e incluem a
dissociacao Q pulsada (PQD) [121] e de dissociacdo de maior energia na C-trap (HCD)
[122]. A quantificacio com iTRAQ™ ¢é mais sensivel e precisa para um proteoma total,
podendo ser feito usando o método fragmentacio HCD em complemento a técnica de

fragmentacao CID [123].

1.9 Fosfoprotedmica
A fosforilagdo de proteinas ¢ uma modificacdo pos-traducional essencial, afeta a maioria

das atividades celulares incluindo a transdu¢do do sinal, a expressdo de genes, a
progressdo do ciclo celular e outras fun¢des biologicas [124]. Enzimas dedicadas a
fosforilagdo de proteinas estdo entre a maior classe de enzimas de PTM (modificagdo pos
traducional). Essa superfamilia de proteinas cinases foi denominado o kinome, com mais
de 500 membros do kinome humano. As proteina cinases catalisam a transferéncia de
um grupo fosfato a partir de um composto orgénico de alta energia, tais como a adenosina
trifosfato (ATP) para a cadeia lateral de serina, treonina, tirosina ou histidina residuos de
aminodcidos das proteinas de mamiferos. Cinases sdo conhecidas por englobar 1,7% dos
genes humanos [125, 126]. Além disso, estima-se que a abundancia relativa de
fosfoserina, treonina, e tirosina no proteoma humana sdo 90%, 10%, e 0,05%,
respectivamente [127]. Por hidrdlise da ligacao covalente fosfodiéster, libertando assim o
ortofosfato, as fosfatases catalisam a remog¢ao enzimatica destes grupos fosfato a partir de
proteinas, devolvendo-nas ao seu estado ndo fosforilado [128]. A fosforilacdo afeta a
estrutura da proteina, alterando a carga e a hidrofobicidade da cadeia lateral do
aminoacido. Aminoacidos carregados positivamente ou negativamente, em estreita
proximidade com o residuo fosforilado serdo repelidos ou atraidos, respectivamente, e a
porcdo de fosforil, além disso, vai introduzir uma regido muito hidrofilica e polar na
proteina afetada. Deste modo, podem ser induzidas alteragdes conformacionais, que

afetardo as propriedades da proteina [129].

A andlise de fosfopeptideos ¢ um desafio para espectrometria de massa por varias razdes

[130]:

1. A alta atividade da fosfatases requerem uma preparagdo sensivel amostra, evitando a

perda das proteinas modificadas;
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2. A fosforilagdo ¢ uma PTM labil, que pode ser perdido durante o processo de

fragmentacdo MS/MS;

3. A fragmentacdo de um peptideo incompleto complica a localizacdo correta do sitio de

fosforilacao;

4. A baixa estequiometria dos fosfopeptideos implica no uso de estratégias de

enriquecimento, que tém suas limita¢des (veja a proxima secao);

5. Alguns dos peptideos multi fosforilados exibem menos intensidades de ions, em

comparagdo com os peptideos menos fosforilados pela analise convencional por RPLC-

MS/MS [131, 132];

6. O fosfoproteoma ¢ dindmico e complexo. Atualmente, prevé-se que mais de 100,000
sitios de fosforilagdo estdo presentes em proteinas de mamiferos, distribuido numa vasta
faixa dinadmica [133]. No entanto, estudos de grande escala atingem atualmente mais de
20.000 sitios utilizando técnicas de enriquecimento para fosfopeptideos e LC-MS.
Diferentes estratégias de fracionamento de amostra e enriquecimento para fosfopeptideos

podem entdo resolver o problema da baixa estequiometria dos fosfopeptideos.

1.9.1 Enriquecimento de PTM-especificas
Existem varios métodos de enriquecimento de PTM-especificas para proteinas e

peptideos, incluindo cromatografia de afinidade para PTM-especificas ou
imunoprecipitagdo com anticorpos especificos da PTM. Fosfoproteinas podem ser
purificadas por meio de resinas de afinidade especifica para a PTM [134] ou anticorpos
que reconhecem residuos de aminoacidos fosforilados [135]. A digestdo subsequente da
proteina e analise por LC-MS/MS dos peptideos fornecerd a localizacdo dos sitios de
fosforilagdo nas proteinas recuperadas. No entanto, esta técnica ¢ mais Util para
enriquecer peptideos, antes da andlise por MS da PTM, o que pode melhorar a
sensibilidade e especificidade da analise. A Cromatografia por afinidade com metal
imobilizado (IMAC), [136], ou colunas de TiO, [137] s@o utilizados para enriquecer os
peptideos com PTM antes da analise por MS/MS. Métodos de cromatografia de troca de
cations e anidns também sao uteis para reduzir a complexidade da amostra de peptideos,

incluindo fosfopeptideos. As combinagdes destes métodos revelaram milhares de sitios
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de fosforilagdo em proteinas de diferentes espécies. A técnica IMAC mostrou maior
sensibilidade para peptideos multi-fosforilados, sendo assim, a troca por cromatografia
de fase reversa antes IMAC tem sido usado com um alto risco de perda destes peptideos

fosforilados [138, 139].

1.9.1.1 Cromatografia de afinidade com diéxido de titanio TiO2:

TiO, ¢ uma resina que pode criar uma interagdo idnica com os grupos fosfato das
biomoléculas, que ao ser misturado a amostra ou usado em microcolunas, se liga aos
peptideos que apresentam fosforilagdes. O procedimento de lavagem elimina todos os
peptideos ndo que estdo vinculados a resina; na etapa seguinte, a de elui¢do quebra-se a
ligacdo entre a modificagdo e a resina, criando-se uma mistura de peptideos eluidos
contendo uma fracdo altamente enriquecida de fosfopeptideos. Esta abordagem,
comparada a outros métodos, ¢ mais barata, mais rdpido e mais reprodutivel, sendo
também compativel MS devido a composi¢do dos tampdes utilizados para a elui¢do. Em
relagdo a aplicagdo de TiO2 para enriquecimento de fosfopeptideos, em primeiro lugar a
razdo entre a quantidade de titdnio e a concentracdo de peptideos deve ser otimizada a
fim de alcangar a mais alta eficiéncia de enriquecimento [140]. Nesta estratégia de
enriquecimento, o valor de pH do tampao de eluicdo deve ser acido para permitir que os
residuos dos peptideos acidos tornem-se neutros, enquanto, os grupos fosfo permanecem
carregados negativamente. Varios estudos tém sido feitos para alcancar a maior
seletividade de enriquecimento, comparando diferentes tampdes de elui¢do, os quais

permitem as condigdes acidas [141].

1.9.1.2 Elui¢ao sequencial por IMAC (SIMAC)

SIMAC (Figura 12) E um método de enriquecimento para fosfopeptideos combinando
MOAC (Cromatografia de afinidade por 6xidos metalicos) e IMAC [142]. Ele separa
ambos, tanto multi quanto mono-fosforilados, onde, as primeiras condi¢des acidas sdo
usados para eluir peptideos monofosforilado a partir do material IMAC, enquanto a
eluicdo subsequente baseia-se na recuperacdo de peptideos multifosforilados, estes que
normalmente ndo sdo facilmente detectados. Individualmente peptideos fosforilados, sdo
eluidos da ligagdo TiO2-MOAC. Finalmente, as duas aliquotas contendo peptideos

distintos podem agora ser analisados separadamente, utilizando parametros de
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espectrometria de massa que sdo otimizados para cada tipo de amostra [143]. No método
de enriquecimento TiO2 os peptideos ndo fosforilados sdo eluidos na primeiro etapa,

sendo esta aliquota chamada de flow-through [143].

O método SIMAC resulta em uma maior identificacdo de fosfopeptideos do que a propria
MOAC, ampliando assim o espectro de identificagdo para fosfopeptideos[142]. A elui¢do
sequencial ¢ uma outra vantagem, uma vez que tem uma maior quantidade de fragdes
com uma menor complexidade, aumentando a probabilidade de ioniza¢do e de
identificacdo dos fosfopeptideos por MS [144]. Em geral o fluxograma de trabalho de

SIMAC ¢ apresentado da seguinte forma, como mostrado na figura abaixo (figurall):

Modng IMAC beads
and peptide sample

i Incubation 30 min
9 PHOSselect IMAC beads
"\ Non-phosphorviated peptide

P Phosphorylated peptide

e] Packing beads in
GELoader tips

v v v

Unbound Acid Elution Base Elution
(IMAC Flow-through) (1% TFA, pH 1.0) (NH,OH, pH 11.3)
+ IMAC wash l
i TiO, chromatography
TiO, chromatography l
l TiO, eluent
TiO, eluent mono-phosphornyiated peptide
mono-phosphorylated peptides) l
\ MALDI MS
LC-ESI MSEMS-

Figure 3 Fluxograma geral de SIMAC

Adaptado de[142].
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1.10 Protedmica em neutrdfilos
Existe uma necessidade de se identificar a expressdo das proteinas que compdem uma

célula, pois nem todos os genes sdo traduzidos em proteinas, isso se confirma também em
neutr6filos, onde a correlagdo entre mRNA e expressdo de proteinas ¢ inconsistente .
Existem alguns estudos protedmicos bem limitadas para neutrdfilos, particularmente

explicando o efeito da resposta inflamatdria no proteoma de neutrofilos [77].

A primeira andlise global com proteinas de neutréfilos de rato foi feita por eletroforese
em gel bidimensional (2DE) e MS apresentando 52 proteinas identificadas [145]. Mais
tarde, 250 proteinas foram identificadas através de uma combina¢do de 1DE seguido por
ESI-MS / MS a partir de neutréfilos bovinos. As proteinas identificadas nestes trabalhos
pertenciam ao metabolismo celular, motilidade celular, resposta imune, sintese de

proteinas, a sinalizagdo celular e trafico de membrana [146].

Andlise protedmica de granulos de gelatinase, granulos especificos e azurofilicos feita
por 2DE e MALDI-TOF identificou 87 proteinas, incluindo uma proteina integral de
membrana. Embora a capacidade de detec¢do de 2DE ainda fosse muito limitada,
proporcionou a identificacdo de uma abundancia diferencial de actina associada a todos
os granulos [147]. Foram identificadas 247 proteinas identificados a partir de granulos
azurofilicos de neutréfilos humanos, sendo estas proteinas componentes do citoesqueleto,
proteinas de fusdo estrutural, e de lipid rafts de membrana analisadas por 10% SDS-
PAGE e de LC-MS / MS [148]. Um estudo similar identificou um total de 23 proteinas
de plasma de membrana utilizando eletroforese em gel gradiente e MALDI-MS ou por
MALDI-MS/MS; onde Nove das proteinas pertencentes ao citoesqueleto eram comuns a
um estudo anterior de granulos azurofilicos de neutrofilos humanos granulos e lipd rafts
[149]. Fessler et al. [150] identificou 1200 proteinas a partir de neutrofilos apds a
exposi¢do ao lipopolissacarido (LPS) durante 4 h, o que resultou em 50% de aumento na
expressdo de 100proteinas, e 50% de diminui¢do na expressao de proteinas de outras 100.
Usando 2DE seguido por MALDI-TOF-MS, foram identificados substratos de MMP2 e
MMP9 de BAL de ratos. Estes substratos incluem Yml, S100A8, S100A9 e,
corroborando uma atividade quimiotatica [151]. A andlise Protedmica da mucosa

intestinal em modelo ratos apds pré-condicionamento isquémico (IRI) identificou 10
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proteinas utilizando 2DE em combinacdo com MALDI-TOF-MS e estas proteinas
estavam envolvidas em mecanismos anti oxidativos, na inibi¢do de apoptose e do
metabolismo energético. Este estudo também revelaram o aumento na abundancia da
aldeido-desidrogenase e redutase de aldose no grupo IPC [152]. Um estudo semelhante
utilizado 2-DE combinado com MALDI-MS para analisar o proteoma da mucosa
intestinal de ratos submetidos a I / R de lesdo, na auséncia ou na presenga de pré-
tratamento em ratos IPC. Um total de 16 proteinas foram diferencialmente expressos, e
estas pertenciam ao metabolismo energético celular, anti-oxidativo e anti-apoptotico,
dentre elas a Aldose redutase que remove as ROS, foi significativamente regulada para

diminui¢do na abundancia em IR e aumento no IPC [153].

Nosso grupo vem trabalhando com abordagem protedmica para a identificacdo e
caracterizacdo de um conjunto de proteinas em neutréfilos. A fim de obter uma visdo
mais abrangente do perfil de proteinas em neutréfilos humanos ativados pelo PAF, fMLP
e PMA. As técnicas de 2DE e MS com amostras de neutrofilos humanos foi realizada
com 22 identificacdes de proteinas [154]. A comparacdo do proteoma de neutrofilos de
individuos normais comparados aos de individuos politraumatizados em gel 2DE revelou
114 spots proteicos com abundancia diferencial, sendo aumentada em 27 e diminuida em

87 em condi¢des de trauma [155].

1.10.1 Fosforilagao de proteinas em neutrofilos
Oito substratos de MAPKAPK?2 (uma cinase a juzante na via de MAPK p38) foram

identificadas pela combinagio in vitro de fosforilagdo **P-ortofosfato ligados a lisados de
neutrofilos, usando eletroforese unidimensional SDS-PAGE, e¢ a identificagdo de
peptideos por MALDI-TOF/MS. Um destes substratos, 14-3-3( foi encontrado
fosforilado na Ser-58, e esta fosforilagdo regula 14-3-3C a dimerizacdo e ligagdo a Raf-1
[156]. Uma analise semelhante identificou a subunidade p16-Arc do complexo Arp2/3
como substrato MAPKAPK?2. As consequéncias funcionais dessa fosforilagdo ainda ndo
sdo conhecidos, mas podem explicar a participagdo da MAPK p38 em fungdes celulares
dependentes da actina [157]. Outra abordagem semelhante para identificar a proteina de

ligacdo de calcio relacionados com a proteina mieldide-14 (MRP-14) como um alvo para
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a de fosforilagdo de p38 MAPK em neutréfilos estimulados com fMLP, sugerindo um

papel da MRP-14 na estimulagdo da exocitose[158].

O regulador RhoGTPase, a proteina LyGDI, foi identificado por 2DE,
imunotransferéncia e MS/MS e foi encontrado para ser tirosina fosforilada durante a
aceleragdo por fibronectina mediadas pelo TNF-a na apoptose neutréfilos. A fosforilagao
foi seguida por um aumento da caspase-3 mediando a clivagem de LyGDI, esta clivagem
foi uma sinalizagdo para apoptose mediada por TNF-a [74]. Pacquelet et al. [159]
utilizou-se analise de neutrofilos lisados por SDS-PAGE de LC-MS /MS para descobrir
se a interleucina cinase 1 de associada ao receptor-4 (IRAK-4) ¢ a juzante de TLR-4 e de

7P (um componente do complexo

serina e treonina que foram fosforiladas em p4
NADPH-oxidase) diretamente por IRAK-4, que resulta em aumento da atividade da

NADPH-oxidase.

Usando coloragao em gel especifica para fosfoproteinas (Pro-Q Diamond), mudangas na
expressao de L-plastina, meosina, cofilina e proteinas stathmin foram encontrados devido
a sua fosforilagdo ou desfosforilagio [160]. Foi confirmado por MS / MS que p47°"™, é
fosforilada na Ser345 por proteinas extracelulares reguladas uma proteina de sinalizagao
quinase-1/2 (ERK1 / 2) em resposta a GM-CSF, e por p38 MAPK em resposta ao TNF-a.
Esta fosforilacdo seletiva ¢ um ponto de convergéncia para a sinalizagio MAPK que
prepara a explosdo respiratoria [161]. A combina¢do de IMAC com ESI-MS/MS para
analise de granulos especificos isolados de neutrofilos humanos ndo estimuladas ou
estimuladas fMLP resultou na identificacdo de 31 e 49 fosfopeptideos, respectivamente.
Um peptideo que continha duas fosfoserinas foi identificado como Slp homolog lacking

C2 domains b (Slac2-b) composto de um motivo conhecido de fosforilagio de p38

MAPK, que est4 envolvido na ativagdo de exocitose de granulos em neutréfilos humanos

[162, 163].

De nossas observagdes na literatura, o mecanismo molecular pelo qual neutréfilos
provocam lesdo tecidual na IRI ndo ¢ claro. A pesquisa protedmica tem sido feita para
uma melhor compreensdo da biologia dos neutrofilos no passado, mas ainda ndo ha
estudo disponivel em andlise proteomica de neutrdfilos apds isquemia e reperfusdo

intestinal em ratos. Para uma compreensdo mais profunda das proteinas de neutréfilos
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que participam das vias moleculares envolvidas na IRI buscamos realizar uma
abordagem de protedmica quantitativa com iTRAQ e fosfo-Protedmica em um modelo

de rato com isquemia e reperfusdo intestinal.

1.11 Anélise hematologica
Lesdo isquémica ¢ resultante da interrup¢ao do fluxo de sangue, danificando os tecidos

ativos; lesdo isquémica de reperfusdo (IRI) ocorre apos a restauracdo do fluxo sanguineo,
levando a lesdo tecidual adicional [164]. Parques e Granger [165], em 1986, relataram
que a reperfusdo nesses processos ¢ mais prejudicial do que somente a isquemia
isoladamente. O dano tecidual causado pela isquemia e reperfusdo no intestino esta
associado a altas taxas de morbidade e mortalidade em pacientes cirtirgicos. A IRI ocorre
durante a cirurgia corretiva de aneurisma de aorta abdominal, choque hemorragico,
hérnias estranguladas, enterocolite necrotizante neonatal, circulacdo extracorpdrea e
transplante de o6rgaos [166]. Entre os 6rgdos internos, o mais sensivel a IRI ¢ o intestino
[164]. Lesao intestinal por IR pode levar a danos na mucosa intestinal e a liberacdo de
varios mediadores inflamatorios, potencialmente resultando no desenvolvimento de
Sindrome da Resposta Inflamatdria Sistémica (SIRS), podendo levar a falencia multipla
de 6rgaos (MOF), lesdes pulmonares, especialmente aguda (LPA) [50, 51, 155, 167]. A
isquemia e reperfusdo provoca alteragdes sistémicas e locais na hemodindmica, func¢do
endotelial, na microcirculacdo, no equilibrio de fluidos e na homeostase metabdlica, e ao
mesmo tempo induz o complemento e vias inflamatdrias [154, 168-173]. Numa tentativa
de atenuar este dano, varias modalidades de tratamento tém sido aplicadas em diferentes
modelos animais de IRI, como hipotermia, antioxidantes, o pré-condicionamento
isquémico (IPC), modulagdo de mediadores inflamatorios e moléculas de adesdao. Entre
eles, o pré-condicionamento isquémico parece ser uma estratégia mais promissora contra
o dano de reperfusdo, a medida que aumenta a tolerdncia do intestino contra o dano

causado por isquemia, seguido de reperfusao [174-176].

O sangue ¢ um componente do sistema de fluidos do corpo dos vertebrados, que pode ser
facilmente acessado e analisado para verificar seu estado fisiologico [177]. Todos os
componentes de células do sangue, como eritrocitos, leucocitos e trombocitos se

originam a partir de células-tronco que sdo encontradas na medula dssea, que se
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diferenciam em consequéncia de reguladores como as poietinas [178, 179]. O objetivo do
presente estudo foi obter um conhecimento basico da hematologia ap6s IRI e IPC em
ratos, pois ndo ha nenhum estudo disponivel na literatura. Os parametros hematologicos
aqui analisados incluem a determinacdo da contagem total de eritrocitos (RBC),
contagem total de globulos brancos (WBC), hematécrito (HCT), hemoglobina (Hb),
indices de eritrocitos (VCM, HCM, CHCM), e contagem diferencial células brancas do
sangue. Neste estudo prospectivo avaliamos a significancia dos parametros de sangue de
rotina apos a isquemia intestinal e pré-condicionamento em ratos, que podem ajudar no
diagnostico precoce do IRI e na compreensdo de como IPC afeta os componentes do

sangue.
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5 Resultados

5.1 Identificagdo de proteinas por espectrometria de massa
Neutrofilos de ratos foram isolados a partir de trés grupos biologicos (Controle,

Laparatomia, Isquemia/reperfusdo) e as proteinas foram extraidas, clivadas e os peptideos
foram purificados e marcados (iTRAQ). Apos andlise por espectrometria de massa

(Orbitrap Velos), um total de 2.924 proteinas foram identificadas.

A andlise estatistica (conforme descrita em materiais e métodos) mostrou que 393
proteinas foram diferencialmente abundantes no grupo Laparatomia, enquanto e 653 o
foram no grupo Isquemia/reperfusdo, comparados com os respectivos controles. Ambos

os grupos possuem 198 proteinas em comum (Fig.17, Tabela 2).

455

A IR All Regulated
[B Lap All Regulated

Figura 17 - Diagrama com a quantidade de proteinas diferencialmente abundantes

comuns e exclusivas dos grupos laparotomia (Lap) e isquemia reperfusdo intestinal (IR).
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Tabela 2 - Quantidade e percentual de proteinas diferencialmente abundantes nos grupos

LAP (grupo A) e IR (conjunto B)

Conjunto  Quantidade %

A 653 77

B 393 46.3
A-B 455 53.6
B-A 195 22.9
ANB 198 23.3
A+B 848 100

A andlise subsequente dessas proteinas mostrou que 190 tiveram a abundancia
aumentada, 203 diminuidas, e 2531 ndo tiveram abundancia diferencial significativa no
grupo laparotomia; enquanto 367 tiveram a abundancia aumentada, 286 diminuida e 2271
ndo tiverem abundancia diferencial no grupo isquemia (Fig. 18). Um diagrama de Venn
com quatro grupos (Fig. 19) foi elaborado para deixar mais clara a distribui¢do das

proteinas extraidas dos neutréfilos.

O diagrama permite verificar a inica intersec¢ao nos grupos protéicos desses neutrofilos:
das 190 proteinas com abundancia aumentada no grupo laparatomia, 87 tiveram a
abundancia aumantada exclusivamente em neutrofilos apos laparotomia enquanto as 98
restantes representam a interseccao, pois t€ém abundancia aumentada em neutrofilos apos
isquemia intestinal e apds laparotomia. Além disso, ha 5 proteinas com abundéncia

reduzida apds isquemia mas apresentam abundancia aumentada no grupo laparotomia.

