
263

Role of fibrinogen in the attenuation of ischemia reperfusion and 
remote ischemic preconditioning
El papel del fibrinógeno en la atenuación de la isquemia-reperfusión y el 
preacondicionamiento isquémico remoto
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SPECIAL ARTICLE

Abstract
Background: Ischemic reperfusion injury (IRI) is a common hazard involved in many human diseases, such as cerebral 
stroke, myocardial infarction, solid organ transplant dysfunction or failure, and vascular diseases. Understanding the molecu-
lar bases of this injury is essential for the prevention and control of these life-threatening conditions. Ischemic and remote 
ischemic preconditioning techniques (IPC and RIPC, respectively) have gained increasing importance in the clinical practice 
to protect against the IRI; however, the exact mechanisms of these techniques are not fully understood, which renders their 
clinical application query. Possible effectors: Nitric oxide (NO) has been reported by multiple studies to be an important 
mediator of the protective effects of those techniques. While the physiological concentrations of NO and fibrinogen (FB) are 
known to antagonize each other, the circulating levels of both effectors increase in response to RIPC. Hypothesis: While NO 
has potential anti-inflammatory effects, non-soluble fibrinogen (sFB) shows pro- inflammatory effects. However, the sFB may 
have the potential to act synergistically rather than antagonistically with NO toward the attenuation of the IRI. Conclusion: 
While increased FB is considered a risk factor for cardiovascular and inflammatory conditions that is also able to decrease 
the efflux of NO, and increase the NO oxidative metabolits and S- nitroglutathione, the increased sFB during the acute pha-
se reaction might have other protective aspects that should be carefully investigated.
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Resumen
Antecedentes: La lesión por isquemia-reperfusión (LIR) es un riesgo común involucrado en muchas enfermedades humanas 
tales como derrame cerebral, infarto del miocardio, disfunción o falla de trasplante de órgano sólido, y enfermedades vascu-
lares. Una comprensión de la base molecular de esta lesión es fundamental para la prevención y el control de estas enfer-
medades potencialmente mortales. Las técnicas de preacondicionamiento isquémico y preacondicionamiento isquémico re-
moto (PIR) han cobrado una creciente importancia en la práctica clínica para la protección contra la LIR, sin embargo, los 
mecanismos precisos de estas técnicas no se entienden plenamente, lo cual pone en duda su aplicación clínica. 
Posibles efectores: El óxido nítrico (ON) ha sido reportado por varios estudios como un importante mediador de los efectos 
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Introduction
Fibrinogen (FB) is a gylcoprotein, which is a hexam-

er, containing two sets of three different chains (α, β, 
and γ), linked to each other by disulfide bonds. FB plays 
an important role in coagulation cascade, where it can 
form bridges between platelets, by binding to their 
GpIIb/IIIa surface membrane proteins, in addition to the 
major role, where prothrombin is converted into throm-
bin, which then converts the soluble FB (sFB) into in-
soluble fibrin strands that are then cross-linked by 
factor XIII to form the blood clot1.

Role of FB in the pathogenesis of 
diseases

FB plays a significant role in the pathogenesis of 
many diseases, mainly the diseases of cardiovascular 
and inflammatory backgrounds.

Role of FB in cardiovascular diseases
There is a confirmed agreement that FB is an import-

ant contributor to the cardiovascular events, including 
myocardial infarction and cerebral stroke. In addition to 
the traditional cardiovascular risk factors, FB has been 
identified as an additional risk factor that could predict 
new events within 10 years2. This may refer to the tra-
ditional role of FB in blood clotting and platelet aggre-
gates formation.

Role of FB in inflammatory diseases
Many studies have confirmed FB as a pro-inflamma-

tory effector. In addition to, its ability to stimulate the 
proliferation of B-lymphocytes, T-lymphocytes, and 
monocytes3, immobilized FB and fibrin have high affin-
ity to macrophage antigen 1 (MAC-1) and can acti-
vate neutrophils and monocytes4-6. In neutrophils, 

FB/MAC-1 interaction activates the NF-κB pathway, 
which is an anti-apoptotic and inflammatory cyto-
kine-inducing pathway4.

Ischemic and remote ischemic 
preconditioning (IPC and RIPC)

IPC is a technique, where the prior application of 
repeated short cycles of ischemia and reperfusion 
could attenuate the severity of the subsequent isch-
emic reperfusion injury (IRI).

RIPC describes the ability of the technique to 
function through distance. For example, the application 
of short, repetitive ischemia-reperfusion cycles of the 
limb would protect distant organs such as heart, kid-
ney, brain, and liver during subsequent IRI. Both phe-
nomena indicate the involvement of local, paracrine as 
well as remote, circulating mediators7. IPC showed 
ability to significantly reduce the DNA fragmentation 
and the apoptotic death of the myocytes, usually as-
sociated with IRI7.