Das 203 proteinas de neutr6filos com abundancia diminuida durante laparotomia, 108
apresentaram abundancia diminuida apenas neste grupo, enquanto 8 proteinas
apresentaram abundancia diminuida apos laparotomia mas estdo com abundancia

aumentada no grupo isquemia. E ainda, 87 proteinas mostraram-se com abundancia
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diminuida em ambos os grupos laparotomia e isquemia. Os neutrofilos apos isquemia
intestinal mostraram-se com 261 proteinas com abundincia aumentada e 194 proteinas

com abundancia diminuida .

Regulated and non-regulated proteins in Lap & IR

2531
2500

2
o

MW Lap
IR

No. of Proteins
=
[
o
o

Upregulated Down Regulated Rest

Figura 48 Quantidade de proteinas com e sem abunddncia diferencial nos grupos LAP e

IR.

UP-IR DOWN-LAP
UP-LAP DOWN-IR

Figura 19- Um diagrama de Venn de 4 grupos ilustrando as intersecgoes e
exclusividades nos subgrupos de abundancia aumentada e abunddncia diminuida de

proteinas de neutrdfilos apos laparotomia e isquemia-reperfusdo intestinal.
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5.2 Analise estatistica com R
Foram usadas duas abordagens estatisticas diferentes na andlise inicial, cujos resultados

foram quase similares. As andlises estatisticas seguintes foram baseadas nos dados
obtidos com o pacote estatistico R devido aos motivos expostos em material e métodos.
Cinco clusters com diferentes perfis foram obtidos (Fig. 20). O cluster 1 mostra
abundancia proteica diminuida tanto no grupo laparotomia quanto no grupo isquemia,
perfazendo 20% (542 proteinass) do total de proteinas com abundancia diferencial. Os
clusters 2 e 5 mostraram abundancia aumentada em ambos os grupos laparotomia e
isquemia, com 19% (517 proteinas) e 18% (464 proteinas), do total de proteinas com
abundancia diferencial, respectivamente. O cluster 3 aponta que 28% (743 proteinas)
foram encontradas com abundéancia diminuida apenas no grupo laparotomia e o cluster 4
sugere que 15% (407 proteinas) teve discreto aumento de abundancia no grupo

laparotomia mas com abundéncia diminuida no grupo isquemia (Fig. 21).

Cluster 1 Cluster 2 Cluster 3

Expression changes
1
Expression changes
0.
1
Expression changes
0.

r T 1 r T 1 r T 1
CTRL LAP IR CTRL LAP IR CTRL LAP IR
Label Label Label

Cluster 4 Cluster 5

Expression changes
0.

Expression changes
0.

r T 1 r T 1
CTRL LAP IR CTRL LAP IR
Label Label

Figura 20 Perfil de abundancia diferencial de proteinas e fosfopeptideos apos
laparotmia e isquemia-reperfusdo em neutrofilos. Controle (114), Laparotomia (115), e

Isquemia-reperfusdo (117).
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Cluster 2, 517,19%

Figura 21 Proteinas de neutrofilos com abunddncia diferencial distribuidas em cinco

clusters.

5.3 Analise dos Componentes Principais (ACP):
Uma andlise dos components principais (ACP) padrdo foi calculada para verificar a

variabilidade entre diferentes condicdes e a similaridade entre as replicatas bioldgicas do
mesmo grupo. Todas as proteinas e peptideos foram submetidos a ACP, mas o algoritmo
completo (com fungdo prcomp no R) foi usado apenas nos casos em que as proteinas e
peptideos foram quantificados em todas as condi¢des e em todas as replicatas biologicas
simultaneamente. O grafico gerado pela ACP, o chamado score plot (Fig. 22) mostra que,
embora haja variabilidade entre as replicatas, elas podem ser claramente agrupadas em
conjuntos sem intersecgdes, o que significa uma boa reprodutibilidade em cada condi¢do
experimental. Numa comparagdo grosseira, toda uma coluna de dados poderia ser

exemplificada por ponto de dados.
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Figura 22 Analise dos components principais (ACP). ACP de todas as proteinas
identificadas em todas as cinco replicatas biologicas nos respectivos grupos controle

(preto), laparatomia (vermelho) e isquemia-reperfusdo (verde).

5.4 Fosfoproteoma de neutrofilos de ratos
Fosforilagdo proteica ¢ uma modificagdo pds-traducional muito comum que ocorre

durante a transducdo de sinal. Células eucaridticas dependem em grande medida desse
processo para funcdes bdsicas, incluindo metabolismo, mobilidade, diferenciagao,
crescimento, divisdo, descolamento de organelas, transporte em membranas; bem como

para funcdes fisioldgicas, tais como imunidade, contragdo muscular, aprendizado e

memoria [217, 218].

Combinando-se os dados de peptideos ndo modificados com aqueles fosforilados foram

identificadas 3.816 proteinas. Aquelas exclusivamente ndo-fosforiladas foram 2.231 e as
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proteinas exclusivamente fosforiladas foram 892. Um grupo de 693 proteinas fosforiladas
foram encontradas também no grupo geral, perfazendo um total de 1.585 proteinas
fosforiladas conforme mostrado no diagrama de Venn (Fig. 23-E). Nossa andlise mostrou

41.5% de fosforilacdo do proteoma total de neutréfilos identificado neste estudo.

A analise espectrométrica de massa do fosfoproteoma total de neutrofilos de ratos revelou
a eficiéncia do método de enriquecimento utilizado. Foram obtidos 10% de peptideos nao
fosforilados e 90% de peptideos fosforilados, sendo 95% monofosforilados e 5%

difosforilados (Fig. 23-A).

Foram ainda identificados 4.894 sitios de fosforilagdo em 4.453 fosfopeptideos de 1.585
proteinas (Fig. 23-F). Para a cascata de transdugdo de sinal, as células eucaridticas
dependem da fosforilacdo do grupo hidroxila na cadeila lateral de serina (S), treonina (T)
e tirosina (Y) [219, 220]. Diferentes estudos relataram taxas variadas de fosforilagao de
S/T/Y em algumas linhagens celulares. No ano de 2.007, Macek et al publicou uma taxa
de 70:20:10 (S/T/Y) para Bacillus subtilis [221] e 0 mesmo grupo encontrou uma taxa de
86:12:2 (S/T/Y) em cultura de células humanas [222].

Mais tarde foi estimado que as quantidades relativas de fosfoserina, fosfotreonina e
fosfotirosina no proteoma humano sdao 90%, 10%, e 0.05% respectivamente [223]. A
analise fosfoproteomica de células Hela do laboratorio Matthias Mann mostrou quase a

mesma relacdo: 86,4: 11,8: 1.8 (S/T/Y) [222].

A andlise dos sitios de fosforilagdo do fosfoproteoma de neutréfilos de ratos neste
trabalho revelou uma taxa de 87: 12: 1 (S/T/Y, Fig. 23-B), semelhante a analise
fosfoprotedmica realizada por Lundby ef al/, que descreveu no ano de 2.011, para 14

diferentes 6rgdos e tecidos de ratos, a taxa de 88.1: 11.4: 1.5 [224].

Com relacdo as proteinas que tiveram abundancia diferencial nos grupos aqui
pesquisados, as quantidades relativas de fosforilagdo S/T/Y mostradas na Fig. 23-C
seguem a propor¢do 76:21:3, que parecem estar proximas a propor¢do 79:17:2 (S/T/Y) de
fosforilagdo recentemente descrita na diferenciagao de células humanas embrionarias

para células-tronco neurais [185].
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Destaque-se agora outra forma de analisar, subjacente aos clusters descritos
anteriormente, conforme mostrado na Fig. 23-G: das proteinas com abundéncia
diferencial e dos peptideos com fosforilagdo diferencial, o cluster 3 possui maior
quantidade de proteinas diferencialmente abundantes, enquanto o padrdao de distribui¢ao

associado aos fosfopeptideos sdo mais semelhantes nos clusters S, 2, e 4.

Foram encontrados 844 fosfopeptideos de 277 proteinas agrupadas no cluster 5; 726
fosfopeptidelos de 288 proteinas no cluster 2; enquanto 605 fosfopeptidelos de 280
proteinas foram agrupadas no cluster 4. O cluster I reuniu 551 fosfopeptidelos de 252
proteinas e o cluster 3 acumulou 542 fosfopeptidelos de 257 proteinas. Foram

identificados 3.268 peptideos com fosforilagao diferencial para 602 proteinas.
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Figura 23 Fosfoproteoma de neutrofilos de ratos.
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A, Importancia do método de enriquecimento na identificagdo do fosfoproteoma e
quantidade de sitios de fosforilagdo por peptideo. B, Distribuicdo dos sitios de
fosforilagdo no conjunto total dos dados. C, Distribuicdo dos sitios de fosforilagdo
identificados no conjunto de dados com abundéncia diferencial. D, Intersec¢do entre os
conjuntos de proteinas com fosforilagdo de serina, treonina e tirosina. E, Intersec¢@o entre
os conjuntos de proteoma e fosfoproteoma. F, Quantidade de sitios de fosforilagdo e
fosfopeptideos em fosfoproteinas. G, Distribui¢do, baseada nos clusters, de proteinas
fosforiladas, proteinas com abundancia diferencial, e peptideos com fosforilagdo

diferencial.

5.5 Analise GO Slim das proteinas totais e diferencialmente abundantes em neutrofilos de
ratos

5.5.1 Componente celular

A analise de ontologia genética (GO) utilizando o programa Proteina Center para as
proteinas diferencialmente abundantes, de acordo do os componenetes celulares ¢
mostrada nas Fig. 24 e 25. H4 grande variedade entre as proteinas diferencialmente
abundantes em todos os cinco clusters e suas localizacdes celulares. No cluster 1 (Fig.
24, 25-A) a maioria das proteinas diferencialmente abundantes pertencem a ribossomo,
citoplasma e citosol dos neutrdfilos. No cluster 2 (Fig. 24, 25-B) a maior parte das
proteinas mostrou origem no citoesqueleto, citosol e componenete extracelular dos

neutrofilos.
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Figura 24 Grdfico de barras do GO reduzido para components celulares a partir das
proteinas totais de neutrdfilos e daquelas diferencialmente abundantes de acordo com

(A) Cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 (E) Cluster 5.
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Figura 25 Andlise GO dirigida para os componentes celulares que mais contém as
proteinas totais e diferencialmente abundantes no (A) Cluster 1, (B) Cluster 2, (C)
Cluster 3, (D) Cluster 4 e (E) Cluster 5.

Proteinas mitocondriais e do interior de outras organelas estdo muito presentes no cluster
3 (Fig. 24, 25-C). No cluster 4 a maior parte de proteinas diferencialmente abundantes
sdo do citoesqueleto (Fig. 24, 25-D). Enquanto no caso do cluster 5, as proteinas mais

abundantes foram encontradas em cromossomos de neutrofilos (Fig. 24, 25-E).

Neutrofilos possuem alta mobilidade e o citoesqueleto desempenha um papel muito
importante nesse quesito. O citoesqueleto ¢ uma rede complexa de trés classes estruturais
chamadas microfilamentos, filamentos intermediarios e microtibulos. Estudos mostram
que cadeias de actina participam da motilidade neutrofilica e também regulam receptores

de afinidade, apoptose, ciclo celular e sinalizagdo para o nucleo [225, 226].

Actina citoplasmatica, membrana e citoesqueleto ligado ao fagossomo possuem papel
essencial na quimiotaxia de neutrdfilos, na transmigracdo endotelial (TEM) e na
fagocitose [227]. O citoesqueleto em neutrofilos € parte muito importante e ainda esta
pobremente caracterizado. Xu, P., et al analisaram o subproteoma de citoesqueleto

citossolico de neutrdfilo e membranas plasmatica e de fagossomos. Por meio de 2DE e
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MALDI-TOF-MS identificaram 138 proteinas (algumas novas), sendo a maioria

relacionada a enzimas do metabolismo energético [228].

O padrdo de regulagdo dos clusters 1, 2 e 4 mostra abundancia diminuida de proteinas
citosolicas e do exoesqueleto. O aumento da mobilidade e da resposta quimiotactica dos
neutr6filos do grupo IR podem estar relacionados com essa abundancia diminuida de

proteinas do citoesqueleto comparada com os grupos controle e LAP.

A mitocdndria € o primeiro sitio de lesdo na isquemia. Durante a isquemia o metabolismo
anaerobico produz uma queda no pH celular devido a acumulagdo de ions hidrogénio, e
entdo a bomba de Na'/H" elimina o excesso de H', resultando em grande influxo de Na+
[32]. A queda no ATP celular e relativa desativagdo de ATPases reduzem o influxo ativo
de Ca®" e limitam a reabsor¢do de calcio pelo reticulo endoplasmatico, produzindo assim
a sobrecarga de célcio intralelular. Como resultado ocorre a abertura dos poros na
mitocondria (mitochondrial permeability transition - MPT), que afeta mais ainda a

producdo de ATP por afetar o potencial de membrana mitocondrial.

A magnitude do fluxo sanguineo e a duracdo da isquemia afetam o grau de lesdo tecidual
[33]. Proteinas mitocondriais se mostram enriquecidas somente no cluster 3, que por sua
vez mostra abundancia diminuida somente no grupo laparatomia e ndo mostra diferencas

no grupo isquemia e controle. (Fig. 24-C).

5.5.2 Processos bioldgicos
A andlise GO referente a processos bioldgicos ¢ mostrada na Fig. 26. A maior parte das

proteinas com abundancia diferencial do cluster [ esta relacionada a processos
metabolicos (Fig. 26-A, 27); enquanto aquelas do cluster 2 participam da organizacdo

celular e biogénese (Fig. 26-B, 27).
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Proteinas do cluster 3 estdo relacionadas a transporte (Fig 26-C, 27). Proteinas do cluster
4 participam da organizacdo celular, componentes da motilidade, comunicacdo e
regulacdo de processos bioldgicos (Fig 26-D, 27); enquanto a maior parte das proteinas
do cluster 5 participam da organizacdo celular, comunicagdo e regulacdo de processos

bioldgicos (Fig. 26-E, 27).

5.5.3 Funcao molecular
Andlise GO Slim de termos da fun¢do molecular das proteinas do cluster I mostra

aumento relacionado aos ribossomos e citoplasma (Fig. 28-A, 29). Essas proteinas estdo
envolvidas com RNA e ligacdo nucleotidica dentro da atividade molecular estrutural.
Proteinas do cluster 2 estdo relacionadas a func¢ao de ligacdo protéica e ligagdo com ions

metalicos (Fig 28-B, 29).

164



A B cl_reg._proteins% M All Proteins % W ¢2_reg._proteins% M All Proteins %

@

30 35
25 30
25
20
20
15 15
10 10
5 5
0 0
S Q. . . . ; ¢ & .
R IR I T O AR S S S S OSSR
FEee N CELLES FENr S FF L LS L E S S FS L
& H O ¥ 0 0 ¥ 0 3 > PP A O R GO M ST SN SIS
FHEF ST ESF S SIE N CEFTTEETETLLLTE & E
FFFNITEFTFELS T LS VU e ¥ Lo & T FITEL
PO & & ¥ & & Qé”\) & & & ¢ & & RO S EL
S8 & &L N 27 0({7 & & *e N &\& DGR
C W ¢3_reg._proteins % M All Proteins % é\" o
' D B4 _reg._proteins% M All Proteins %
30 35
25 30
20 25
15 20
10 15
10
> 5
0 0
Q. . ) SR O
ORI E R E Ot F S LR P E P E PG E RGPS
A PR S 'S NFCIR S F AT I AT IINIT I TSN E @S
O R P R R S R & & FFLTETEFTET LS S F S S
S Q& LSS & & Y < < N XS @ &
@ & & Q?’ ¢ @ & E QS\V NP S I LSS FFS TS /}‘(\ NI
N » R N PO ¢ QO &Q & Y N 4}6 @ ARG &\ 0 L O & Q}‘ «© QO
2 & Q¢ @ B &o X é{v o @ & & é\l’ RSP S
? & & & & e
§ © *
35 & &
01 E ¢
25 *
20
15
10 .
5 M ¢5_reg._proteins % _ _ _
0 . HAll Proteins % l\ :;l /\‘\/
RO ST 2 TR 2R WP R WA ) S ZRN S Y L
F & T FETITTTITTES EF .
FAIA TP T LT LSS SRR
ISHIF MR A AR\ SERST NI SN SO AR SRCAR - =
E F e @RS NE N
F IOV LTS TR LS v :
S & & & T EE & & F &K o\ |
N YN S < ¥ & E ‘
? < & &< .
X

Figura 28 - Andlise GO das fungoes moleculares das proteinas totais e diferencialmente

abundantes de neutrofilos nos (A) cluster 1, (B) Cluster 2, (C) Cluster 3, (D) Cluster 4 e
(E) Cluster 5.
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Figura 29 — Andlise GO das proteinas mais abundantes relacionadas a termos de fungdo

molecular de todos os clusters.

As proteinas do cluster 3 mostram-se relacionadas a ligacdo nucleotidica e atividade
transportadora (Fig. 28-C, 29), enquanto proteinas do cluster 4 e cluster 5 estdo
envolvidas na ligagdo com outras proteinas, RNA e DNA. Esta claro que dentre os cinco
clusters, as proteinas diferencialmente abundantes em maioria estdo relacionadas a
funcdo de ligacdo intermolecular (proteinas, DNA, RNA). Em outras palavras,

transcricdo e tradugdo (Fig. 228-D, E, 29).

5.6 Atividade enzimatica prevista para o proteoma total de neutréfilos de ratos
Usando a ferramenta Blast2GO, conforme ja mencionado nos Materias e Métodos, a

Predicdo de atividade enzimatica para o proteoma total de neutrofilos de ratos foi
executada. Um grafico em fatias das enzimas preditas do proteoma total regulado de

neutrofilo de ratos mostra que a maior parte das enzimas reguladas sdo do grupo de

Transferases (EC:2), Hidrolases (EC:3) e Oxiredutases (EC:1), respectivamente (Fig 30).
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Figura 30 Predig¢do enzimatica do proteoma total de neutrdfilos de ratos. Predi¢ao de
atividade enzimatica do proteoma total de ratos baseada em similaridade de sequéncia das

proteinas.

5.6.1 Predicdo de atividade enzimatica para o cluster 1
Isomerases (EC:5) e ligases (EC:6) sdo enzimas reguladas enriquecidas no cluster 1

quando comparadas ao total de proteinas identificadas (Fig31). Isso significa que
isomerases e ligases sao suprimidas nos grupos Laparotomia e IR, quando comparados ao
controle. Detalhes das enzimas suprimidas preditas para EC:5 e EC:6 sdo dados nas
tabelas 3 e 4. A tabela 3 mostra que a maior parte das enzimas isomerases suprimidas no
grupo IR s3o isomerase peptidilprolil (EC:5.2.1.8) e proteina disulfil-isomerase (PDI)
(EC:5.3.4.1).
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Figura 31 Predi¢do enzimdtica das proteinas do cluster 1. Predicdo por B2GO de
atividade enzimadtica das proteinas identificadas no cluster 1 baseada em similaridade de

sequéncia das proteinas.

Peptidilpropil isomerase/ciclofilinas (CyPs) sdo envolvidas na interconversao cis/trans de
ligagdes prolina em peptideos e facilitam o dobramento de proteinas [229]. Foi
demonstrado em pacientes com Artrite Reumatdide (AR) que CyPs afetou a quimiotaxia

mediada por IL8 em neutrofilos [230].

A proteina disulfil-isomerase (PDI) estd localizada pincipalmente no reticulo
endoplasmatico (ER) e ¢ envolvida no dobramento de proteinas recém-sintetizadas
(rearranjo de ligagdes disulfidicas, reducdo de isomerizagdes) [231]. Outro estudo
demonstra o seu papel na producdo de ROS por conta de sua co-imunoprecipitagdo com
subunidades NADPH oxidase como p22phox de membrana e p47phox e p67phox de
citoplasma de neutréfilos humanos [232]. Recentemente, um estudo in vivo usando
microscopia de fluorescéncia intravital em ratos demonstrou que a PDI esta envolvida na
adesdo de neutrofilos (por meio de interagdo com aMb2 integrina em lipid rafts) e no
rolamento em condi¢des inflamatérias mediadas por TNF-a. Eles sugerem que a PDI

extracelular como alvo terapéutico novo para prevenir sequestro de neutrofilos [233].

168



Tautomerase fenilpiruvato/fator inibidor da migra¢do de macréfagos (MIF) (EC5.3.2.1) ¢
uma citocina com propriedades cataliticas. Neutrofilos maduros do sangue ou tecidos
consistentemente expressam MIF como uma proteina citossolica ndo associada a granulos
azurofilicos. Neutrofilos apoptoticos secretam MIF na forma ativa apds estimulagdo por

TNF, por uma mecanismo dependente de caspases [234].

Prostaglandina E sintetase (PGES) (EC: 5.3.99.3) ¢ a enzima final na producao de PGE2.
PGE2 ¢ um mediador lipidico e é parte fundamental de vérios processos, como fun¢do
gastrointestinal e renal, homeostasia vascular, remodelamento 0sseo, inducdo de febre,
gravidez e inflamagdo aguda. Trés isoformas de PGES sdo conhecidas, sendo as PGES
citosolicas (cPGES) [235,236], PGES-1 microssomais (mPGES-1) [235] e mPGES-2
[237]. As citocinas pro-inflamatorias IL-1b, TNF-x e LPS elevam a expressdo de
mPGES-1 [238]. Mosca et al. Demonstraram que os neutrofilos sdo fonte de mPGES-1
celular [239].

A Tabela 3 mostra a maioria das ligases de supressdo prevista no cluster 1. Nada foi
previamente reportado na literatura com relagdo ao seus papéis em neutréfilos. Algumas
dessas enzimas estdo envolvidas na sintese de novo de arginina e nucleotideos, sendo
outras envolvidas na transferéncia de diferentes aminodcidos para o seu RNA

transportador, conforme descrito abaixo.

Aspartato tRNA ligase (EC 6.1.1.12) [240], Glicina tRNA ligase (EC 6.1.1.14) [241],
Prolina tRNA ligase (EC 6.1.1.15) [242], Glutamato tRNA ligase (EC 6.1.1.17) [243],
Fenilalanina tRNA ligase (EC 6.1.1.20) [244] e Leucina tRNA ligase (EC 6.1.1.4) [245]
catalisam a ligacdo desses respectivos aminoacidos ao seu respective tRNA e essa reacao

necessita da ativacdo anterior do aminoacido por ATP para o seu uso pelas tRNA ligases.

Proteina ubiquitina ligase (EC 6.3.2.19) se liga de forma covalente ao substrato através da
media¢cdo de uma enzima ativadora E1, uma conjugasse E2 e uma ligase E3 [246]. As E3
podem se ligar com E2 através de dominios RING Finger, U Box ou HECT e ao
substrato por meio de dominios F Box, SOCS Box e DDB1 ou BTB [247, 248]. Nos

estamos reportando, pela primeira vez, a inibicdo dessas ligases em neutrofilos, que pode
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levar a diminuicao da biossintese desses aminoacidos. Esse efeito em neutrofilos ativos

ndo é claramente descrito na literatura.

Carbamoil-fosfato sintase (EC 6.3.4.16) participa da formagdo de carbamoil-fosfato a
partir de amonia. Ela também inicia tanto o ciclo da ureia quanto a sintese de arginina e

pirimidinas [249].

Formil tetrahidrofolato ligase (Fhs) (EC 6.3.4.3) catalisa a formagdo de 10-formil-
tetrahidrofolato que ¢ usado diretamente na biossintese de purina e na formilacdo de Met-

tRNA em Porphyromonas gingivalis (bactéria gram-negativa) [250].

Adenilsuccinato sintetase (EC 6.3.4.4) catalisa a forma¢ao de adenilsuccinato a partir de
l-aspartato e IMP, sendo que a hidrélise de GTP também acontece durante essa reacao,

que € a primeira rea¢do na sintese de novo de AMP [251].

Argininosuccinato sintetase (EC 6.3.4.5) ¢ envolvida na via de biossintese de novo de
arginina e age na conversdo de citrulina em arginina, que ¢ catalisada por
argininosuccinato sintase e argininosuccinato liase. Primeiramente a argininosuccinato
sintase produz argininosuccinato por meio da condensag¢do de citrulina e aspartato e
posteriormente a argininosuccinato liase quebra argininosuccinato para produzir fumarato
e arginina. Argininosuccinato sintase também tem papel importante durante a sintese de
ureia, 6xido nitrico, poliamina e creatina [252]. Fosforibosil formil glicinamida (FGAM)
sintetase (EC 6.3.5.3) catalisa um dos passos na via de sintese de novo de purina. Essa
enzima catalisa a conversdo de 5’-fosforibosilformilglicinamida (FGAR) em FGAM na
presenga de glutamina e ATP [253]. Carbamoil-fosfato sintase (hidrolizante de
glutamina) catalisa a conversdo de carbamoil fosfato a partir de L-glutamina, em um
intermediério na biossintese de nucleotideos de arginina e pirimidina [253]. RNA ligase
(EC 6.5.1.3) transfere o 5’-fosfato para a por¢do 3’-hidroxi-terminal do RNA e como

resultado o RNA linear assume sua forma circular [254].
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Tabela 3 Enzimas do cluster 1 com funcoes preditas de isomerases .

Acc Gene PD Description Enzyme Codes
Q6DGGO Ppid  Peptidyl-prolyl cis-trans isomerase D EC:5.2.1.8
P45878  Fkbp2 Peptidyl-prolyl cis-trans isomerase FKBP2 EC:5.2.1.8
P10111 Ppia  Peptidyl-prolyl cis-trans isomerase A EC:5.2.1.8
P17742  Ppia  Peptidyl-prolyl cis-trans isomerase A EC:5.2.1.8
P30904 Mif Macrophage migration inhibitory factor EC:5.3.2.1
P30904  Mif Macrophage migration inhibitory factor EC:5.3.3.12
P38659 Pdia4 Protein disulfide-isomerase A4 EC:5.3.4.1
Q6IUU3  Qsox1 Sulthydryl oxidase 1 EC:5.3.4.1
054890 Itgb3 Integrin beta-3 EC:5.3.4.1
Q8BNDS5 Qsox1 Sulthydryl oxidase 1 EC:5.3.4.1
P0O8011  Mgstl Microsomal glutathione S-transferase 1 EC:5.3.99.3
Q7TSV4 Pgm2 Phosphoglucomutase-2 EC:5.4.2.2
Q7TSV4 Pgm2 Phosphoglucomutase-2 EC:5.4.2.2
Q972M7 Pmm2 Phosphomannomutase 2 EC:5.4.2.2
Tabela 4 Enzimas do cluster 1 com fungoes preditas de ligase

Acc Gene  PD Description Enzyme Codes
P15178  Dars Aspartate--tRNA ligase, cytoplasmic EC:6.1.1.12
Q510G4 Gars Glycine--tRNA ligase (Fragment) EC:6.1.1.14
Q8CGC7 Eprs proline--tRNA ligase EC:6.1.1.15
Q8CGC7 Eprs glutamate tRNA ligase EC:6.1.1.17
Q505J8 Farsa  Phenylalanine--tRNA ligase EC:6.1.1.20
Q8BMJ2 Lars Leucine--tRNA ligase, cytoplasmic EC:6.1.1.4
Q9CZY3 Ube2vl Ubiquitin-conjugating enzyme E2 variant 1 EC:6.3.2.19
P83940 Tcebl Transcription elongation factor B polypeptide 1 EC:6.3.2.19
B5DF89 Cul3 Cullin-3 EC:6.3.2.19
F1LP64 Tripl2 E3 ubiquitin-protein ligase TRIP12 EC:6.3.2.19
Q2TL32 Ubr4  E3 ubiquitin-protein ligase UBR4 EC:6.3.2.19
088738 Birc6  Baculoviral IAP repeat-containing protein 6 EC:6.3.2.19
P07632  Sodl Superoxide dismutase (Cu-Zn) EC:6.3.2.19
P48004 Psma7 Proteasome subunit alpha type-7 EC:6.3.2.2
Q62636 Raplb Ras-related protein Rap-1b EC:6.3.4.16
P63321 Rala Ras-related protein Ral-A EC:6.3.4.16
P27653 Mthfdl formate—tetrahydrofolate ligase EC:6.3.4.3
P46664  Adss Adenylosuccinate synthetase isozyme 2 EC:6.3.4.4
P09034  Assl Argininosuccinate synthase EC:6.3.4.5
Q5SURO Pfas Phosphoribosylformylglycinamidine synthase = EC:6.3.5.3
P63321 Rala Ras-related protein Ral-A EC:6.3.5.5
Q62636 Raplb Ras-related protein Rap-1b EC:6.3.5.5
Q99LF4 Rtcb tRNA-splicing ligase RtcB homolog EC:6.5.1.3




5.6.2 Predicdo de atividade enzimatica para os clusters 2 e 3
A regulagdo predita de enzimas para o cluster 2 inclui transferases (EC 2), hidrolases (EC

3) e isomerases (EC 5) como enriquecidas, enquanto no cluster 3 as enriquecidas sdo
oxiredutases (EC 1), hidrolases (EC 3) e liases (EC 4). Um gréfico de barras comparando
o total e as enzimas reguladas nos clusters 2 e 3 mostra que ndo ha mudangas marcantes

na regulag¢do enzimatica nos dois clusters. Fig 32, 33.
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Figura 32. Predi¢do enzimatica das proteinas do cluster 2. Predigdo de atividade
enzimatica baseada em similaridade de sequéncia de proteinas por B2GO das proteinas

identificadas do cluster 2.
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Figura 33. Predi¢do enzimatica das proteinas do cluster 3. Predigdo de atividade
enzimatica baseada em similaridade de sequéncia de proteinas por B2GO das proteinas

identificadas do cluster 3.

5.6.3 Predicdo de atividade enzimatica para o cluster 4
O gréfico de barras da Predi¢do das enzimas reguladas do cluster 4 (Fig 34) mostra que

h4 marcante enriquecimento de transferases (EC 2), aumentadas no grupo Laparotomia,
enquanto ha clara supressdo no grupo IR. Detalhes dessas enzimas reguladas preditas sao

dados na tabela 5.
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Figura 34 Predicdo enzimatica das proteina do cluster 4. Predigdo de atividade
enzimatica baseada em similaridade de sequéncia de proteinas por B2GO das proteinas

identificadas do cluster 4.

A enzima fosfatidilinositol 4 fosfato 5 cinase (PIP5K) (EC 2.7.1.149) catalisa a
fosforilagdo de fosfatidilinositol 4-fosfato (Ptdlms4P) para produzir fosfatidilinositol 4,
5-bifosfato [255], que ¢é também um importante segundo mensageiro [256]. Trés
isoformas de PIP5K sdo bem conhecidas, como a, b e y. A PIP5Ka tem diversos papéis,
incluindo a regulag¢do da despolimeriza¢do de microtubulos neuronais [257], a supressao
da fagocitose [258], a interacdo de diacilglicerol cinase g (DGKg), resultando na
formagdo de PtdIns (4,5) P2 [259]. Tanto a fosforilagdo de Ser/Thr quanto de Tyr ativam
PIP5Kb, especialmente durante estresse oxidativo [260], além de ser envolvida na

determinagdo da direcdo do movimento e na polarizagdo de neutréfilos [261, 262].

NAD+ proteina-arginina ADP-ribosil transferase (ARTs) (EC 2.4.2.31) ¢ envolvida na
transferéncia de ADP-ribose de NAD para proteinas. Ela também ¢ produzida por células
epiteliais que revestem as vias aéreas de humanos, onde pode promover a modificacdo de
peptideos de neutrdfilos humanos (HNP-1), alterando sua funcdo. Essa alteracdo no
HNP-1 de neutrofilos por ART1 ¢ uma atividade importante em situacdes inflamatodrias e
outras doengas. Aqui n6és demonstramos, pela primeira vez, a modulacio de ARTs

durante IR em neutréfilos [263].

Hexocinases (EC 2.7.1.2) catalisam a fosforilagio de glicose em glicose 6-fosfato
(primeira etapa da glicolise) [264]. Existem quatro isozimas presentes nos mamiferos, i.e.
HK1, HK2, HK3 e HK4. A hexocinase 3 (HK3) est4 presente em baixas quantidades em
todos os tecidos, enquanto os pulmdes, rins e figado as t€ém em quantidades moderadas a
altas. [265]. Particularmente em granulécitos, 70-80% da atividade dessa familia ¢ dada
pela HK3 e o restante pela HK1 [266]. Recentemente um estudo mostrou que a HK3 era
significativamente suprimida em casos de Leucemia Promielocitica Aguda (APL)
priméria onde a diferenciacdo neutrofilica era prejudicada em células APL e que

eventualmente causava a morte de células APL [267].
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Proteinas tirosina cinases (EC 2.7.10) incluindo Src, Syk e Tec tém um papel muito
importante em vias de transducdo de sinal que regulam ativacdo e recrutamento de
neutrofilos para o sitio de inflamagdo [268]. Proteinas tirosina cinases tém sua
abundancia primeiramente intensificada no grupo Laparotomia e posteriormente sdo
suprimidas no grupo IR. A Tirosina Cinase Bruton (BTK) pertence a familia Tec de
tirosina cinases nao receptoras. Recentemente foi demonstrado que neutréfilos BTK-
deficientes tinham sua maturacdo e funcdo prejudicadas. Essa condi¢do foi encontrada
associada ao desenvolvimento ineficiente de granulos, assim como a expressdo de
proteinas de granulos, tais como mieloperoxidase, proteina de granulo neutrofilico,

gelatinase e elastase de neutrdfilos [269].

Proteinas cinase de serina/treonina (EC 2.7.11) sdo as mais reguladas de todas as enzimas
preditas do cluster 4. A maior parte dessas enzimas ndo sdo bem anotadas na literatura
em relagcdo ao seu papel em neutréfilos. Uma das proteinas cinases de serina/treonina
reguladas nesse grupo ¢ a PAK2. Em neutrofilos, a cinase ativada por p21 (PAK2) pode
ser estimulada por diversas quimiocinas (2770, 271]. A PAK2 também pode ser ativada
ou sofrer auto-fosforilacdo quando ligada a Rac Ligada a GTP ativada ou Cdc42 [272].
Muitos estudos demonstraram que PAKs sdo envolvidas numa variedade de eventos
celulares, como nas respostas rapidas de citoesqueleto, em eventos transcricionais € no
desenvolvimento de malignidade [273]. Proteina cinase 2 ativada por MAP
(MAPKAPK?2), uma cinase Ser/thr, foi demonstrada como sendo fosforilada e ativada
por MAP cinases (rapidamente estimuladas por mitégenos, citocinas e estresse) tanto in
vivo quanto in vitro. A MAPKAP2 ¢ envolvida na ativagdo de neutrofilos [274, 275]. De
forma surpreendente, ela se encontra suprimida no cluster 4 da condi¢do IR. A ativacdo
da proteina cinase dependente de célcio/calmodulina (EC 2.7.11.17) (CaMKs) inibe a
maturacdo de neutréfilos [276]. A proteina cinase ativada por mitose (EC 2.7.11.24)
inclui Erk, jnk e p38. Elas participam na inflamacao, apoptose e migracdo, enquanto a

p38 regula a quimiotaxia de neutréfilos tanto in vivo quanto in vitro [277].

Tabela 5 Enzimas do cluster 4 com func¢do predita de transferase
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Acc Gene PD Description Enzyme Codes
Q9Z0TO0 Tpmt Thiopurine S-methyltransferase EC:2.1.1.67
P40142 Tkt Transketolase EC:2.2.1.1
POC1Q3 POC1Q4 POCI1Q5 POC1Q6
P63005 Pafah1bl Platelet-activating factor acetylhydrolase IB subunit alpha EC:2.3.1.149
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.23
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.51
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.63
POC1Q3 Lpcat2 Lysophosphatidylcholine acyltransferase 2 EC:2.3.1.67
QI9CYK2  Qpct Glutaminyl-peptide cyclotransferase EC:2.3.2.5
A2RRU1  Gysl Glycogen [250] synthase, muscle EC:2.4.1.11
Q64633 Ugtla7c  UDP-glucuronosyltransferase 1-7 EC:2.4.1.17
QS5RIQ4 Sirt2 NAD-dependent protein deacetylase sirtuin-2 EC:2.4.2.30
P84084 Arfs ADP-ribosylation factor 5 EC:2.4.2.31
P61750 Arf4 ADP-ribosylation factor 4 EC:2.4.2.31
P04905 Gstml Glutathione S-transferase Mu 1 EC:2.5.1.18
P20291 Alox5ap  Arachidonate 5-lipoxygenase-activating protein EC:2.5.1.18
QI9ROI8 Pip4k2a  Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha EC:2.7.1.149
088370 Pip4k2c  Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma EC:2.7.1.149
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
QI1HCL7 Nadk2 NAD kinase 2, mitochondrial EC:2.7.1.23
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
P11980 Pkm Pyruvate kinase PKM EC:2.7.1.40
QOROI8 Pipdk2a  Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha EC:2.7.1.68
088370 Pip4k2c  Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma EC:2.7.1.68
P27926 Hk3 Hexokinase-3 EC:2.7.1.2
Q9Z0P5 Twf2 Twinfilin-2 EC:2.7.10
P35991 Btk Tyrosine-protein kinase BTK EC:2.7.10
P31938 Map2kl  Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.10
P36506 Map2k2  Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.10
P50545 Hck Tyrosine-protein kinase HCK EC:2.7.10
P50545 Hck Tyrosine-protein kinase HCK EC:2.7.10.2
QIJI11 Stk4 Serine/threonine-protein kinase 4 EC:2.7.11
P19139 Csnk2al  Casein kinase II subunit alpha EC:2.7.11
Q9CQR6  Pppb6e Serine/threonine-protein phosphatase 6 catalytic subunit EC:2.7.11
P18654 Rps6ka3  Ribosomal protein S6 kinase alpha-3 EC:2.7.11
Q9WUT3 Rps6ka2  Ribosomal protein S6 kinase alpha-2 EC:2.7.11
Q63644 Rockl1 Rho-associated protein kinase 1 EC:2.7.11
Q4G050 Mknk1 MAP kinase-interacting serine/threonine-protein kinase 1 EC:2.7.11
054833 Csnk2a2  Casein kinase II subunit alpha EC:2.7.11
Q63184 Eif2ak2 Interferon-induced, double-stranded RNA-activated protein kinase EC:2.7.11
Q53UA7 Taok3 Serine/threonine-protein kinase TAO3 EC:2.7.11
Q99J45 Nrbpl Nuclear receptor-binding protein EC:2.7.11
P80386 Prkabl 5'-AMP-activated protein kinase subunit beta-1 EC:2.7.11
Q8KI1R7 Nek9 Serine/threonine-protein kinase Nek9 EC:2.7.11
P18265 Gsk3a Glycogen synthase kinase-3 alpha EC:2.7.11
P47197 Akt2 RAC-beta serine/threonine-protein kinase EC:2.7.11
P27926 Hk3 Hexokinase-3 EC:2.7.11.2
Q64303 Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11
P31938 Map2kl  Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.11
P49138 Mapkapk2 MAP kinase-activated protein kinase 2 EC:2.7.11
QIWTY9 Mapkl3  Mitogen-activated protein kinase 13 EC:2.7.11

Tabela 5 Enzimas do cluster 4 com func¢do predita de transferase
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Q66H84 Mapkapk3 MAP kinase-activated protein kinase 3 EC:2.7.11

P36506 Map2k?2 Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.11
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.11
Q91VJ4  Stk38 Serine/threonine-protein kinase 38 EC:2.7.11.11
P09215  Prked Protein kinase C delta type EC:2.7.11.13
Q91VJ4  Stk38 Serine/threonine-protein kinase 38 EC:2.7.11.13
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.13
QIJI11 Stk4 Serine/threonine-protein kinase 4 EC:2.7.11.13
P26817 Adrbk1 Beta-adrenergic receptor kinase 1 EC:2.7.11.14
P26817  Adrbkl Beta-adrenergic receptor kinase 1 EC:2.7.11.15
P26817  Adrbkl Beta-adrenergic receptor kinase 1 EC:2.7.11.16
P62204 Calml Calmodulin EC:2.7.11.17
P49138  Mapkapk2 MAP kinase-activated protein kinase 2 EC:2.7.11.17
Q66H84 Mapkapk3 MAP kinase-activated protein kinase 3 EC:2.7.11.17
P11730 Camk2g Calcium/calmodulin-dependent protein kinase type II subunit gamma EC:2.7.11.17
P31938  Map2kl Dual specificity mitogen-activated protein kinase kinase 1 EC:2.7.11.24
QOWTY9 Mapkl3 Mitogen-activated protein kinase 13 EC:2.7.11.24
P36506 Map2k?2 Dual specificity mitogen-activated protein kinase kinase 2 EC:2.7.11.24
Q64303  Pak2 Serine/threonine-protein kinase PAK 2 EC:2.7.11.25
P97930  Dtymk Thymidylate kinase EC:2.7.4.4
P97930  Dtymk Thymidylate kinase EC:2.7.4.9
Q917J5 Ugp2 UTP--glucose-1-phosphate uridylyltransferase EC:2.7.7.9
035156 UGP2 UTP--glucose-1-phosphate uridylyltransferase EC:2.7.7.9

5.6.4 Predicao de atividade enzimatica para o cluster 5

A figura 35 mostra que as enzimas reguladas no cluster 5 sdo enriquecidas para
oxiredutases (EC1) quando comparadas ao total de enzimas reguladas. Proteinas do
cluster 5 encontram-se estimuladas na condi¢gdo Laparotomia e também sdo mais

abundantes na condi¢do IR. Detalhes dessas enzimas preditas sdo dados na tabela 6.
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Figura 35 Predi¢cdo enzimatica das proteina do cluster 5. Predigdo de atividade
enzimatica baseada em similaridade de sequéncia de proteinas por B2GO das proteinas

identificadas do cluster 5.
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Aldose redutase (AR) (EC 1.1.1.21), que ¢ uma enzima limitadora de taxa na via 3 do
poliol, ¢ um fator chave na injlria isquémica de miocdrdio e a sua elevacdo tem sido
observada no coracdo durante isquemia que resulta em abertura de MTP [278, 279]. Em
adi¢do, foi demonstrado que AR medeia IRI em animais diabéticos e ndo diabéticos, que
resulta em disfuncdo da microvasculatura [279, 280]. Inibicdo de AR preveniu a
producdo de citocinas inflamatorias e disfungdo cardiaca induzidas por LPS em
camundongos [281]. A estimulacdo de CDI11b induzida por fMLP e a producdo de
superdxido sdo completamente impedidas por inibi¢do de AR. Um estudo investigando o
papel de AR na mediacdo de ALI mostrou que AR ¢ necessdria para que neutrofilos
respondam a quimiocinas liberadas por ECs ap0s a estimulagdo por TNFa. AR tem efeito
também na estimulagdo de CD11b, na mudanga de formato de neutréfilos e na adesdo de

neutrofilos a ECs [282]. Nossos dados sugerem o aumento na producdo de AR durante

IRI.

A andlise protedmica da mucosa intestinal de ratos apds pré-condicionamento isquémico
em um modelo de IRI identificou 10 proteinas por meio de 2DE em combinagdo com
MALDI-TOF-MS e essas proteinas estavam envolvidas em anti-oxidagdo, inibi¢do de
apoptose e metabolismo energético. Esse estudo também revelou a estimulacdo de
aldeido desidrogenase e aldose redutase no grupo IPC [152]. Outro estudo usou 2DE em
combinagdo com MALDI-MS para analisar o proteoma de mucosa intestinal exposta a
injuria de isquemia/reperfusdo na presenca e na auséncia de pré-tratamento IPC em ratos.
Um total de 16 proteinas estavam diferencialmente abundantes, as quais pertenciam
proteinas envolvidas no metabolismo energético celular, anti-oxidag¢do e anti-apoptose,
dentre as quais a aldose redutase, que tem por funcdo remover ROS, era
significativamente suprimida em IR e estimulada em IPS [153]. A partir desses estudos e
das nossas andlises, parece interessante que a aldose redutase, sob condicdo de IR,

encontra-se estimulada no neutréfilo e no miocardio e suprimida na mucosa intestinal.

Lactato desidrogenase (LDH) (EC 1.1.1.27) é um conhecido marcador inespecifico de
dano celular e necrose em tecidos cardiacos, hepaticos, musculares e renais, em uma

variedade de infecgdes, linfomas, hemolise ou fungao tardia de enxertos [283]. A lactato
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desidrogenase (LDH) ¢ liberada de granulos azurofilicos quando neutréfilos sofrem

necrose [284].

6-Fosfogluconato desidrogenase (6PGDH) (EC 1.1.1.44), que converte 6-fosfogluconato
em ribose 5-fosfato (segundo passo da PPP) com a liberagdo de uma segunda molécula de
NAPDH. 6PGDH foi encontrada associada com o complexo oxidase de neutréfilo [285] e
recentemente foi descoberta como fator de regulacdo da atividade de NADPH oxidase de

fagocitos em neutréfilos [286].

Mieloperoxidase (MPO) (EC 1.11.1.7) ¢ produzida e liberada em abundancia a partir de
granulos azurofilicos de neutréfilos [287]. Ela catalisa a formagdo de acido hipocloroso
(HOCl), um agente oxidante com atividade bactericida in vitro [288]. Em adicdo, o
sistema MPO-H202-cloreto por sua vez produz cloro, cloraminas, radicais hidroxil,
oxigénio idnico e 0zdénio, que uma vez liberado para o exterior da célula pode atacar
tecidos normais e assim contribuir para a patogénese da doenga [289]. Outro estudo
demonstrou que a ligacdo de MPO as integrinas CD11b/CD18 resulta em ativacdo de
PMN por meio de mecanismo independente da atividade catalitica de MPO [290].

Araquidonato 5-lipoxigenase (EC 1.13.11.34) e Araquidonato 15-lipoxigenase 15-LO
(EC 1.13.11.33) catalisam a inser¢do de oxigénio molecular no acido araquidonico nos
carbonos 5 e 15. Essas enzimas podem oxigenar também outros &acidos graxos
poliendicos livres, assim como uma variedade de fosfolipidios [291].
Imunocitolocalizacdo de 15-LO falhou em demonstrar a expressio de 15-LO em
neutrofilos [292], e aqui ndés demonstramos, pela primeira vez, o aumento na expressao

dessas lipoxigenases em neutrdfilos durante IRI.

Prostaglandina endoperoxidase sintase (EC 1.14.99.1), também conhecida como
cicloxigenase (COX), que converte acido araquidonico (AA) em Prostaglandina G2
(PGG2) e a redugdo de PGG2 em Prostaglandina H2 (PGH2), que ¢ um precursor comum
de todos os prostanoides [293]. Neutrofilos sdo capazes de sintetizar prostandides em
resposta a uma variedade de estimulos [294,295]. Em mondcitos, a expressao de COX2
para a sintese de prostandides necessita da ativacdo da p38MAPK [296]. Em neutréfilos

tanto as vias de ERK e p38MAPK sao envolvidas na expressao de COX2 e na produgao
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de prostaglandina E(2) PGE2 induzida por LPS, embora IL10 e IL4 possam inibir a
sintese de prostandides por neutréfilos por meio da supressdo da ativagdo de p3SMAPK

[297].

Superoxido dismutase (SOD) (EC 1.15.1.1) estd envolvida na regulacdo de apoptose de
neutr6filos e pode levar a dano tecidual mediado por neutrédfilos durante inflamacgdo
[298]. Recentemente foi descoberto que superdxido dismutase extracelular prejudica a
funcdo de neutrdfilos e inibe a sua resposta imune inata, dessa forma levando a

eliminagdo bacteriana prejudicada [299].

Xantina oxidase (XO) (EC 1.17.3.2) ¢ uma enzima importante, tendo um papel no
catabolismo de purinas. Em mamiferos a xantina desidrogenase endotelial (XDH) (EC
1.177.1.4) pode ser convertida em XO de forma reversivel ou irreversivel [300]. O
estresse hipoxémico também inicia a conversdo de XDH em XO. O oxigénio molecular
retorna aos tecidos durante a reperfusdo dos intestinos, onde entdo reage com a
hipoxantina e XO para produzir uma variedade de radicais livres de oxigénio, como anion
superoxido (O-2), peroxido de hidrogénio (H202) e 6xidos nitricos [301]. Neutréfilos
ativados também convertem XDH em XD em ECs, por meio da secrecdo de elastases de
forma proximas as ECs [302]. Aqui nos estamos relatando pela primeira vez a presenca e
o consistente aumento da abundancia XDH e XO em neutrofilos apds isquemia e

reperfusdo.

Gliceraldeido-3-fosfato desidrogenase (GAPDH) (EC 2.1.12) ¢ uma enzima glicolitica
sendo que GAPDH de mamiferos também tem fungdes adicionais que incluem fusdo de
membranas, aglomeracdo de microtibulos, atividade de fosfotransferase, exportacdo de
RNA nuclear, replicagdo de DNA e reparo de DNA. Além disso, ela também participa de
apoptose, de doencas neurodegenerativas relacionadas a idade, cancer de prostata e
patogénese viral [303]. Foi provado que ela esta envolvida em até 25% da desgranulacdo

citosolica dependente de Ca em neutrofilos [304].

Retinal desidrogenase (RALDH) (EC 1.2.1.36) converte vitamina A em 4cido retindico
(RA) em células dentriticas (DCs) e células estromais no intestino e induz a migracao de

células T para o intestino [305], como células T produtoras de Foxp3 [306] e células B
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com expressao de IgA [307], assim como promove a supressdo da diferenciacdo de
células Th17 [308]. Aqui nos reportamos pela primeira vez um aumento na expressao de

RALDH em neutrofilos ap6s isquemia e reperfusdo intestinal.

NADPH desidrogenase (quinona) (EC 1.6.5.2), também conhecida como NAD(P)H
quinona oxiredutase 1 (NQO1) ¢ uma flavoproteina que catalisa a redugdo metabolica de
quinonas [309]. Niveis elevados de NQOI1 foram observados em tecidos tumorais,
quando comparados a tecidos normais [310], como em cancer pulmonar de células nao-
pequenas, cancer de cdlon, cancer de mama, cancer de ovario e melanoma [310, 311].
Niveis elevados de NQO1 também foram encontrados em tumores de figado, pulmao e
colon em pacientes humanos [312]. Aqui nds estamos relatando pela primeira vez a

elevacdo da expressdo de NQO1 em neutréfilos apds isquemia/reperfusao.

Glutationa redutase (Gsr) (EC 1.8.1.7) catalisa a regeneracdo de glutationa a partir de
glutationa disulfidica utilizando NADPH, onde a glutationa funciona como importante
anti-oxidante, essencial para a remog¢ao de H202 do citosol de granuldcitos e leucdcitos
[313, 314]. Recentemente descobriu-se que Gsr facilita a defesa do hospedeiro por
sustentar o burst oxidativo fagocitico e promover o desenvolvimento das armadilhas

extracelulares de neutrdfilos (NET) em camundongos [315].

Tioredoxina redutase NADPH dependente (TrxR) 1 (EC 1.8.1.9) esta envolvida na
denitrosilacdo de proteinas citosolicas [316]. Thom, S.R., et al. mostraram recentemente
que TrxR estd também envolvida no controle do citoesqueleto em neutrdfilos através de

associacdo com Adenosina Cinase Focal (FAK) [317].
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Tabela 6 Enzimas do cluster 5 com fun¢do predita de oxidoredutase.

Acc Gene PD Description Enzyme Codes
P07943  Akrlbl Aldose reductase EC:1.1.1.112
P07943  Akrlbl Aldose reductase EC:1.1.1.149
P22985 Xdh Xanthine dehydrogenase/oxidase EC:1.1.1.158
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.159
070351 Hsdl7b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.178
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.201
P07943 Akrlbl Aldose reductase EC:1.1.1.21
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.239
P04642 Ldha L-lactate dehydrogenase A chain EC:1.1.1.27
P19629 Ldhc L-lactate dehydrogenase C chain EC:1.1.1.27
Q811X6 Cryll Lambda-crystallin homolog EC:1.1.1.35
070351 Hsd17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.35
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.36
Q99KEl Me2 NAD-dependent malic enzyme, mitochondrial EC:1.1.1.38
Q99KE1 Me2 NAD-dependent malic enzyme, mitochondrial EC:1.1.1.39
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.43
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.44
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.51
070351 Hsdl17b10 3-hydroxyacyl-CoA dehydrogenase type-2 EC:1.1.1.62
P85968 Pgd 6-phosphogluconate dehydrogenase, decarboxylating EC:1.1.1.95
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.1.4.1
P11247 Mpo Myeloperoxidase EC:1.11.1.7
P49290 Epx Eosinophil peroxidase EC:1.11.1.7
P00406 Mtco2 Cytochrome c oxidase subunit 2 EC:1.11.1.7
Q63189 Prg2 Bone marrow proteoglycan EC:1.11.1.7
P04041 Gpxl1 Glutathione peroxidase 1 EC:1.11.1.9
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
P00406 Mtco2 Cytochrome c¢ oxidase subunit 2 EC:1.13.11
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
P48999  Alox5 Arachidonate 5-lipoxygenase EC:1.13.11.34
Q02759 Alox15 Arachidonate 15-lipoxygenase EC:1.13.11.33
P00388 Por NADPH--cytochrome P450 reductase EC:1.14.12.17
Q99MS7 Ehbplll EH domain-binding protein 1-like protein 1 EC:1.14.13
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.13
P00388 Por NADPH--cytochrome P450 reductase EC:1.14.13
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.13.30
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.14.1
Q3MID2 Cyp4f3 Leukotriene-B(4) omega-hydroxylase 2 EC:1.14.15.3
P00406 Mtco2 Cytochrome c oxidase subunit 2 EC:1.14.99.1
P05982 Nqol NAD(P)H dehydrogenase 1 EC:1.15.1.1
Q4VE8K1 Steap4 Metalloreductase STEAP4 EC:1.16.1
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Q4V8K1 Steap4 Metalloreductase STEAP4 EC:1.16.1.7
Q4V8K1 Steap4 Metalloreductase STEAP4 EC:1.16.1.9
P09528  Fthl Ferritin heavy chain EC:1.16.3.1
P22985  Xdh Xanthine dehydrogenase/oxidase EC:1.17.1.4
P22985 Xdh Xanthine dehydrogenase/oxidase EC:1.17.3.2
P07943  Akrlbl Aldose reductase EC:1.2
P11884  Aldh2  Aldehyde dehydrogenase, mitochondrial EC:1.2.1
Q4KYY3 GAPDH Glyceraldehyde-3-phosphate dehydrogenase EC:1.2.1.12

Q97218  Suclg2  Succinyl-CoA ligase subunit beta, mitochondrial EC:1.2.1.24

P11884  Aldh2  Aldehyde dehydrogenase, mitochondrial EC:1.2.1.3
P11884  Aldh2  Aldehyde dehydrogenase, mitochondrial EC:1.2.1.36
P07943  Akrlbl Aldose reductase EC:1.2.1.36
Q5XI42 Aldh3bl Aldehyde dehydrogenase family 3 member B1 ~ EC:1.2.1.5
P11884  Aldh2  Aldehyde dehydrogenase, mitochondrial EC:1.2.1.5
008984 Lbr Lamin-B receptor EC:1.3.1.70
P11348  Qdpr Dihydropteridine reductase EC:1.5.1.34
Q63189  Prg2 Bone marrow proteoglycan EC:1.5.5.1
P00388  Por NADPH--cytochrome P450 reductase EC:1.6.2.2
P05982  Nqol NAD(P)H dehydrogenase [quinone] 1 EC:1.6.2.2
P00388  Por NADPH--cytochrome P450 reductase EC:1.6.24
070145 Ncf2 Neutrophil cytosol factor 2 EC:1.6.3
P05982  Nqol NAD(P)H dehydrogenase [quinone] 1 EC:1.6.5.10
P05982  Nqol NAD(P)H dehydrogenase [quinone] 1 EC:1.6.5.2
Q9DCZ1I Gmpr  GMP reductase 1 EC:1.7.1.7
P70619  Gsr Glutathione reductase (Fragment) EC:1.8.1.7
P47791  Gsr Glutathione reductase, mitochondrial EC:1.8.1.7
089049 Txnrdl Thioredoxin reductase 1, cytoplasmic EC:1.8.1.9
QI9ESH6 Glrx Glutaredoxin-1 EC:1.84.2
P00406  Mtco2  Cytochrome c oxidase subunit 2 EC:1.9.3.1
P00388  Por NADPH--cytochrome P450 reductase EC:1.9.99.1
P32577 Csk Tyrosine-protein kinase CSK EC:1.97.1
P09528  Fthl Ferritin heavy chain EC:1.97.1

5.7 Analise de vias metabolicas.

A Enciclopédia Kyoto de Genes e Genomas (KEGG) ¢ utilizada como uma base de
referéncia para a compreensdo de transducdo de sinal, processos celulares e das vias
biologicas [318]. Os numeros de acesso UniProt das proteinas identificadas no presente
trabalho foram mapeados para simbolos de genes pelo programa Proteina Center.
Simbolos de genes de todas as proteinas diferencialmente abundantes dos cinco clusters
foram mapeados para o genoma de vias KEGG usando bases de dados online dos
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programas WebGestalt e Enrichnet [197, 198]. A maioria das vias mostrou resultados
significativos em diferentes clusters o que levou a andlise e discussdo dessas vias
comuns em conjunto . A razao para a presenca das mesmas vias em diferentes clusters ¢
que, como a maioria das bases de dados, incluindo WebGestalt e Enrichnet, usa simbolos
de genes em vez do padrdo UniProt, o mapeamento de nlimeros de acesso UniProt para
simbolos de genes resultou na atribui¢do de diferentes proteinas aos mesmos genes. Tal
fato conduziu a uma duplicacdo de genes. Caso esses genes duplicados tivessem sido
removidos de todos os cinco clusters, cerca de 200 genes seriam eliminados além de uma
diminui¢do no nivel de significdncia, com pouca alteracdo na atribuicdo das vias . Entdo,
nds removemos as duplicatas de vias de interesse em vez de remover todos os clusters.
Na tabela. 7, os genes de sobreposicdo sdo genes no conjunto de genes carregados e
também encontrados nos genes de referéncia na categoria. A Propor¢do ¢ a relacdo de
enriquecimento; P-valor bruto ¢ o valor P do teste hipergeométrico e o p-valor foi

ajustado pelo ajuste de testes multiplos.
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Tabela 7- Vias KEGG preditas para cada cluster.

PathwayName Overlap Gene Cluster No. Reference Genes Ratio Raw P-value Adjusted P-value
Ribosome 57 1 122 44 .41 8.98E-80 1.11E-77
Spliceosome 28 1 135 19.72 4.74E-28 2.94E-26
Metabolic pathways 49 1 1169 3.98 3.16E-16 1.31E-14
Protein processing in endoplasmic reticulum 20 1 164 11.59 1.12E-15 3.47E-14
RNA transport 19 1 156 11.58 5.96E-15 1.48E-13
Phagosome 18 1 185 9.25 1.54E-12 3.18E-11
Proteasome 10 1 49 19.4 8.60E-11 1.52E-09
Neurotrophin signaling pathway 12 1 129 8.84 1.38E-08 2.14E-07
Focal adhesion 13 1 186 6.64 1.05E-07 1.45E-06
Lysosome 10 1 124 7.67 8.46E-07 9.54E-06
Regulation of actin cytoskeleton 24 2 208 11.53 1.78E-18 2.06E-16
Fc gamma R-mediated phagocytosis 17 2 91 18.67 4.37E-17 2.53E-15
Neurotrophin signaling pathway 18 2 129 13.94 1.15E-15 4.45E-14
Oocyte meiosis 17 2 115 14.77 2.67E-15 6.19E-14
Leukocyte transendothelial migration 17 2 114 14.9 2.29E-15 6.19E-14
Protein processing in endoplasmic reticulum 19 2 164 11.58 6.17E-15 1.19E-13
Long-term potentiation 14 2 69 20.27 7.74E-15 1.28E-13
Chemokine signaling pathway 18 2 178 10.1 3.45E-13 5.00E-12
Metabolic pathways 42 2 1169 3.59 1.38E-12 1.78E-11
Cell cycle 15 2 124 12.09 2.37E-12 2.75E-11
Metabolic pathways 109 3 1169 6.5 2.28E-55 3.58E-53
Spliceosome 36 3 135 18.59 3.41E-35 2.68E-33
Huntington's disease 41 3 218 13.11 2.87E-33 1.50E-31
Parkinson's disease 34 3 164 14.45 2.71E-29 1.06E-27
Oxidative phosphorylation 30 3 156 13.41 5.65E-25 1.77E-23
Proteasome 20 3 49 28.45 1.95E-24 5.10E-23
Citrate cycle (TCA cycle) 17 3 30 39.5 3.77E-24 8.46E-23
Alzheimer's disease 31 3 212 10.19 4.95E-22 9.71E-21
Protein processing in endoplasmic reticulum 26 3 164 11.05 1.34E-19 2.34E-18
Lysosome 22 3 124 12.37 7.00E-18 1.10E-16
Neurotrophin signaling pathway 22 4 129 21.85 3.75E-23 4.57E-21
Regulation of actin cytoskeleton 25 4 208 15.4 3.06E-22 1.87E-20
Long-term potentiation 16 4 69 29.71 1.77E-19 7.20E-18
Oocyte meiosis 17 4 115 18.94 4.39E-17 1.34E-15
Insulin signaling pathway 17 4 131 16.62 4.21E-16 1.03E-14
Metabolic pathways 41 4 1169 4.49 1.40E-15 2.85E-14
Fc gamma R-mediated phagocytosis 12 4 91 16.89 7.71E-12 1.18E-10
Leukocyte transendothelial migration 13 4 114 14.61 6.83E-12 1.18E-10
Chemokine signaling pathway 15 4 178 10.8 1.36E-11 1.84E-10
Glioma 10 4 62 20.66 5.55E-11 6.41E-10
Metabolic pathways 51 5 1169 4.77 3.39E-20 4.24E-18
Vasopressin-regulated water reabsorption 11 5 44 27.35 1.91E-13 1.19E-11
Chemokine signaling pathway 16 5 178 9.83 1.12E-11 4.67E-10
Systemic lupus erythematosus 14 5 132 11.6 2.35E-11 7.34E-10
Fc gamma R-mediated phagocytosis 12 5 91 14.43 4.77E-11 1.19E-09
Endocytosis 16 5 230 7.61 5.16E-10 1.08E-08
Regulation of actin cytoskeleton 15 5 208 7.89 1.09E-09 1.95E-08
Glycolysis / Gluconeogenesis 10 5 78 14.03 2.64E-09 4.03E-08
Neurotrophin signaling pathway 12 5 129 10.18 2.90E-09 4.03E-08
Oocyte meiosis 11 5 115 10.46 9.90E-09 1.24E-07
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5.7.1 Via do Ribossoma:
A partir da tabela 6, observa-se que a via mais importante e significativa encontrada a

partir da base de dados WebGestalt ¢ a via ribossomica, com um valor P ajustado de
1.11e-77 e 57 proteinas superpostas a partir do nosso conjunto de dados que estdo

presentes nessa via (Fig. 36, 37).

Proteinas ribossomais sdo componentes fundamentais no metabolismo celular e a sintese
no ribossoma ¢ critica para o crescimento e desenvolvimento celular. As proteinas (r-)
ribossomais sdo responsaveis pelo dobramento correto e clivagem de rRNA, bem como
para a montagem de subunidade [1]. O ribossoma eucariota consiste de duas subunidades,
uma subunidade maior (60S) e outra menor (40S). A subunidade maior contém trés
RNAs e 46 proteinas e a subunidade menor ¢ composta de um RNA e 33 proteinas.
Proteinas ribossomais tém algumas atividades ribossomais extras, incluindo fungdo
catalitica, replicagdo, transcri¢do, processamento de RNA, reparo do DNA, e at¢ mesmo
inflamacdo (em mondcitos), mas essas fungdes para cada proteina ribossomica ainda nao
foram elucidadas [319-321]. Durante condi¢des normais, a mesma quantidade de rRNA e
proteinas ribossomais sdo sintetizadas numa célula enquanto que as condi¢des alteradas
também alteram os niveis de sintese de proteinas ribossomais [322]. Como durante a
diferenciagdo neuronal de células de carcinoma embriondrio humano, proteinas da
subunidade maior como L3, L7, L8, L10, L23a, L27a, L36a, ¢ L39, mostraram
diminui¢do da expressdo, exibindo uma sub-regulacdo constante , juntamente com
algumas proteinas da subunidade menor (S2, S3, S3a, S4X, S6, S9, S12, S13, S16, S19,
S20, S23, e S27a).
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Figura 36- A via ribossomal enriquecida, mostrando as proteinas diferencialmente
abundantes (DAPs) a partir do cluster 1. As proteinas sobrepostas com diminui¢cdo da

abundancia foram destacadas em vermelho.

Observou-se que enquanto L11, L32, S8 e S11 foram constantes inicialmente ou até com
abundancia aumentada, posteriormente apresentaram diminui¢do na abundancia como
L6, L15, L17, L31, e S27y [323]. Esta alteracdo independente na sintese de proteinas
ribossomais sugere que essas proteinas possuem outras fungdes. Por exemplo PO e S3 tém
mostrado atividade de endonucleases, isso pode ter papel no reparo do DNA [324, 325] e
L7 também pode atuar como co-reguladora do receptor de vitamina D [326]. L7 em
células Jurkat de linfoma T [327], S20 na linha celular de leucemia humana CEM C7

[328], e S3a na célula tumoral [329] podem ter um papel na apoptose.

Oligomeros RP S19 atuam como quimiotaticos para a migra¢do de mondcitos /
macrofagos para células em apoptose através da C5aR [330]. Oligdbmeros RP S19 tem
duplo papel na C5aR de leucocitos fagociticos; isso produz um efeito induzido pelo

agonista na C5aR de mondcitos mas por outro lado promove um efeito induzido pelo
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antagonista sobre C5aR de neutrofilos [331]. C5a provoca a migragdo quimiotactica e a

secre¢do através da via classica ERK1 /2 mediada por C5aR.

Oligomeros RP S19 inibem vias quimioticticas mediadas por C5aR neutrofilos. no
entanto o mecanismo nao ¢ conhecido [332, 333]. Aqui estamos relatando pela primeira
vez a diminuicdo da regulacdo de 57 proteinas ribossomais em neutrofilos apos
laparotomia e isquemia / reperfusdo intestinal (Figura 36). RPS19 também est4 entre as
proteinas com abundincia diminuida, que podem estar envolvidos no aumento da

quimiotaxia mediadas por C5aR em neutro6filos apos IR.
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Figura 37 - visualizagdo por Computagdo grafica da Enrichnet do conjunto de dados do

cluster 1. A sobreposicdo (verde) ¢ mostrada para a regulagdo da via ribossomica.

A Interacdo em geral de proteinas identificadas no cluster 1 foi determinada utilizando o
banco de dados STRING online. Para confirmagdo sobre a interacdo também foram
analisadas as proteinas ribossomais em STRING e os resultados (Fig.38) mostraram forte

ligacdo entre estas proteinas.
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Figura 38- rede de interacdo de proteinas do cluster 1 identificados na via KEGG

ribossomica.

5.7.2 Regulacio das vias da actina do citoesqueleto
A regulacdo das vias da actina do citoesqueleto mostra proteinas comuns aos clusters 2,

4 e 5 com os valores-P, P = 2.06e-16 e 24 proteinas sobrepostas , P=1.87e-20 e 25
proteinas de sobreposicdio e P = 1.95e-08 com 15 proteinas com sobreposicido
respectivamente. Os valores de P desta via para cada cluster sdo significativos por isso
fizemos uma comparac¢do de todos os trés grupos com diferentes cores para cada cluster,
como mostrado na fig.39. A maior parte das proteinas apresentaram abundéincia
aumentada (ouro e amarelo) e algumas apresentam abundéancia diminuida (vermelho)

nesta via.

Neutroéfilos circulantes normais ndo sao polarizados. Uma vez que um quimioatrativo se
liga ao seu receptor na superficie celular, a ativagdo do citoesqueleto ocorre depois de
transdugdes de sinais citoplasmaticos que conduzem a formagdo de actina filamentosa
lamelar ou de F-actina (frente=lamelipodia) e a uropodia rica em filamentos de
actinomiosina (atrds) (polarizacdo). Os neutréfilos podem alinhar sua polaridade de
frente para trds com o gradiente quimioatrativo e comegar a migracdo direcional [334].
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Estudos demonstraram associacdo entre a PI-3-cinase e ativacdo de uma familia de
proteinas de ligacdo ao GTP Ras (pequenas) e de uma subfamilia Ras incluindo Rho, Rac
e CDC-42, que sdo importantes reguladores da motilidade e da morfologia da célula
[335]. O complexo Arp2 / 3 localiza-se em regides de polimerizacdo ativa da actina em
neutrofilos e estd envolvido em vérios vias de sinalizagdo e organizacdo da actina [336].
Regulacdo das vias da actina do citoesqueleto dos nossos dados mostraram que a maior
parte destas proteinas incluindo Rho, Rac, Rac, Arp2 / 3 entre outros estdo presentes.
Essas proteinas apresentam abundancia aumentada em neutrdfilos durante IR em relacdo

ao controle, levando a um aumento da motilidade, locomogao e quimiotaxia (Fig.39).
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Figura 39 O controle da via actina do citoesqueleto das proteinas diferencialmente
abundantes (DAPs) de clusters de 2, 4 e 5. Azul (cluster 2) e amarelo (cluster 5) mostram
aumento da abundancia , vermelho (cluster 4) para abundancia diminuida e verde nao

encontrada em nossa base de dados.
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Figura 40- visualizagdo grdfica de enrichnet.org de conjunto de dados enviados, para
clusters de 2, 4 e 5 de sobreposi¢do (verde) é mostrado para o controle da via da

actina do citoesqueleto.

A visualizagdo grafica gerada por enrichnet.org do conjunto de dados enviado do cluster
2,4 e 5. a sobreposi¢do para a regulacdo da via da actina do citoesqueleto ¢ mostrada na
fig.40. Genes que se sobrepdem sdo mostrados em verde. Para as proteinas que se
sobrepdem, uma analise de interagdo proteina-proteina uma STRING foi realizada para

descobrir as interacdes entre as proteinas (Figura 41.).
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Figura 41- rede de interacdo de proteinas dos clusters 2, 4 e 5 identificados na via

KEGG de organizagdo da actina do citoesqueleto.

5.7.3 Via da fagocitose mediada por Fc gama R:
A Tabela 7 mostra que a outra via interessante predita por WebGestalt ¢ a via da

fagocitose mediada por Fc gamma R com valor P = 2.53e-15 e 17proteinas sobrepostas,
P =1.18e-10 e 12 proteinas sobrepostas e P = 1.19e- 09 com 12 proteinas sobrepostas dos
clusters 2, 4 e 5, respectivamente (fig. 42) . As proteinas com aumento de abundancia
incluem Src, Syk, SPHK, WASP, PLC, ERK1 / 2, ¢ PKC, p47phox, Arp2 / 3, Rac,
PAG3, PAKI1, WASP, WAVE e cofilina (amarelo e dourado) e poucas proteinas com
diminuicdo da abundéncia , tais como a PKC, gelsolina, VASP, CrklIl (vermelho). A
visualizagdo grafica computacional feita pelo EnrichNet do conjunto de dados carregados
a partir desses clusters mostra sobreposi¢do de proteinas (verde) para fagocitose mediada
pela via Fc gamma R na fig. 38. Em azul estdo os conjuntos de todos os dados desses

clusters das proteinas carregadas, e vermelho sdo as proteinas ndo sobrepostas dessa via.
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Figura 42-A via de fagocitose por Fc gama mediada por R enriquecida para as
proteinas diferencialmente abundantes (DEPs) dos clusters 2, 4 e 5. Azul (cluster 2) e
amarelo (cluster 5) estdo com abundancia aumentada e vermelho (cluster 4) com

abundancia proteica diminuida.

Como resultado da interagdo do FcR com os seus ligantes de Ig em leucocitos ocorre uma
série de respostas, incluindo a fagocitose, citotoxicidade mediada por células dependente
de anticorpos (ADCC), a liberagdo de mediadores pro-inflamatorios e producdo de
citocinas [337, 338]. A fosforilagdo de residuos especificos de tirosina nos motivos de
ativacdo de imunoreceptores ligados a tirosina (ITAMs) ocorre depois do agrupamento
dos receptores e ligantes [339] e enzimas da familia de tirosina-cinases Src estdo
envolvidas na fosforilagdo inicial das ITAMs [340]. Syk, uma tirosina cinase, ¢ um
importante componente dessa via, como em neutrofilos, a sua inibicao repele a fagocitose
de particulas revestidas com IgG [341]. Mas o papel exato da Syk neste processo
permanece obscuro. Alguns estudos mostram o seu papel na formacao de filamentos de

actina durante a fagocitose mediada por FcRy [341, 342].
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PLCy (fosfolipase C gama) produz IP3 e diacilglicerol (DAG) a partir do PI- 4,5
bifosfato [PI(4,5)P2] . Isto leva a liberagdo de IP3, que medeia a libera¢do de calcio e
ativacdo de DAG dependente de varias isoformas de PKC. A inibi¢do da PLCy resultou
em fagocitose prejudicada em macrofagos e PLCy foi encontrada acumulada na area

fagocitica [343].

Ativagdo de ERK ocorre apds a translocagdo de PKC e Raf-1 para a membrana
plasmatica [344]. Raf-1 entdo ativa MAPK cinase (MEK), e ativagdo de MEK leva
diretamente a ativagdo de ERK que medeia a ativagdo de fatores nucleares, como Elk e
fator nuclear-B, importantes para a producdo de citocinas [345]. Rac ¢ também
participante importante no presente processo, assim como a sua inibi¢do em macréfagos

leva a completa inibi¢do da montagem de actina e internalizagdo de particulas revestidas

de IgG [346].

PAG3 (proteina de activacdo de GTPase para ARF6) foram encontradas acumuladas
com ARF6 e F-actina em sitios fagociticos [347]. Cofilina e gelsolina pertencem ao
grupo de varias moléculas que fazem parte nesse tipo de fagocitose pela regulacdo da
actina por varios mecanismos [348]. O complexo Arp2 / 3, também foi encontrado
acumulado em fagossomas e € necessario para a ingestdo de particulas pelo receptor
[349]. Proteinas de Sindrome de Wiskott-Aldrich (WASP) ligam-se diretamente a Cdc42
e Rac de um modo dependente de GTP-[350], e sdo ativamente recrutados para o sitios

fagociticos durante a fagocitose mediada por IgG (. Figura 42) [351].
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Figura 43- Visualizagdo grafica computacional gerada por EnrichNet do conjunto de

dados enviado dos clusters 2, 4 e 5. A sobreposicdo (verde) é mostrada para a via da

fagocitose mediada por Fc gama R.

Proteinas encontradas na via da fagocitose mediada por Fc gamma R foram analisados
por STRING para interagdes proteina-proteina, que mostram fortes interagoes , fig. 44.
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Figura 44 Analise por STRING da rede de proteinas da fagocitose mediada pela via Fc

gamma R dos clusters 2, 4 e 5.
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5.7.4 Via de sinalizacao de Quimiocinas :
A préxima via comum, significativa, interessante e relevante presente na tabela 7 ¢ a via

de sinalizagdo da quimiocinas. Os valores P e proteinas que se sobrepdem para os clusters
2,4 ¢e5s30P=5.00e-12¢ 18, P=1.84e-10 e 15, e 4.67e-10 e 16, respectivamente. As
proteinas desta via com aumento da abundancia (amarelas douradas) e com abundancia

diminuida (vermelho) sdo mostradas na fig. 45.

Os neutrofilos migram para a fonte de agentes quimioatrativos como peptidios
formilados, C5a, leucotrieno B4, e quimiocinas, como a IL-8 [352] e, depois da ligacdo
ao seu receptor de superficie, uma série de eventos citoplasmaticos ocorrem ativando a
maquina do citoesqueleto [353]. A interacdo com os respectivos ligantes resulta na
alteracdo conformacional do receptor e consequente troca de GDP por GTP na
subunidade alfa. Isso induz a liberacdo da subunidade o do par da subunidade Py [354].
Dessa forma as subunidades a e By estardo livres para interagir com efetores downstream.
[355]. Por sua vez, GTPases da Rac regulam diferentes func¢des dos neutrdfilos, incluindo
estrutura do citoesqueleto, a expressdo dos genes e producdo de espécies reativas de
oxigénio (ROS) [356, 357]. Ainda, P-Rex1, um fator de troca de nucleotideo de guanina
(GEF) para Rac [358] deve vincular GPCRs e PI3Ky a respostas de neutrofilos Rac-
dependentes. Outro estudo mostrou o envolvimento de P-Rex1 na ativagdo de GPCR
Rac2-dependente e formagdo de ROS em neutréfilos, bem como o recrutamento de
neutr6filos a locais de inflamagdo e quimiotaxia, mas ndo em desgranulacdo [359].
Cinases ativadas por P21 (Paks) sdo cinases de serina / treonina, que tém sido
identificadas como alvos de Rac e Cdc42 e afetam a actina do citoesqueleto [360]. Os
receptores quimioatrativos acoplados a proteinas G e receptores Fc regulam a atividade
de PAK em leucocitos humanos [361]. PAK1 foi também co-localizada com a actina
polimerizada na regido lamelipddia e nas areas fagociticas de neutrofilos humanos
estimulados, consistentes com um papel para PAK na modulagdo da resposta dos
leucdcitos a estimulos fisiologicos [362]. Paxilina estd presente em células cultivadas
principalmente em locais de adesdes focais, que sdo ligacdes estruturais entre a matriz
extracelular (ECM) e da actina do citoesqueleto que também sdo importantes sitios de
transdu¢io de sinal. E importante notar que as proteinas de adesdo focal incluindo

paxilina também servem como um ponto de convergéncia de sinais resultantes da
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estimulagdo de varias classes de receptores de fatores de crescimento [363]. Uma
visualizacdo grafica computacional (Fig. 46) foi elaborada para a visualizacdo das
proteinas de sobreposi¢cao de conjunto de dados carregados e do conjunto de dados via. A
andlise STRING do conjunto de dados de sobreposi¢cao foi utilizada para as interagdes

proteina-proteina que mostraram marcantes interagdes proteicas (47 Fig.).
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Figura 45 A via de sinaliza¢cdo de quimiocinas enriquecida para as proteinas
diferencialmente abundantes (DEPs) dos clusters 2, 4 e 5 Ciano (cluster 2) e amarelo
(cluster 5) apresentam abundancia aumentada e vermelho (cluster 4) para abunddncia

diminuida.
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Figura 46 -visualizagcdo grdfica computacional obtida por meio de Enrichnet do conjunto
de dados enviados dos clusters 2, 4 e 5 e os genes que se sobrepoem em verde para a via

de sinaliza¢do de quimiocinas.
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Figura 47- analise STRING da rede de proteinas da fagocitose mediada por receptores

de Fc gamma dos clusters 2, 4 e 5.
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5.7.5 Vias de Cluster 3
O grupo mais significativo das vias encontradas no cluster 3 compreende as vias

metabolicas em neutréfilos com P valor P = 3.58e-53 e 109 proteinas que se sobrepoem.
A visualizagdo grafica computacional da Enrichnet do conjunto de dados enviado do
cluster 3 e das proteinas que se sobrepdem (verde) das vias metabolicas ¢ mostrado na
fig. 48. Essas proteinas pertencem ao metabolismo energético, de hidratos de carbono e
metabolismo dos lipidos, incluindo também o metabolismo de nucleotidios e de
aminoacidos ¢ o metabolismo secundario. Analise STRING mostrou interacdes elevadas

entre as proteinas de tais vias metabolicas Fig. 49.

Il uploaded dataset
Hl pathway/process
overlap

Figura 48- visualizag¢do grafica da andlise cmputacional do Enrichnet do conjunto de

dados enviados do cluster 3.

199



eGmpDa E Dpm1

Polr2d

a %_ Polr2a

- = Nmez Gss —, Cpox

TR Stt3a
4 . Ndufal0 \ Alad
fas, Hmbs -~
sh——— % Rpn2
RGD1311563
VW { “~ Neighborhood
my/ = e . Gene Fusion
Atpbv1b27 s . Cooccurrence
. | . Coexpression
N ) [ = Experiments
,/ Gl “w.Databases
L atpevid 3 “. Textmining
*-.[Homology]

Figura 49- analise STRING da rede de proteinas de vias metabdlicas de cluster 3.

Outra via importante e significativa relacionada com as proteinas de cluster 3 ¢ a
fosforilagdo oxidativa tendo como valor P, P = 1.77e-23 com 30 proteinas sobrepostas,

como mostrado na fig. 50.
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Figura 50 A via de fosforilagdao oxidativa enriquecida para proteinas diferencialmente
abundantes (DAPs) do cluster 3. O destaque em roxo mostra as proteinas que se

sobrepoem.

Acreditava-se que os neutrofilos maduros possuissem nenhuma ou poucas mitocondrias,
nao tendo nenhum papel na fun¢do celular [364], comprovado por microscopia eletronica
[365], e pela baixa taxa de respiragdo mitocondrial nos neutréfilos [366]. Mais tarde, os
corantes fluorescentes especificos foram utilizados e as mitocondrias foram identificadas
como uma rede tubular nessas células [365, 367]. Além disso, os aglomerados de
mitocondrias foram mostrados em apoptose de neutréfilos espontanea ou induzida e a
proteina Bax pro-apoptotica foi localizada [367-369]. No caso de isquemia e lesdes de
reperfusdo, a perda do potencial e integridade da membrana mitocondrial, juntamente

com o decréscimo na atividade mitocondrial foi observado [201, 370].

A importancia das mitocondrias na regulagdo de fungdes pro-inflamatérias de neutrofilos
ndo ¢ clara, embora a alteracdo da forma da célula e quimiotaxia ocorra como resultado

de uma diminui¢do no potencial de membrana mitocondrial [365]. Algumas células do
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sistema imunolégico ativadas (e algumas inativas) preferem utilizar glicdlise, ja que esta
¢ 100 vezes mais rapida do que a fosforilacdo oxidativa para a sintese de macromoléculas
[371]. A glicdlise fornece energia para a quimiotaxia, mas hd pouco conhecimento sobre
o papel regulador da mesma em condigdes normais e patologicas em neutrdfilos [364].
Estudos mostram que os neutrdfilos ndo dependem da fosforilagdo oxidativa e a glicolise
surpreendentemente ndo ¢ aumentada na inibi¢do da sintase doATP mitocondrial [372].
Nossos dados também mostraram redu¢do da abundancia de proteinas da fosforilacao
oxidativa durante LAP e por outro lado aumento no grupo IR para quase o mesmo nivel
do grupo controle. O papel destas vias durante essas condi¢des patologivcas nao esta
claro na literatura. Observamos aumento na via da glicolise com P valor, P = 4.03e-08 ¢
10 proteinas sobrepostas (Tabela 7) que pode ser utilizado pelos neutrofilos para a
producdo de energia rapida em vez da fosforilagdo oxidativa, a qual estd diminuida no

cluster 3.

B uploaded dataset
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Figura 51 visualiza¢do grdfica por Enrichnet do conjunto de dados enviados do cluster 3

e mais proteinas sobrepostas (verde) para a via da fosforila¢do oxidativa.
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Figura 52 - andlise da rede STRING para proteinas da via da fosforilagdo oxidativa do

cluster 3.

Andlise da visualizagdo grafica computacional foi realizada para via de fosforilacdo
oxidativa usando Enrichnet (Fig. 51). A analise STRING das proteinas sobrepostas da via

da fosforilacdo oxidativa mostra fortes interagdes proteina-proteina (Fig. 52).

5.8 Cinases e Fosfatases
Fosforilagdo de proteinas, uma modificacdo pos-translacional essencial, afeta a maioria

das atividades celulares incluindo a transducdo do sinal, a expressdo génica, a progressao
do ciclo celular, a imunidade, aprendizagem e memoria e outras fungdes biologicas [124,
217, 218]. E uma reacio reversivel, que ¢ catalisada por proteinas cinases, transferindo o
y-fosfato do ATP para Ser, Thr e Tyr, enquanto que os residuos de fosfatases agem de
forma reversa para cinases (Fig. 53-A). As cinases proteicas tém ampla importancia na
transdugdo de sinal, estdo entre as principais familias de genes eucariotas, tornando-se a

cerca de 2% do genoma e tém sido extensivamente estudados [218, 373, 374]. O genoma
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humano contém cerca de 518 proteinas cinases putativas [375-377], que podem ser
divididos em duas familias: 428 de serina / treonina (Ser / Thr)-cinases (PSKs 90) e
tirosina (Tyr)-cinases (PTK). Ha cerca de 107 proteinas fosfatases putativas Tyr (DPT) e
muito poucas, cerca de 30, proteinas Ser / Thr fosfatases (PSP) [378, 379]. Neste estudo
foram identificados 188 sitios de fosforilagdo em 84 cinases proteicas perfazendo 2% e
107 sitios de fosforilacdo em 50 proteinas com o termo fosfatases compondo 1% do total
identificado proteoma de neutrdfilos de ratos, que mudou significativamente sua

regulacdo nos controles, laparotomia e isquemia (Fig . 53-B).
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Figura 53- Em A, fosforilagdo e defosforilagdo pela cinase e fosfatase respectivamente.
B, distribui¢do das cinases e fosfatases com abunddncia diferencial, com e sem
abunddncia diferencial da fosforilagdo nos dominios identificados no proteoma total de

neutrofilos de ratos.

5.8.1 Cinases fosforiladas em neutrofilos

Do proteoma total de neutrofilos, 84 proteinas foram encontradas com o uso do termo
“Kinase”, incluindo aquelas diferencialmente abundantes. Dessas 84 proteinas, 47 foram
apenas diferencialmente abundantes, 21 diferencialmente abundantes tanto na
fosforilacdo quanto na quantidade, mas estas fosforilacdes ndo foram encontradas nos
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respectivos dominios de regulacdo, de modo que apenas 16 mostraram-se com a
diferenga tripla: abundancia diferencial na quantidade, na fosforilacdo e nos respectivos
sitios regulatorios. Cinases diferencialmente abundantes apenas na quantidade perfazem
56%, na fosrorilagdo representam 25% e aquelas cuja quantidade e fosforilagdo tiveram
abundancia diferencial correspondente nos dominios de regulagdo nos respectivos sitios
abarcam 19% do total de cinases identificadas (Fig. 35-B). As cinases classificadas de
acordo com os clusters sdo dadas na tabela 8, incluindo nimero de peptideos fosforilados

e seus dominios regulatdrios que tiveram mudangas significativas na fosforilagao.

5.8.1.1 Serina/treonina-proteina cinase, MARK2, (008679)

A serina/treonina-proteina cinase, MARK2 (008679), seguiu o padrdo de abundéancia do
cluster 2 e sua fosforilagdo seguiu o padrdo de abundancia do cluster 5 em S562.
Curiosamente, esta fosforilagdo ocorreu num sitio APC, dominio basico que interage com
os microtibulos. MARK?2 possui um dominio simples transmembranico e esta envolvida
na regulagdo da estabilidade dos microtubulos, a via de sinalizagdo Wnt, e desempenha
um papel no trafico vesicular [380-388]. O papel dos microtibulos na polaridade e
migracdo de neutrofilos ja ¢ bem conhecido no peixe-zebra [389] e a via de sinalizacdo
Wnt regula a transmigracdo endotelial de mondcitos [390]. J& o STE20-like
serina/treonina-proteina cinase, slk (O08815), mostrou progressiva abundéincia
diferencial no grupo Isquemia/reperfusdo quando comparado aos controles (padrao do
cluster 5). Também foram encontradas fosforilagdes nos residuos de serina S372, S780,

S778 e ST7.
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Tabela 8 — Cinases fosforiladas com abunddncia diferencial apos laparotomia e

isquemia.

UNIPROT No. of regulated Cluster GENE Official ™ Description Length Enzyme Codes Domain containing the
phosphopeptides symbol phosphopeptide

serine/threonine-protein kinase 722 EC:2.7.11.26;

MARK2 EC:2.7.11

008679 1 2 Mark2 1 APC basic domain.

AAA ATPase containing von
STEZO-Iike serine/threonine-protein 1206 27111 Willet?rand factor type A (VWA)
kinase domain; RecF/RecN/SMC N
terminal domain.
STKc_nPKC_delta, Catalytic domain
of the Protein Serine/Threonine
Kinase, Novel Protein Kinase C
delta; active site on conserved
domain STKc_nPKC_delta;
substrate binding site on conserved
domain STKc_nPKC_delta;
activation loop (A-loop) on
conserved domain
STKc_nPKC_delta; protein kinase A
catalytic subunit; S_TK_X,
Extension to Ser/Thr-type protein
kinases; Pkinase_C domain; Protein
kinase C terminal domain.
Pyruvate kinase (PK); domain
interface.
PTKc_Fes, Catalytic domain of the
Protein Tyrosine Kinase, Fes;
£C:2.7.10.2; activation loop (A-loop) on
P16879 2 3 Fes 0 tyrosine-protein kinase Fes/Fps 822 EC:1.97.1 ’ conserved domain PTKc_Fes; active
site on conserved domain
PTKc_Fes; substrate binding site on
conserved domain PTKc_Fes.
STKc_RSK_N[cd05582]; turn motif
P18654 5 1 Rps6ka3 2 ribosomal protein S6 kinase alpha-3 740 EC:2.7.11 phosphorylation site on conserved
domain STKc_RSK_N.
EC:2.7.11.16; G Protein-Coupled Receptor Kinase
P26817 2 4 Adrbk1 0 beta-adrenergic receptor kinase 1~ 689 EC:2.7.11.14; 2 subgroup pleckstrin homology
EC:2.7.11.15 (PH) domain.
P35991 5 4 Btk 0 tyrosine-protein kinase BTK 659 EC:2.7.10.2
dual specificity mitogen-activated e 7Lty

P36506 2 3 Map2k2 0 e s 400 EC:2.7.11;
" EC:2.7.10

008815 4 5 Slk 1

P09215 12 4 Prked 1 protein kinase C delta type 673 EC:2.7.11.13

P11980 1 2 Pkm 0 pyruvate kinase PKM 531 EC:2.7.1.40

Active site, substrate binding site,
active loop (A-loop); KIM docking
site; Catalytic domain of the
mit.ogen—activated protein kinase 360 £C:2.7.11.24 Se'rine/Threc‘»nine Kinase,‘ p3‘8a|pha
14 isoform 1 Mitogen-Activated Protein Kinase
;Serine/Threonine Kinases (STKs),
p38alpha subfamily, catalytic (c)
domain.
Hydrophobic binding pocket;
autoinhibitory site; SH2_Src_HCK;
EC:2.7.10.2; active site; substrate binding site;
EC:2.7.10 active loop (A-loop); PTKc_Src_like
domain; Pkinase_Tyr; STYKc; SPS1;
PLNO0034.
AMPKA1_C, C-terminal regulatory
domain of 5'-AMP-activated
. . - protein kinase (AMPK) alpha 1
P54645 8 5 Prkaal 1 5"AMP-activated protein kinase 5 EC2.7.11 catalytic subunit; AMPKA_C_like
catalytic subunit alpha-1 N N
superfamily; beta/gamma subunit
interface on conserved domain

P47811 3 2 Mapk14 1

P50545 6 2 Hck 2 tyrosine-protein kinase HCK 524

AMPKA1_C.
ey [ f EC:3.4.21;
P67871 1 1 Csnk2b 0 casein kinase Il subunit beta 215 EC2.7.11
P68404 1 5 Pricb 1 Protein kinase C beta type 671 EC:2.7.11 STKe_cPKC_beta; turn motif
phosphorylation site.
P70600 5 5 Ptk2b 1 protein-tyrosine kinase 2-beta 1009 EC:2.7.10
EC:2.7.1.59; Neucleotide binding site;

P81799 1 2 Nagk 0 N-acetyl-D-glucosamine kinase 343 EC:2.7.1.60 NBD_sugar-kinase_HSP70_actin
B domain; BcrAD_BadFG; COG2971.
Mitogen-activated protein kinase

P97820 1 2 Map4k4 1 Kinase kinase kinase 4 1233 EC:2.7.11
Q53UA7 5 4 Taok3 0 serine/threonine-protein kinase 898 EC:2.7.11
TAO3
Q55006 1 3 Lrrk2 3 leucine-rich repeat 2527 EC:2.7.11
serine/threonine-protein kinase 2
Q5XIS9 2 2 Prkd2 1 serine/threonine-protein kinase D2 875 EC:2.7.11.13
Catalytic domain of the Protein
Serine/Threonine Kinase, Protein
Q63433 10 3 Pknl 0 serine/threonine-protein kinase N1 946 HEA 7L Kinase N ; Serine/Threonine

EC:2.7.11.13  Kinases (STKs), Protein Kinase N
(PKN) subfamily, catalytic (c)
domain.

SPS1 Domain; STKc_RSK_N
Domain; hydrophobic motif (HM)
on conserved domain STKc_RSK_N;

Q63531 4 1 Rps6kal 2 ribosomal protein S6 kinase alpha-1 735 EC:2.7.11 Protein kinase C terminal domain;

protein kinase A catalytic subunit;

turn motif phosphorylation site on

conserved domain STKc_RSK_N.

206



Continue

EC:2.7.10.2;
Q64725 5 2 Syk 0 tyrosine-protein kinase SYK 629 EC:2.7.10.1;
EC:2.7.10
PTKc_Src_like, Catalytic domain of
Src kinase-like Protein Tyrosine
Kinases; Protein Tyrosine Kinase
(PTK) family; active site on
conserved domain PTKc_Src_like;
substrate binding site on conserved
domain PTKc_Src_like; activation
loop (A-loop) on conserved domain
Q6P6UO 17 5 Far 0 tyrosine-protein kinase Fgr 517 EC:2.7.10 PTKe_Src_like; SH3/SH2 domain
interface on conserved domain
PTKc_Src_like; SH2_Src_Fgr, Src
homology 2 (SH2) domain; SH2
domain; hydrophobic binding
pocket on conserved domain
SH2_Src_Fgr; autoinhibitory site on
conserved domain SH2_Src_Fgr;
phosphotyrosine binding pocket on
conserved domain SH2_Src_Fgr.
Q6P9R2 5 5 Oxsrl 2 ;es';"le/thre°"'"e‘pr°te'" IEER 5 EC:2.7.11 SPS1.
QsKIR7 4 4 Neko 2 SNee'l'(’;e/th'e"”'"e'pmte'” kinase  gg4 £C2.7.11
Q91Xs8 3 5 Stki7b 1 serine/threonine-protein kinase 371 EC:2.7.11.18;
178 EC:2.7.11.17
QoJi11 3 4 Stk4 0 serine/threonine-protein kinase 4 487 EC:27.11;
EC:2.7.11.13
QIIH7 10 2 Wikl 0 S ENEFEEn (B o EC:2.7.11

WNK1 isoform 3
STKc_RSK_N, N-terminal catalytic
Q9WUT3 3 3 Rps6ka2 2 ribosomal protein S6 kinase alpha-2 733 EC:2.7.11 domain of the Protein
Serine/Threonine Kinase.
EC:2.7.10.2;

Q97277 2 5 Bazlb 2 tyrosine-protein kinase BAZ1B 1479 EC:2.3.1.48 )

As fosforilagdes em S372 e S780 mostraram-se reduzidas no grupo laparotomia (cluster
3), enquanto aquelas em S778 e S776 estavam reduzidas apenas no grupo isquemia
(cluster 4). Recentemente foi descrito um dominio transmembranico SLK mediado pela
fosforilagdo da paxilina necessario para a adesdo e migracdo celular [391]. Foram
encontradas maiores quantidades de paxilina no cluster 2, com 22 diferentes sitios de
fosforilacdo. SLK exarceba apoptose e pode regular a sobrevivéncia cellular nos casos de
lesdo e reparo [392]. Outros estudos também demonstraram uma papel da SLK na

apoptose apds sua expressao in vitro durante a lesdo de isquemia e reperfusao [393-395].

5.8.1.2 Proteina cinase C tipo delta, prkcd, (P09215)
A proteina a cinase C tipo delta, prked (P09215), ¢ uma cinase AGC especifica da familia

cinase C serina-treonine (PKC) com um unico dominio transmembranico. Prked foi
pouco abundante na isquemia quando comparada aos grupos controle e laparotomia
(cluster 4) e foram encontrados 12 sitios de fosforilacdo diferencialmente expressos na
prkcd. Blake et al, 1999, mostraram que o SRC promove a degradacdo de PKC delta por
meio da sua fosforilagdo no residuo Tyr311 [396] e o presente estudo reforga essa
analise, ao encontrar baixa expressdo de prked e de alta fosforilacdo de Y311. Também

poderia ser interessante mencionar maiores quantidades de SRC fosfoproteina a-cinase 2
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(Q920G0) no cluster 2 em nosso estudo com 14 sitios relacionados a fosforilagdo de
prkced no residuo Y311, que pode resultar em degradacdo. Também ocorreu baixa
fosforilagdo nos residuos Ser504, Thr505 e Thr509, que estdo em sitio ativo, em sitio de
ligagdo a substrato e em alca de ativagdo (A-loop) do dominio STKc nPKC delta.
Também foram encontradas baixas abundancias dos sitios Ser643 e Ser662 no cluster 1 e

alta abundancia de Ser645 no cluster 5 no dominio C-terminal da PKC.

5.8.1.3 Piruvato cinase, pkm, (P11980)

A piruvato cinase, pkm, (P11980) catalisa a transferéncia do grupo fosfato do
fosfoenolpiruvato (PEP) para o ADP resultando em ATP e molécula piruvato. Neste
estudo foi encontrado aumento da abundancia de pkm (cluster 2) e também aumento na
fosforilagdo do residuo Ser437 (cluster 5) — curiosamente essa fosforilagdo ocorreu no
dominio PK_C. Oehler et al, 2000, relataram aumento da expressdo de pkm in PMNs em
pacientes politraumatizados [397] e nossos resultados estdo de acordo com isso, uma vez
que a expressdo de pkm ¢ maior no grupo laparotomia, que ¢ um trauma cirurgico, €
pouco menor no grupo isquemia, porém ambos maiores que 0s respectivos controles.
Adicionalmente, aquele estudo sugere que o aumento da expressio de pkm em
neutr6filos de pacientes de politrauma resulta em amento de atividade da via pentose-
fosfato (PPP), devido a alta na producdo do NADPH envolvida na produgdo de espécies
reativas de oxigénio (ROS) em neutrdfilos quando expostos ao estimulo apropriado

[398].

5.8.1.4 Proteina Tirosina-cinase Fes/Fps, fes, (P16879)

A Proteina tirosina-cinase Fes/Fps, fes, (P16879) teve baixa abundancia no grupo
laparotomia (cluster 3) e foram encontrados dois sitios com baixa fosforilacdo, nos
residuos Thr412 e Tyr713 (cluster 1). A baixa fosforilagdo no sitio Tyr713 estava
presente na PTKc Fes, dominio catalitico da tirosina cinase Fes, na al¢a de ativagao (A-
loop) na regido conservada de PTKc Fes; no sitio ativo da regido conservada de
PTKc Fes e no sitio de ligagdo ao substrato da regido conservada de PTKc Fes.
Movimentos direcionais e recrutamento de neutrdfilos sdo extremamente importantes
para a resposta imunitéria inata. Parsons et al, 2007, mostraram que Fps/Fes cinase regula

o recrutamento de leucocitos e seu extravasamento durante a inflamagao. Também alta
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aderéncia de leucdcitos as vénulas e alta transmigracdo endotelial em camundongos
fps/fes-knockout [399]. Outro recente estudo do mesmo grupo também aponta na mesma
direcdo, que fer-cinase restringe a quimiotaxia de neutrofilos: observaram aumento da
quimiotaxia de neutrofilos de camundongos cinase-inativados (FerDR/DR) em dire¢do ao
peptideo quimioatraente (WKYMVm) e C5a comparado com o selvagem [400]. Ambos
estudos amparam nossas andlises e sugerem que fps/fes seja uma cinase inibitoria para

quimiotaxia em leucdcitos e neutrofilos.

5.8.1.5 Proteina ribosomal S6 cinase alpha-3, Rps6ka3/RSK2, (P18654)
A proteina ribossomal S6 cinase alpha-3, Rps6ka3/RSK2 (P18654), uma cinase AGC da

familia RSK, com dois dominios transmembranicos, sofre fosforilagdo e resulta em
inativagdo de fatores de transcricdo (por exemplo, cyclic AMP response element-binding
proteina (CREB), inibidor de kBo/nuclear factor-xB, c-fos) [401-403]. J4 foi relatado
que, em neutrofilos, RSK2 fosforila e causa inativagdo da glycogen synthase cinase 3, um
evento que melhora a sobrevida dessas células [404, 405]. Nossa analise mostra baixa
abundancia de RSK2 (cluster 1) e 5 sitios de fosforilacdo. A fosforilacdo no residuo
Thr365 mostrou-se maior que na regido STKc RSK N, enquanto a fosforilacdo no
residuo Ser369 foi menor (cluster 4) que aquela encontrada no “furn motif
phosphorylation site” da regido STKc RSK N. A fosforilagdo em Ser369 ja foi
relacionada a ativacdo de RSK2 [406], e nds encontramos baixa abundancia de RSK2 e
baixa fosforilagdo em Ser369, provavelmente levando a ativagdo da glicogénio sintase
cinase 3, envolvida na sobrevida de neutrofilos [404, 405]; e curiosamente encontramos

glicogénio sintase cinase-3 alfa (P18265) aumentada (cluster 2).

5.8.1.6 Receptor Beta-adrenérgico cinase 1, Adrbkl/GRK2, (P26817)
O receptor beta-adrenérgico cinase 1, Adrbkl/GRK2, (P26817) ¢ uma proteina cinase

ubiqua da familia GRK que fosforila o receptor beta-2 adrenérgico [407], pode regular
quimiotaxia [408] e aumenta a mobilizacdo de neutréfilos quando incompleta [409]. Foi
demonstrado que neutrofilos ativados produzem radicais de oxigénio durante isquemia e
reperfusdo [410] e estudos in vitro mostraram a capacidade de mediadores inflamatorios,
tais como citocinas pro-inflamatdrias e radicais oxigénio, para reduzir a proteina GRK2

[411, 412]. Sua abundancia estava diminuida (c/uster 4) com dois sitios de fosforilacao
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em Ser666 e Ser670 no subgrupo PH GRK2. Assim, provavelmente esta baixa
abundincia de GRK2 foi devido a alta produgdo de radicais oxigénio pelos neutréfilos

durante a isquemia, facilitando sua migragao.

5.8.1.7 Tirosina-proteina cinase, BTK/BPK, (P35991)

Tirosina-proteina cinase, BTK/BPK, (P35991) ¢ uma tirosina cinase da familia Tec-
cinase, que sdo abundantes em linhagens celulares sanguineas como mondcitos,
macrofagos, células B e neutréfilos [413]. Durante a isquemia tiveram baixa abundancia
(cluster 4) com 5 sitios de fosforilagdo, incluindo Ser180. Esté claro da literatura que a
fosforilacdo de Ser180 mediada por PKCp causa baixa abundancia de BTK resultando
em sequestro do mesmo no citoplasma [414]. Nossos resultados sugerem baixa
abundancia de BTK, mas também baixa fosforilacdo de Ser180 (Cluster 1) mostrando
outro residuo candidato a regulador da abundincia de BTK em neutréfilos. Em
neutr6filos humanos, BTK regula negativamente a apoptose induzida por estimulos e a

producdo e espécies reativas de oxigénio [415].

5.8.1.7 Mitogen-activated proteina cinase 2 de dupla especificidade, Map2k2/MEK?2,
(P36506)

Ja foi descrito que MEK2, membro da familia STE7 cinase, ¢ fosforilada e ativada por
serina/treonina cinases como MEK e Raf cinase e essas MEK2 fosforilam e ativam
ERK2 [416]. MEK2 teve a abundancia reduzida (Cluster 3) em laparotomia e sua
abundéincia nao se alterou durante isquemia. Dois sitios de fosforiagdo Ser393 e Thr394
foram detectados reduzidos (Cluster 4) e aumentados (Cluster 2) respectivamente.
Existem diversos anticorpos Anti-MEK2 fosfo-T394 disponiveis no mercado, mas

nenhuma funcdo conhecida para a abundancia aumentada significativa na fosforilacdo

em Thr394 [417].

5.8.1.8 Mitogen-activated proteina cinase 14 isoforma 1, Mapkl4/ P384/P38MAPK,
(P47811)

P38MAPK pertence a familia das MAPKs com dois dominios transmembranares e ¢
ativada por fosforilagdes de residuos de Thr e Tyr. Ela seguiu o padrao de abundéancia do
cluster 2, com trés sitios de fosforilagdo, Thr180, Thr185 e Tyr182. Todos esses sitios

foram encontrados no sitio ativo, sitio de liga¢do a substrato, al¢a de ativagdo (A-loop),
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sitio de ancoragem KIM do dominio catalitico Serina/Treonina Cinase, p38alpha
Mitogen-Activated Proteina  Cinase (STKc p38alpha MAPK14). Fosforilagdo em
Thr185 foi diminuida (Cluster 1) enquanto que as outras duas foram aumentadas (Cluster
2). Essa fosforilagdo dupla na Thr180 e Tyrl82 ¢ causada por MAP2Ks
MAP2K3/MKK3, MAP2K4/MKK4 e MAP2K6/MKK6 em resposta a estresse ambiental,
fatores de crescimento ou citocinas inflamatorias e sdo importantes para a ativacdo da
enzima [418, 419]. Além do mais, foi demonstrado que p38MAPK fosforilada em ambos
residuos de Thr180 e Tyr182 tem um incremento em sua atividade de 10-20 vezes maior
que aquelas fosforiladas somente na Thr18, enquanto que p38MAPK fosforilada somente
na Tyrl82 ¢ inativa [419]. Esse padrdao de fosforilagio ndo foi anteriormente descrito
como resposta a IRI. Baseado na localizagdo da Thr185 em sitios importantes, sua
diminui¢do poderia ser de importancia para a ativacdo de p38MAPK. Virios estudos
mostraram que a inibicdo de p38MAPK por firmacos atenuam diversas fungdes de
neutr6filos como adesdo, quimiotaxia e desgranulacdo [420-422]. Mais ainda, alguns
estudos em neutréfilos e outras células em geral mostraram o bloqueio da atividade da

NADPH oxidase pela inibi¢cao de p38MAPK [420, 423-426].

5.8.1.9 Tirosina-proteina cinase, HCK, (P50545) e tirosina-proteina cinase, Fgr,
(06P6U0)

Tirosina-proteina cinase, HCK, (P50545) e tirosina-proteina cinase, Fgr, (Q6P6UO)
pertencem a familia SCR que ¢ predominantemente expressa em células do tipo
hematopoiético. Ambas Hck e Fgr foram encontradas com abundincia aumentada
agrupadas nos clusters 2 e 5 com seis a dezenove sitios fosforilados respectivamente. Hck
mostrou diminui¢do na fosforilagdo (Cluster 3) em laparotomia no residuo Tyr207 que
fica no sitio hidrofébico de ligagdo e no dominio auto-inibitério SH2 Src¢ HCK.
Fosforilagao na Tyr409, Thr410 e Ser460 foi aumentada (Cluster 5). Tyr409 e Thr410
foram encontradas no sitio ativo, sitio de ligagdo a substrato, al¢a de ativacao (A-loop) e
na interface do dominio SH3/SH2 do dominio PTKc Src like enquanto que a
fosforilacdo na Ser460 foi detectada em todos como também a Tyr409 e Thr410 exceto
na alga de ativacdo. Fosforilagdo na Tyr400 de Fgr foi aumentada (Cluster 2) a qual ¢
inibida por prévia fosforilagdo na Tyr511 [427], que ndo foi encontrada em nosso caso.

Camundongos e neutréfilos humanos deficientes em Hck e Fgr resultam no fracasso da
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explosdo respiratoria ativagdo e migracao de neutrofilos em resposta a fMLP [428]. Dois
estudos contraditérios sobre neutrofilos estimulados por fMLP, mas de camundongos
deficientes em Hck e Fgr foram publicados atestando a incapacidade [421] e capacidade
[429] das Hck e Fgr em ativar p38MAPK. Em neutréfilos, a enzima Hck foi mostrada
desempenhando papéis importantes como regulacdo da quimiotaxia baseada em actina e

adesdo [430-432], assim como fagocitose mediada por integrina e FcRy [433, 434].

5.8.1.10 Proteina cinase C beta type, Prkcb/pkcb, (P68404)

Pkcb ¢ uma cinase do grupo AGC da familia PKC. Ela possui um dominio
transmembranar € mostrou aumento em sua abundincia (Cluster 5) com uma
fosforilagdo na Thr642 que também foi aumentada (Cluster 2) no sitio de fosforilagdo no
dominio STKc cPKC beta. Foi demonstrado previamente que a fosforilagdo na Thr642
¢ muito importante da fungdo enzimatica da PKC [435]. Zhang et al mostrou que
neutrofilos requerem aumento sustentdvel na concentragio citosolica de Ca®" para a
producio de superdxidos devido & ativagdo dependente de Ca®" de isoformas da proteina
cinase C (PKCa and PKCb) [436] uma vez que essas isoformas sdo importantes para a

fosforilagdo de componentes da NADPH oxidase [437, 438].

5.8.1.11 N-acetyl-D-glucosamina cinase, Nagk, (P81799)

Nagk pertence a superfamilia das actcar cinases/Hsp70/actina. Ela converte N-acetil-D-
glicosamina em N-acetil-D-glicosamine-6-fosfato, convertendo ATP em ADP, [439].
Adicionalmente, como ATPases, Nagk também converte ATP em ADP e a
superregulacdo de Nagk pode contribuir para a perda de energia [440]. Sua abundéancia
foi aumentada (Cluster 2) com uma fosforilagdo na Ser76 que se mostrou diminuida
(Cluster 4) em isquemia. Essa fosforilacdo na Ser76 foi encontrada no sitio de ligagdo a
nucleotideos do dominio NBD_acucar-cinase HSP70 actina, o qual ¢ o dominio de
ligacdo a nucleotideos da superfamilia agucar-cinase/HSP70/actina. Essa fosforilagdo na
Ser76, a qual pode ter algum papel na regulagdao da Nagk devido sua localizagdo, ndo se
encontra reportado na literatura apresentando papel regulatério nessa enzima, embora

fosforilagdo na Tyr205 foi reportada tendo papel na ativagdo da Nagk [439].
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5.8.1.12 Serina/treonina-proteina cinase N1, Pknl/Prkl/Pakl, (063433)

Pknl é um membro da superfamilia de proteinas cinase C das serina/treonina cinases que
i um dos primeiros efetores da RhoA-GTPase existindo em um pool integral de
membrana plasmatica e em um pool citosolico/periférico [441]. Ela teve a abundancia
diminuida em laparotomia (Cluster 3). Um total de dez sitios fosforilados foram
encontrados na Pknl e dois deles se mostraram aumentados (Cluster 5) na Thr918 e
Ser920 e estes foram detectados no sitio do motivo de giro de fosforilagdo do dominio
STKc PKN, o qual ¢ o dominio catalitico da Proteina Serina/Treonina Cinase, Proteina
Cinase N. Outro aumento (Cluster 2) na fosforilagdo da Ser377 foi também emcontrada
em nossa analise, que envolve a facilitacio da integracdo da Pknl na membrana

plasmatica para funcionar como efetora da Rho [441].

5.8.1.13 Proteina S6 cinase alpha-1 ribosomal, Rps6kal/Rskl, (063531)

Rps6kal ¢ uma AGC cinase da familia RSK. Ela possui dois dominios transmembranares
e mostrou-se com abundancia reduzida (Cluster 1) com quatro sitios de fosforilagdo, um
diminuindo (Cluster 1) na Ser732 e outros trés na Tyr359, Ser363 e Ser380 aumentando
(Cluster 2). Todas estas trés fosforilagdes foram encontradas no dominio STKc RSK N,
o qual ¢ o dominio catalitico N-terminal da Proteina Serina/Treonina Cinase,da proteina
ribosomal S6 cinase de 90kDa. Ser363 fosforilada pertence ao sitio do motivo de giro de
fosforilagdo do dominio STKc RSK N, enquanto que a fosforilagdo na Ser380 foi
encontrada no motivo hidrofobico (HM) no dominio conservado STKc RSK N.
Rps6kal pode interagir com fatores de transcricio como CREB em neutrofilose

subunidades G da fosfatase 1 que regula a ativagao da glicogénio sintetase [442, 443].

5.8.1.13 Proteina ribosomal S6 cinase alpha-2, Rps6ka2/Rsk3, (QIWUT3)

Rps6ka2 ¢ uma AGC cinase da familia RSK. Ela possui dois dominios transmembranares
e teve abundancia diminuida na laparotomia (Cluster 3) e tem trés sitios de fosforilagao
na Ser360 (Cluster 5), Ser377 (Cluster 2) e Ser716 (Cluster 1). Aumento na fosforilagao
da Ser360 foi encontrada no sitio do motivo de giro de fosforilagdo e na Ser377, no
dominio hidrofébico (HM) do dominio STKc RSK N, o qual é o dominio catalitico N-
terminal da Proteina Serina/Treonina Cinase,da proteina ribosomal S6 cinase de 90kDa.

Foi reportado que em condigdes similares in vitro, a atividade da RSK3 nao ¢ afetada por
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RSK2 e também que Rsk3 fosforila proteinas-alvo nucleares como c-fos e histonas [444].
Ambas Rsk2 e Rsk3 sdo ativadas por Ngf e ativam CREB por fosforilagdo da Ser133 in
vitro [445] e em nossos dados ndo detectamos fosforilagdo na Ser133 em (P15337) Creb
(cyclic AMP-responsive element-binding proteina 1 isoform B), porém encontramos

fosforilagdes em outros residuos.

5.8.1.14 Proteina Serina/treonina cinase, Oxsr1/Osrl, (Q6P9IR2)

Oxsrl € uma proteina responsiva a estresse oxidativo 1 da familia STE20. Ela tem dois
dominios transmembranares e foi teve abundancia aumentada (Cluster 5) com trés sitios
de fosforilagdo, um na Ser325 que diminuiu (Cluster 1) e na Ser324 e Ser359, que
aumentaram (Cluster 5). Todos esses trés sitios foram detectados em SPSI1, que ¢ um
dominio proteina Serina/treonina proteina cinase. A Osrl ¢ estimulada por Wnk1 [446]
que também foi encontrado mais abundante em nossos resultados com 10 sitios de
fosforilagdo ja previamente mencionados. Osrl regula atividade de troca de Na'/H', a
qual participa na regulacdo do volume celular [447-449] e na produgdo de ROS [446]
uma vez que a producio de ROS ¢é paralela a geragdo de H™ que inibem NADPH oxidase,

as quais geram ROS [450].

5.8.2 Fosfatases fosforiladas em Neutrofilos

No proteoma de neutréfilos, descrevemos 50 proteinas reguladas contendo o termo
“fosfatase”. Entre elas, 13 apresentaram regulacdo em fosforilagdes e a regulagdes em
sitios de fosforilacio de 4 fosfatases foram encontradas e regides de dominios
conhecidos. Do 1% de fosfatases identificadas, aquelas que mostraram regulacdo na
abundincia compreendem 72%, aquelas que mostraram regulagdo de fosforilagdes
compreenderam 19% e somente 9% das fosfatases mostraram fosforilagdes reguladas
dentro de regides de dominios (Fig. 35-B). Fosfatases e suas respectivas classificagdes
em clusters de abundancia , nimero de fosfopeptideos e os dominios contendo mudancas

significativas nas fosforilagdes estdo mostradas na tabela 9.

5.8.2.1 Precursor de receptor tipo proteina tirosina fosfatase C isoforma 4,
Ptprc/CD45, (P04157)

CD45 ¢ um receptor tipo proteina tirosina fosfatase com dois dominios transmembranares

e comumente conhecidas como CD45 ou LCA (antigeno comum de leucdcitos). Foi
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encontrada com abundincia aumentada (Cluster 5) com 18 sitios de fosforilagdo.
Regulacdo em fosforilacdo foi detectada no dominio catalitico Proteina tirosina fosfatase
(PTPc). CD45 tem papel importante na adesdo de neutrofilos, quimiotaxia, fagocitose,
producdo de ROS e lise bacterian [451]. A proteina tirosina fosfatase receptor-
like (RPTPs) CD45 e CD148, tem papéis redundantes na atividade SFK em células B e
macrofagos na estimulagdo de receptor imune ITAM [452]. Um estudo mostrou que
ambas CD45 e CD 148 sdo essenciais na quimiotaxia mediada por quimioatrator em
neutrofilos apds infecgdo por S. aureus. CDA45 positivamente enquanto CD148
positivamente e negativamente regulam a funcdo GPCR e sinais proximais incluindo
Ca2+, PI3K, e atividade pERK. Ainda mais, CD45 e CD148 visam preferencialmente
diferentes membros SFK (Hck e Fgr versus Lyn, respectivamente) durante a regulagdo da

vias GPCR [451].

5.8.2.2 Proteina tirosina fosfatase tipo 6 nio receptor, Ptpn6/Shp-1, (P81718)

Ptpn6 tem um dominio transmembranar e foi encontrada com o padrao de abundancia do
cluster 2, com dois sitios de fosforilagdo. A fosforilagdo na Serl2 foi aumentada no
dominio SH2 N-SH2 SHP like, N-terminal Src homologo 2 (N-SH2) encontrado em
dominios SH2 de proteinas fosfatases (SHP).

O dominio Src homologo 2 (SH2)-contendo tirosina fosfatase-1 (SHP-1) ¢ encontrado na
rfegulacdo de diferenciacdo, proliferacdo e ativagao de células hematopoiéticas. SHP-1 ¢
também envolvido na modulacdo de vias de apoptose em neutrdfilos. Baixos niveis de
SHP-1 tem sido associados com aumento da sobrevivéncia de neutrofilos in vitro e
camundongos deficientes em SHP-1 desenvolvem respostas inflamatorias neutrofilicas
severas. Em contraste, alta abundancia tem sido observada em pacientes neutropénicos
[453]. Recentemente, a delecio de Ptpn6 em neutréfilos e células dendriticas de
camundongo resultou em inflamacdo cutanea (dermatose neutrofilica) e autoimunidade
severa, sem inflamacdo respectivamente [454]. Também foi proposto que SHP1 se liga a
multiplas cinases, tais como Jak2, Jak3, TAKI1, ERK1/2, p38, JNK, cinase associada a
IL-1R 1, e Lyn, através de um novo motivo inibidor de tirosil-cinase independente de

fosforilagao[455].
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Tabela 9 Fosfatases fosforiladas com abundancia regulada apos laparotomia e isquemia.

UNIPROT No. of regulated Cluster ~ GENE Official TM Description Length Enzyme Codes Domain containing the
phosphopeptides symbol phosphopeptide
B2GVS7 3 4 Ptpre 1 receptor-type tyrosine-protein phosphatase 699 3.1.3.48

epsilon precursor

receptor-type tyrosine-protein phosphatase Protein tyrosine phosphatase

P04157 18 5 Ptprc 2 A 1273 EC:3.1.3.48 ) ;
Cisoform 4 precursor (PTPc) catalytic domain
P20417 5 3 Ptpn1 0 tyrosine-protein phosphatase non-receptor m
type 1
SH2_N-

SH2_SHP_like[cd10340], N-
. ) terminal Src homology 2 (N-
tyrosine-protein phosphatase non-receptor X R
P81718 10 2 Ptpn6 1 ype 6 613 EC:3.1.3.48  SH2) domain found in SH2
domain Phosphatases (SHP)
proteins; SH2 domain; Src
homology 2 domains
PTZ00449, 104 kDa
microneme/rhoptry antigen;
Catalytic inositol
polyphosphate 5-phosphatase

hosphatidylinositol 3,4,5-trisphosphate 5- EC:3.13; :
po7573 28 3 Inpp5d g |[EHIEE IR 1190 (INPPSc) domain of SH2
phosphatase 1 EC:3.1.3.56 ) A L
domain; putative catalytic site;
putative active site; putative
MG binding site; putative PI/IP
binding site
Q10728 29 4 Popiria 1 Il’;(;tem phosphatase 1 regulatory subunit 1032 EC3.13.16
Q5HZV9 2 2 Ppplr7 0  protein phosphatase 1 regulatory subunit 7 360
Q6PD03 2 3 Pop2rSa 1 serme/threomne-pro@m phqsphatase 2A 56 136
kDa regulatory subunit alpha isoform
CAF-1_p60_C, Chromatin
. ) . assembly factor complex 1
serine/threonine-protein phosphatase 6
QTS 2 5 Pop6rl g SRS 856 - subunit p60, C-terminal:
regulatory subunit 1
PHA03247, large tegument
protein UL36 y

5.8.2.3 Fosfatidilinositol 3,4,5-trisfosfato 5-fosfatase 1, Inpp5d/Ship, (P97573)

Inpp5d foi encontrada com abundancia diminuida em laparotomia e sem mudanca em isquemia
(Cluster 3) com 28 sitios de fosforilagdo regulados na PTZ00449, um antigeno
microneme/rhoptry de 104 kDa; dominio catalitico inositol polifosfato 5-fosfatase (INPP5c) do
dominio SH2; ditio catalitico putativo; sitio ativo putativo; sitio de ligagdo MG putativo e sitio
de ligag¢do a PI/IP putativo. SHIP1 (Inpp5d) SHIP converte fosfatidilinositol 3, 4, 5 trifosfato em
fosfatidil 3, 4 bifosfatoe e neutrofilos deficientes de SHIP1 mostraram polarizagdo despareada e
motilidade in vitro, sugerindo seu papel na motilidade de neutréfilos [456]. Recentemente um
estudo com peixe-zebra mostrou que fosfatases SHIP limitam a motilidade de neutrofilos
modulando a sinalizagdo por PI3K. Deplecdo das fosfatases SHIP causou o aumento da
motilidade 3D de neutrofilos e sua infiltracdo em feridas. Ais ainda, abundancia aumentada de
dominios de fosfatases SHIP em neutrofilos desparearam sua migracdo 3D [457]. SHIP ¢ um

regulador negativo na ativagdo de neutrdfilos induzido por TLR2e no desenvolvimento de
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processos inflamatorios dependentes de neutrdfilos relacionadas in vitro, como dano agudo

pulmonar [458].

5.8.2.4 Serina/treonina -proteina fosfatase 6 subunidade regulatoéria 1, Ppp6r1/Sapsl,
(Q7TSI3)

Ppp6rl tem um dominio transmembranar e foi encontrada com o perfil de abunddéancia do
cluster 5, com dois sitios de fosforilagdo nas Ser531 e Ser817. A fosforilagao na Ser817 foi
aumentada (Cluster 5) e localizada no CAF-1 p60 C, fator de montagem do complexo de
cromatina 1 subunidade p60, C-terminal e PHA03247, grande proteina tegumentar UL36.

Proteina fosfatase 6 (PP6) ¢ a principal T-loop fosfatase em Aurora A, que ¢ uma importante
cinase mitdtica. Deple¢do de subunidades regulatorias ou cataliticas interfere com a formacao do
fuso e alinhamento cromossomal e resultam em perda de funcdo da PP6 devido ao aumento da
atividade da Aurora A. A holoenzima PP6 consiste da PPP6C catalitica, SAPS1-3 regulatoria e
subunidades ANKRD28-44 e todas estas sdo requeridas para mitose normal [459]. Nos
reportamos aqui pela primeira vez a presenca de subunidades regulatérias de SAPS1 (Ppp6rl)
em neutrofilos. A literatura mostra que si quer foi reportada em qualquer outro tipo de célula do

sistema imune anteriormente.
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6 Resumo dos resultados das vias de sinalizacao

Resumindo os resultados da anélise de vias de sinalizagdo e enzimas, a figura 54 mostra que, no
caso de isquemia e reperfusdo, o sinal para a ativacdo de neutrofilos veio das células
intestinais/endoteliais (ECs) na forma de quimiocinas e quimioatrativos. Como C5a e LTB4 sao
potentes quimioatrativos e levam a uma superregulacdo de moléculas de adesdo vascular, ICAM-
1, E-selectina endotelial, P-selectina, IL-8, MCP-1 [82, 83] e finalmente ativam a via de
sinalizacdo das quimiocinas. A maioria das proteinas da via de sinalizacdo das quimiocinas foi
encontrada superregulada apds IR. Nos encontramos também subregulacdo de 57 proteinas
ribosomais e o papel da maioria das proteinas ndo estd claro em neutrdfilos. No entanto RP19
tem um efeito antagonista induzido em neutréfilos C5aR e altera a quimiotaxia de leucécitos por
causar diferengas funcionais na resposta do receptor C5a [333]. Neutrofilos migram em diregdo a
fonte de quimioatrativos como peptideos formilados, C5a, leucotrieno B4 e quimiocinas como
IL-8 [352] e, apos a ligagdo com seu receptor de superficie, diversos eventos citoplasmaticos
ocorrem ativando a maquinaria do citoesqueleto [353]. Proteinas desta via também foram
superreguladas apos IR. A ativacdo de proteinas pertencentes a essa via levam ao aumento da
motilidade, locomog¢do, quimiotaxia, adesdo focal firme, migracdo trans-endotelial (TEM)
através da formagdo de lamelopodia e filopodia. Como resultado da interagdo de FcR e seus
ligantes Ig, em leucocitos, inicia-se um numero de respostas incluindo fagocitose, citotoxicidade
celular mediada dependente de anticorpos (ADCC, libera¢dao de mediadores pro-inflamatorios e
producdo de citocinas [337, 338]. Lipoxigenases (5-LO e 15-LO) estdo envolvidas no
metabolismo do é4cido araquidonico (AA) levando a producdo de LTB4, que ¢ outra fonte de
recrutamento PMN em ECs. Apos desgranulagdo e TEM, neutrofilos liberam citocinas e ROS
dentro do endotélio que ndo somente resultam no recrutamento de mais PMNs, mas também
causam dano endotelial. A energia requerida para ativacdo dos neutrofilos vem de vias
metabolicas como 109 proteinas foram encontradas superreguladas em vias metabolicas. Nos
também encontramos a via glicolitica superregulada, o que pode ser usado pelos neutrofilos para
producdo répida de energia ao invés da fosforilagdo oxidativa que encontramos subregulada.
Células do sistema imune ativadas preferem usar a glicolise, uma vez que esta ¢ 100 vezes mais
rapida que a fosforilacdo oxidativa para a sintese de macromoléculas e proliferagdo [371]. No

entanto, o papel exato dessas vias metabolicas ndo ¢ claro.
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Figura 5 Resumo de alguns resultados mais relevantes e a interagdo entre diferentes vias de

sinalizagdo.

7 Conclusio e perspectivas futuras:

r

Em condig¢des clinicas, o dano por isquemia/reperfusdo ¢ associado com alta morbidade e
mortalidade. O papel de neutrdfilos na patogénese da IRI € claro na literatura e ndo pudemos
encontrar nenhum estudo mostrando os mecanismos subjacentes € abundancia ou expressao
diferencial de proteinas em neutrdfilos nesses procedimentos cirurgicos. Nosso estudo mostra a
significAncia de estratégias protedmicas comparativas aplicadas a neutrofilos em diferentes
grupos cirurgicos. NOs reportamos a cobertura protedmica mais abrangente em neutrofilos até
agora, mostrando adequa¢do e sensibilidade de equipamentos e métodos usados aqui. As
ferramentas aplicadas e estratégias discutidas sdo apropriadas para o alto nivel de identificagdes
do proteoma e fosfoproteoma de neutréfilos e para melhor compreender as facetas da biologia de
neutrofilos. Nossos resultados contradizem alguns ja reportados e corroboram outros e podem
gerar novas ideias e hipoteses. Este trabalho sobre o proteoma de neutréfilos de ratos mostra a
regulacdo de algumas enzimas importantes por analise de clusters. Algumas destas tém seu papel

bem conhecido em neutro6filos, enquanto que poucas foram identificadas aqui pela primeira vez
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em neutrofilos e a maioria do total encontra-se pouco caracterizada. Importantes proteinas
cinases e fosfatases foram identificadas, juntamente com sua regulacdo de abundancia e
fosforilagdo em diferentes grupos cirurgicos e podem ser consideradas como futuros alvos

terapéuticos na biologia de neutrofilos.

Esse trabalho abre nova janela para melhor compreendermos o proteoma de neutrofilos e
proporciona uma base de dados para futuros trabalhos. A validagdo dessas enzimas pode ser

muito Util nesse sentido e ainda levar a descoberta de biomarcadores.

Nos reportamos alguns eventos interessantes preditos como a via ribossomal, a via de regulagdo
da actina do citoesqueleto, a via de fagocitose mediada por Fc-gama-R, a via de sinaliza¢do de

quimocina e a fosforilagdo oxidativa com padrao de regulacao.

Como parte de uma linha de pesquisa em andamento do Laboratério de Bioquimica e Quimica
de Proteinas da UnB, a andlise realizada até hoje serd estendida pelo estudo abrangente do
proteoma de células ativadas em diferentes condi¢cdes experimentais. O futuro exame de
modificacdes pods-traducionais como glicosilagdes e acetilagdes proporcionara mais

entendimento a respeito das vias de sinalizagdo subjacentes e da biologia de neutréfilos.

Os resultados mostrados nesse trabalho também mostram diferengas nos parametros
hematimétricos entre as condi¢des avaliadas. Os parametros mais marcantes sdo aqueles
relacionados a plaquetas e leucdcitos; alguns desses, incluindo contagem de linfocitos e
granuldcitos e a razdo granuldcito/linfocito, sugerem que IPC atenua o efeito de IR nas células
sanguineas circulantes. Nosso trabalho proporciona dados que ajudam a melhorar a compreensao
das respostas hematologicas do organismo apds IR e IPC. Alguns desses parametros descritos
aqui podem ser futuramente validados como marcadores preditivos de isquemia e podem dar
base a futuros estudos visando reduzir o dano tecidual resultante de isquemia/reperfusdo. A
contagem de plaquetas, amplitude de distribuicao de plaquetas (PDW), volume plaqutdrio médio
(MPV) e plaquetécrito (PCT) mostram o envolvimento da ativagdo de plaquetas na IR e IPC.
Como o papel das plaquetas ndo estd elucidado em tais condigdes, o estudo protedmico das
mesmas em um modelo similar pode ser util. A descoberta de candidatos a biomarcadores, bem
como as vias metabdlicas de que participam, pode auxiliar na busca por formas de minimizar o

dano tecidual.
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Quantitative proteomic analysis of rat neutrophils after intestinal

ischemia reperfusion and preconditioning

Samina Arshid 3, Muhammad Tahir 1, Belchor Fontes 3, Mariana S. Castro 1, Simone

Sidoli 2, Veit Schwammle 2, Peter Roepstorff 2, Wagner Fontes 1
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Introduction: Intestinal Ischemia reperfusion results in tissues injury and multiple organ
dysfunction, development of acute respiratory distress syndrome and acute lung injury
caused by infiltration of activated neutrophils whereas ischemic preconditioning is one of
the several known modalities to attenuate this damage. Objective: The objective of our
study was to analyze the effect of intestinal ischemia reperfusion and preconditioning on
the rat neutrophil proteome. Methodology: The experimental design includes forty rats
that were randomly assigned to four experimental groups, i.e control, laparotomy,
intestinal ischemia reperfusion and ischemic preconditioning. After experimental
procedures and neutrophils isolation, proteins were extracted from neutrophils by using
FASP protocol. After trypsin digestion and quantification the peptides were labeled by
i TRAQ TM. HILIC fractionation was performed and fractions were analyzed by a nLC-
MS LTQ Orbitrap Velos and Proteome Discoverer was used to process the raw files. For
data normalization, statistical analysis and cluster development a statistical program R
was used. GO slim analysis was performed for the final results by using ProteinCenter
and enzymes prediction was carried out by Blast2GO. Results: A total of 2508 proteins
were identified and were classified in 6 clusters based on their expression. The GO
analysis of cluster 5 shows enrichment for cellular component ribosome and cluster 1 for
mitochondria. Molecular function GO analysis showed cluster 5 enrichment for RNA
binding and structural molecule activity. Blast2GO analysis revealed that most of the
Transferases and Hydrolases belong to cluster 1 that shows more up regulation in

Ischemia than in Laparotomy and Preconditioning group of rat neutrophils.



QUANTITATIVE PROTEOMIC ANALYSIS OF RAT NEUTROPHILS AFTER INTESTINAL
ISCHEMIA AND REPERFUSION

Fontes,W.l; Tabhir, M.l’z;Arshid,S.1’3;Montero,E.3;Fontes,B.3;Castro,M.S.l;Sidoli, S.Z;Roepstorff,P.1
"Laboratory of Biochemistry and Protein Chemistry, University of Brasilia, Brazil
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Ischemic reperfusion (IR) injury leads to tissue damage. Polymorphonuclear neutrophils (PMNs) are
involved in intestinal tissue damage after ischemia and reperfusion, which often leads to acute lung injury
and multiple organ failure. Objective: The objective of our study was to analyze the effect of intestinal IR
on the neutrophil protein profile. Methods: After intestinal IR and neutrophils isolation, proteins were
extracted from neutrophils by FASP method and trypsin digested. Peptides were labeled by iTRAQ ™ and
phospho enrichment was performed via TiSH. HILIC fractions were analyzed by a nLC-MS LTQ-Orbitrap
Velos. Files were processed using Proteome Discoverer and proteins of interest were analyzed by
Blast2GO for gene ontologies. Results: We identified 2924 proteins in total, of which 653 proteins showed
significant regulation while 367 and 286 were up and down regulated respectively. Up regulated proteins
showed enrichment in cytoplasm, nucleus and ribosomes while membrane proteins showed down
regulation in IR. Phosphorylation analysis revealed 433 proteins significantly more phosphorylated in
which 300 proteins were mono, 75 di, 36 tri, 16 tetra, 4 penta, 1 octa and 1 trideca phosphorylated. Most of
the oxidoreductases were down regulated whereas isomerases and ligases showed up regulation in rat
neutrophils after intestinal IR. Conclusion: Our analysis revealed pronounced effect of intestinal ischemia
on the rat neutrophil proteome. The phospho enrichment method provided 95% enrichment of

phosphorylated peptides.



EFFECTS OF THE ISCHEMIC PRECONDITIONING ON THE
HEMATOLOGICAL PARAMETERS
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Intestinal ischemia and reperfusion (IR) results in tissue damage mediated by neutrophils,
often leading to acute lung injury and multiple organ failure. Ischemic preconditioning
(IPC) has been shown to be protective in nature and reduced tissue injuries in animal and
human models of different organs. Objective: To evaluate the hematological changes
during IR and IPC in rats. Methodology: Forty Wistar rats were divided into four groups:
control, laparotomy, IR and IPC. The IR group received 45 min of superior mesenteric
artery occlusion (SMAO), while the IPC group had 10 min of short ischemia and
reperfusion before 45 min of prolonged SMAO. An automated cell counter was used to
analyze the blood from all rats before and after the surgical procedures, and the
hematological results were compared among the groups. Results: We found significant
differences in the hematimetric parameters among all conditions. The major significant
differences in values among groups regarded lymphocytes, white blood cells,
granulocytes, hematocrit, mean corpuscular hemoglobin concentration, mean platelet
volume, plateletcrit, platelet distribution width and platelet and red cell deviation width.
Conclusion: The most remarkable parameters were those related to leukocytes and
platelets. The lymphocyte and granulocytes counts and the granulocytes/lymphocytes
ratio suggest that IPC attenuates the effect of the IR in the circulating blood cells. Our
work provides knowledge toward a better understanding of the hematological responses

after IR and IPC.
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Neutrophils have an impressive array of microbicidal weapons, and in the presence of a
pathogen or damaged tissue, progress from a quiescent state in the bloodstream to a completely
activated state. Failure to regulate this activation, for example, when the blood is flooded with
cytokines after hypovolemic shock, causes inappropriate neutrophil activation that paradoxically,
is associated with tissue and organ damage.

Interruption of blood supply results in ischemic injury which rapidly damages
metabolically active tissues. Paradoxically, restoration of blood flow to the ischemic tissue
initiates a cascade of events that may lead to additional cell injury known as ischemic
reperfusion injury (IRI). IRI to the intestine results in production of molecules such as hydrogen
peroxide, superoxide, and inflammatory cytokines that can enhance inflammation and harm
distant organs. This leads to the development of systemic inflammatory response syndrome
(SIRS), which can progress to multiple organ failure (MOF), with a high morbidity and mortality
in both surgical and trauma patients. The effect of IRI on neutrophils proteome has not yet been
elucidated. The identification of a wide group of proteins has become practicable for many
laboratories in recent years, largely due to improvements in mass spectrometry (MS) and
development of chromatography and bioinformatics methods.

In this work we present the proteomic characterization of rat neutrophils activated by
intestinal ischemia and reperfusion highlighting protein groups that show significant abundance
difference to the control groups.

Methods: Healthy rats were divided in three groups, control (CTRL), laparotomy (LAP)
and ischemia/reperfusion (I/R). The I/R group was submitted to anesthesia, laparotomy, isolation
of the mesenteric artery, clamping for 45 min and reperfusion for 120 min. After that the blood
was collected from the right atrium. The LAP group was not submitted to the clamping and the
CTRL group was not submitted to laparotomy. Neutrophils were isolated, lysed in SDS+protease
inhibitors, the proteins were digested with trypsin, the peptides were desalted and subjected to a
discovery proteomics workflow using label free analysis. Chromatography was performed on a
RP C18 two-column system, eluted to an Orbitrap Velos operating in DDA high/low mode to
fragment the top 10 more intense ions. The collected data was analyzed using the Progenesis
software for chromatogram alignment and feature quantitation, then using Mascot for proteins
identification.

Results: In this work we achieved the identification of 2345 proteins, being 220 potentially
involved in inflammatory signaling after ischemia and reperfusion, as well as proteins described
for the first time in neutrophils. Among the proteins presenting significantly different abundance,
62 were more abundant in the CTRL group and 15 predominant in the I/R group. The analysis of
these proteins suggests the participation of the PAF pathway in the IRI process.
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OBJECTIVES: Intestinal ischemia/reperfusion often leads to acute lung injury and multiple organ failure.
Ischemic preconditioning is protective in nature and reduces tissue injuries in animal and human models.
Although hematimetric parameters are widely used as diagnostic tools, there is no report of the influence of
intestinal ischemia/reperfusion and ischemic preconditioning on such parameters. We evaluated the
hematological changes during ischemia/reperfusion and preconditioning in rats.

METHODS: Forty healthy rats were divided into four groups: control, laparotomy, intestinal ischemia/reperfusion
and ischemic preconditioning. The intestinal ischemia/reperfusion group received 45 min of superior mesenteric
artery occlusion, while the ischemic preconditioning group received 10 min of short ischemia and reperfusion
before 45 min of prolonged occlusion. A cell counter was used to analyze blood obtained from rats before and
after the surgical procedures and the hematological results were compared among the groups.

RESULTS: The results showed significant differences in hematimetric parameters among the groups. The
parameters that showed significant differences included lymphocyte, white blood cells and granulocyte counts;
hematocrit; mean corpuscular hemoglobin concentration; red cell deviation width; platelet count; mean platelet
volume; plateletcrit and platelet distribution width.

CONCLUSION: The most remarkable parameters were those related to leukocytes and platelets. Some of the data,
including the lymphocyte and granulocytes counts, suggest that ischemic preconditioning attenuates the effect
of intestinal ischemia/reperfusion on circulating blood cells. Our work contributes to a better understanding of
the hematological responses after intestinal ischemia/reperfusion and IPC, and the present findings may also be
used as predictive values.

KEYWORDS: Ischemic Reperfusion Injury; Ischemic Preconditioning; Systemic Inflammatory Response; Intestinal
Ischemia; Hemocytometry; Superior Mesenteric Artery Occlusion.
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H INTRODUCTION

Granger (2) reported that reperfusion is more harmful than
ischemia alone. In particular, the tissue damage that is
caused by ischemia and reperfusion in the intestine is
associated with high morbidity and mortality in surgical
patients. IRI occurs in cases of abdominal aortic aneurysm
surgery, hemorrhagic shock, acute mesenteric ischemia
(AMI), strangulated hernia, neonatal necrotizing enteroco-
litis, cardiopulmonary bypass and organ transplantation (3).

Ischemic injury results from the interruption of blood
flow and causes damage to active tissues; ischemic reperfu-
sion injury (IRI) occurs after the restoration of blood flow,
leading to additional tissue injury (1). In 1986, Parks and

Copyright © 2015 CLINICS - This is an Open Access article distributed under
the terms of the Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted non-
commercial use, distribution, and reproduction in any medium, provided the
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Among the internal organs, the intestine is most sensitive to
IRI (1). Intestinal IRI can lead to damage in the intestinal
mucosa and the release of various inflammatory mediators,
potentially resulting in the development of systemic
inflammatory response syndrome (SIRS) and further lead-
ing to multiple organ failure (MOF), especially acute lung
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injury (ALI) (4-7). Ischemia-reperfusion causes local and
systemic changes in hemodynamics, endothelial function,
microcirculation, fluid equilibrium and metabolic home-
ostasis while also inducing the complement and inflamma-
tory pathways (8-14). In an attempt to attenuate this
damage, several treatment modalities have been applied in
various animal models of IRI, such as hypothermia,
antioxidants, ischemic preconditioning (IPC) and modula-
tion of inflammatory mediators and adhesion molecules.
Among these approaches, IPC seems to be the most
promising against reperfusion injury, as it increases the
bowel’s tolerance against the damage caused by ischemia
followed by reperfusion (15-17).

In 1986, Murry et al. introduced the concept of IPC as
short episodes of ischemia followed by short periods of
reperfusion preceding a prolonged ischemia; this approach
was shown to protect organs against subsequent longer
ischemia (18). IPC of the intestine was first described by
Hotter et al. in 1996 (19) and subsequent studies have
confirmed this phenomenon. Studies in shock models show
that IPC before intestinal ischemia causes a significant
reduction in the inflammatory response in the lungs and
intestinal injuries due to hemorrhagic shock (20). However,
the precise mechanism by which IPC confers protection to
the intestine remains unclear.

Blood is the most accessible component of the vertebrate
body fluid system and has frequently been examined to
assess physiological status (21). Hematimetric parameters
have long been used as diagnostic tools for a large number
of diseases, such as leukemias, anemias and infectious
diseases. However, few studies have collectively addressed
the prognostic values of these parameters using multivariate
analysis and to our knowledge, no studies have addressed
IPC. The purpose of this study was to obtain a basic
knowledge of the hematological factors after IRI and IPC in
rats. In this prospective study, we evaluated the significance
of routine blood parameters after intestinal ischemia and

CLINICS 2015;70(1):61-68

preconditioning in rats, the results of which could help in
the early diagnosis of IRI and in understanding how IPC
affects blood components.

B MATERIALS AND METHODS

Experimental subjects and sample collection

Male Wistar rats without inflammatory disease and
weighing 250-350 g were collected from the animal house
of the Faculdade de Medicina da Universidade de Sao Paulo
(FMUSP), Sao Paulo State, Brazil. The project was approved
by the Ethics Committee of FMUSP (Protocol No. 8186) for
the use of rats as experimental subjects. The animals were
provided access to food and water ad libitum until the time
of the experiment.

Experimental groups

Forty rats were randomly allocated into the following
four groups (Figure 1), where n represents the number of
animals per group:

1- The control group (C) (n=10), without any surgical
procedure.

2- The sham laparotomy group (LAP) (n=10), without
clamping of any artery, but receiving the same surgical
procedure except for the clamping.

3- Ischemia/reperfusion (IR) group (n=10), submitted to
superior mesenteric artery occlusion (SMAO) for
45 min followed by 120 min of reperfusion.

4- Ischemic preconditioning (IPC) group (n=10), sub-
mitted to a 10-min period of SMAO followed by 10-min
reperfusion immediately before 45 min of ischemia and
120 min of reperfusion, as in the IR group.

Hematological analyses
We collected 20 pl of blood from the tails of all animals
before and after surgery and injected the samples into a

Experimental Groups

Ctrl group (n = 10)

LAP group (n= 10)

1/R group (n = 10)

IPC group (n=10)

[ Time of ischemia
B Time of reperfusion

Figure 1 - Experimental groups and their times of ischemia and reperfusion, where n represents the number of animals per group.
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veterinary automated cell counter (BC-2800Vet, Shenzhen
Mindray Bio-Medical Electronics Co., Nanshan, China). The
analyzed hematimetric parameters included the total
erythrocyte count (RBC), total white blood cell (WBC)
count, hematocrit (HCT) level, hemoglobin (Hb) concentra-
tion, erythrocyte indices as mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean cor-
puscular hemoglobin concentration (MCHC), platelet (PLT)
count, mean platelet volume (MPV), platelet distribution
widths (PDW), plateleterit (PCT) and WBC differential
count (22,23).

Surgical procedures

The surgical procedures were performed in the
Laboratory of Surgical Physiopathology (LIM-62), depart-
ment of Surgery, FMUSP. Rats from all of the groups were
anesthetized with intraperitoneal (i.p.) injections of sodium
pentobarbital (45 mg/kg) and ketamine (80 mg/kg) +
xylazine (7 mg/kg) and their core body temperatures were
maintained at 37°C. After midline laparotomy, the superior
mesenteric artery was isolated near its aortic origin. During
this procedure, the intestinal tract was placed between
gauze pads that had been soaked with warmed 0.9% NaCl
solution. In rats from the IR group, the superior mesenteric
artery was clamped, resulting in total occlusion of the artery
for 45 min. After the time of occlusion, the clamps were
removed and blood samples were collected from the tail
after 120 min of reperfusion. In the rats of the IPC group, the
ischemic procedure described above was preceded by
10 min of clamping followed by 10 min of reperfusion.

Statistical analysis

For statistical analysis, the data were first checked for
normality by applying the D’ Agostino & Pearson omnibus
normality test. The data were normalized and outliers were
removed, based on the Thompson tau technique; then,
normality was reconfirmed with the above-mentioned
normality test. Variance analysis (one-way ANOVA) was
used to determine the difference between the groups and
the Tukey-Kramer test was used to compare and determine
the means that differed significantly from each other using
the Graph Pad Prism program (V.6.0c). Values with p<<0.05
were considered significant.

B RESULTS

The hematological parameters of the control, laparotomy,
ischemia/reperfusion and IPC groups are summarized in
Supplementary Table 1.

All of the surgical groups (LAP, IR and IPC) showed a
remarkably smaller amount of lymphocytes than did the
control group. Among the surgical groups, the IR group
showed a decrease in lymphocyte count (p=0.0021) com-
pared with the LAP group; however, an increase was noted
in the IPC group (p=0.0171) compared with IR group
(Figure 2-A).

The WBC counts showed a significant increase in both the
IR (p=0.0005) and the IPC (p=0.0074) groups compared
with the control group (Figure 2-B). The elevation in WBCs
was more prominent in the IR group than in the IPC group.
A significant increase in the granulocyte count was
observed in the LAP, IR and IPC groups compared with
the controls; there was also an increase in the IR group
compared with the LAP group (p =0.0015), whereas the IPC
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group showed a significant reduction (p =0.0168) compared
with the IR group, almost approaching the level of the LAP
group (Figure 2-C).

Platelets showed a significant difference between the IR
and IPC groups. The PLT counts were higher (p =0.0340) in
the IR group than in the IPC group (Figure 2-D) and the
MPYV also showed a significantly increased value in the IR
(p=0.0096) and IPC (p = <0.0001) groups compared with the
controls. In preconditioned rats, the MPV was higher than
that in LAP (p=0.0004) and IR rats (p =0.0485) (Figure 2-E).
The PDW was significantly greater in IPC rats compared to
all of the other groups. The p-values for the IPC group
compared with the control, LAP and IR groups are 0.0003,
0.0015 and 0.0011, respectively (Figure 2-F).

The levels of monocytes, RBCs, Hb, MCV and MCH were
not influenced significantly in any experimental group. The
HCT level was increased (p=0.0082) in the IR group
compared with the control group (Figure 1-A, supplemen-
tary). The MCHC was decreased in the IR group (p=0.0111)
compared with the controls, whereas there was an increase
in the MCHC value in the IPC group (p=0.0111) compared
with the IR group, which restored the MCHC value to a
normal level (Figure 1-B, supplementary). The red cell
deviation width was higher (p=0.0152) in the IPC group
than the control group, although no other group showed a
significant difference (Figure 1-C, supplementary). Both the
IR and IPC groups showed significant differences regarding
their PCT levels, whereas the remaining groups did not
show any significant differences. The PCT level was higher
(p=0.0264) in the IR group compared with the IPC group
(Figure 2-D).

B DISCUSSION

IPC has been studied as a protective strategy against IRI
in intestinal models (19,20). In humans, prolonged jejunal
ischemia (45 min) followed by reperfusion results in
intestinal barrier integrity loss, which is accompanied by a
significant translocation of endotoxins. These phenomena
result in an inflammatory response that is characterized by
complement activation, endothelial activation, neutrophil
sequestration and the release of pro-inflammatory media-
tors into circulation (24). A comparison of the effect of IR
and IPC on blood parameters has not been made using the
45-min SMAO model in rats. Lymphocyte loss and
dysfunction have been consistently reported in animal
models of both SIRS and sepsis (25) and preventing
lymphocyte dysfunction, specifically lymphocyte apoptosis
following sepsis, has been shown to improve survival after
sepsis (26). Recently, a decrease in the lymphocyte percen-
tage was observed following IR and local and remote IPC in
a rat model with temporary supraceliac aortic clamping (27).
IPC also prevented lymphocyte loss compared with that
observed in the IR group in our study.

We observed a significant increase in the WBC count after
IR. Postoperative leukocytosis represents a normal physio-
logic response to surgery (28). However, an augmentation in
the WBC count has been viewed as a predictor of ischemic
stroke (29). This increase is due to the marked elevation of
leukocyte activation, as previously described in myocardial
ischemia and reperfusion in dogs (30). The increased
number of granulocytes after ischemic strokes leads to tissue
damage, as these cells are implicated in the early responses of
the hemostatic and inflammatory processes (31). Intestinal
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Figure 2 - Distribution of the hematimetric parameters in the four experimental groups. (A) Lymphocyte count, (B) WBC count (C)
Granulocyte count, (D) Platelet count, (E) MPV and (F) PDW. (***p<0.001; **p<0.001 to 0.01; *p<0.01 to 0.05).
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ischemia is characterized by the production of cytokines (32)
and the sequestration of polymorphonuclear neutrophils
(PMNSs) into the ischemically damaged tissue. The comple-
ment system also contributes to the attraction of neutrophils
to ischemically damaged areas (33), where neutrophil-
released myeloperoxidase (MPO) and other proinflammatory
mediators further contribute to IR-induced tissue damage
(34). Figure 2-C clearly shows a significant reduction in
circulating granulocytes of the IPC group compared with the
IR group, suggesting a protective aspect of IPC.

With the exception of the MCHC values, our results
concerning RBCs, Hb, MCV, MCH and HCT are similar to
those of a study using a canine model to investigate limb IR,
with or without cooling (35). Dehydration during surgery or
fluid sequestration due to edema can result in a higher-than-
normal HCT level (36). This increase was more prominent in
the IR group and showed no significant difference in any
other group. Similarly, an increase in HCT was observed in
the IR compared with local IPC and remote IPC groups in a
similar model using temporary supraceliac aortic clamping
(27).

Platelets also participate in ischemic strokes (37) and IR-
mediated tissue damage (38) through the modulation of
leukocyte function and the generation of free radicals and
proinflammatory mediators, such as thromboxane (TxA2),
leukotrienes, serotonin, platelet factor-4 and platelet-
derived growth factor (PDGF) (39,40). Similar to leukocytes,
the expression of P-selectin on the platelet surface con-
tributes to rolling and firm adherence to the vascular
endothelium and in the interaction with leukocytes during
post-ischemic reperfusion, resulting in increased expression
of adhesion molecules, the generation of superoxide and the
phagocytic activity of leukocytes (39,41). The inhibition of
platelet adhesion by the administration of an anti-fibrinogen
antibody was shown to decrease short-term liver injury after
ischemia. In addition, platelet-derived serotonin is a
mediator of tissue repair after hepatic normothermic
ischemia in mice (42,43). We observed a significant decrease
in platelets in the IPC group compared with the IR group.
However, the role of platelets in the progression of tissue
damage after IR injury remains unclear. A recent study
showed that platelet-deficient mice showed significant
reductions in damage to their villi in response to IR
compared with mice with normal platelet counts (44).

Previous studies showed that the MPV was higher when
there was destruction of platelets associated with inflam-
matory bowel disease (45), whereas other studies showed
that the MPV was not associated with stroke severity or
functional outcomes (46). The activation of platelets leads to
morphologic changes, including pseudopodia formation
and the development of a spherical shape. Platelets with
an increased number and size of pseudopodia differ in size,
possibly affecting the PDW. Indeed, we found an inverse
relationship between the PLT count and MPV value after IR
and IPC, which suggests that IPC lowers the PLT count but
increases the MPV value. However, a recent study in
patients who underwent surgical intervention for acute
mesenteric ischemia showed an increase in MPV and a
decrease in PLT count in non-surviving patients compared
with surviving patients (47). In the IR group, we found an
increase in the PLT count and a decrease in the MPV value,
in contrast to this previous study. This discrepancy could be
attributed to different occlusion models because AMI
patients can present partial vascular occlusions that last
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for less-precise amounts of time. In addition, we cannot
correlate this change with mortality rate, as the model
involving 45 min of intestinal ischemia in rats has been
considered to be free of mortality (48), whereas the ischemic
period and severity varies among clinical conditions,
leading to higher morbidity and mortality. For example,
AMI has an overall mortality of 60% to 80% and the
reported incidence increases over time (49,50), mostly
because of the continued difficulty in recognizing this
condition (50). The effect of IPC on these parameters with
AMI requires further validation in humans.

In summary, our results demonstrate that IPC before
intestinal IR provoked significant alterations in hemati-
metric parameters in the IPC group compared with that in
the IR group, mainly comprising decreases in the granulo-
cyte count and PCT count and increases in the lymphocyte
count and the MPV.

The results of the present study indicate that 10 min of
IPC before 45 min of intestinal IR alter the hematimetric
parameters, suggesting that IPC attenuates the effect of IR in
circulating blood cells.
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Supplementary Figure 1 - supplementary. Distribution of hematimetric parameters in the four experimental groups. (A) HCT, (B) MCHC,
(C) Red cell distribution width and (D) PCT. (**p<0.001 to 0.01; *p<0.01 to 0.05).
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