During limb ischemia, the diminished flow and shear-
ing stress are associated with inhibition of Na+/K+ AT-
Pase and the inward driving K+ channels. This leads to 
increased Na+ influx and persistent membrane depo-
larization. The increased intracellular Na+ activates 
Na+/Ca++ exchanger to let Na+ out and Ca++ in. In ad-
dition, the inhibition of K+ channels results in the acti-
vation of T type Ca++ channels, leading to increased 
Ca++ influx into the endothelial cells. Increased intracel-
lular Ca++ activates Ca++ - dependent endothelial nitric 
oxide synthase (eNOS), which results in increased Ni-
tric oxide (NO) production8,9.

Xanthine oxidoreductase (XOR) is a complex mo-
lybdoflavin protein, which catalyzes the terminal two 
reactions in purine degradation (hypoxanthine → xan-
thine → uric acid) in primates. In humans, hypoxia and 
the inflammatory cytokines TNF-α, interleukin 1-beta 
(IL-1β), and IFN-γ induce XOR expression in vascular 

protectores de estas técnicas. Si bien se sabe que las concentraciones fisiológicas del ON y fibrinógeno son antagónicas, 
los niveles circulantes de ambos efectores aumentan en respuesta al PIR. Hipótesis: Aunque el ON tiene posibles efectos 
anti-inflamatorios, el fibrinógeno insoluble muestra efectos proinflamatorios. Sin embargo, el fibrinógeno soluble puede tener 
el potencial de actuar de manera sinérgica en lugar de antagónica con el ON hacia la atenuación de la LIR. Conclusión: 
Aunque el fibrinógeno elevado se considera un factor de riesgo para las enfermedades cardiovasculares e inflamatorias, que 
también puede disminuir la descarga de ON y aumentar los niveles de metabolitos oxidantes del ON y de S-nitrosoglutatión, 
el aumento de fibrinógeno soluble durante la reacción de fase aguda puede tener otros aspectos protectores que deben ser 
cuidadosamente investigados.

Palabras clave: Lesión por isquemia-reperfusión. Fibrinógeno. Óxido nítrico. Acondicionamiento isquémico. Trasplante de 
órgano sólido. Inflamación.
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endothelium, where it can be released into the circula-
tion10,11. XOR is transcribed as a single gene product 
in the xanthine dehydrogenase (XDH) form, in which 
the enzyme exists intracellular, where substrate-de-
rived electrons reduce nicotine amide adenine dinucle-
otide (NAD+) to NADH. However, during ischemia and 
inflammation, reversible oxidation of critical cysteine 
residues (535 and 992) and/or limited proteolysis con-
verts XDH to xanthine oxidase12.

In the oxidase form, the affinity for oxygen is signifi-
cantly enhanced, resulting in univalent and divalent 
electron transfer to O2 generating O2- and hydrogen 
peroxide, respectively13. Moreover, the inhibition of 
ATP-sensitive potassium channels, and the persistence 
of cell membrane depolarization result in increased 
activity of NADPH oxidase, and dysfunction of mito-
chondrial respiration, leading to more increase in the 
production of the reactive oxygen species (ROS)7,9. 
Increased production of both NO and ROS results in 
NO oxidation to produce nitrite (NO2-).

Role of NO to protect the vascular 
endothelium during IRI

NO contributes to vascular homeostasis by inhibiting 
the smooth muscle contraction and growth, platelet 
aggregation, and leukocyte adhesion to the endotheli-
um. NO acts through the stimulation of the soluble 
guanylate cyclase, which is a heterodimeric enzyme 
with subsequent formation of cyclic-GMP. Cyclic-GMP 
activates protein kinase G, which causes reuptake of 
Ca++ and the opening of calcium activated potassium 
channels that play an important role in the protection 
against IRI14,15.

Several studies documented the important role of NO 
in mediating the protective effect of IPC and RIPC. 
While the locally produced NO can exert its action in 
case of IPC, it can’t be accused for RIPC protective 
effect because of its short blood half-life (≤2 millisec-
onds)16. However, it was observed that NO inhalation 
in human provides protection against IRIs, while being 
associated with a significant increase in the circulating 
levels of nitrite. In addition, NO2- showed the ability to 
protect against IRI, to exert cytoprotective effects, and 
to decrease the infarction size similar to NO17-24. More-
over, it has recently been confirmed that the application 
of brachial artery RIPC results in the activation of 
eNOS and increased plasma NO2- levels25.

In the heart, NO2- can be reduced to NO and N2O3 
by myoglobin. In addition, mitochondrial amidoxime re-
ducing components reduce NO2- to NO in various 

tissues26,27. NO and S-nitrosothiols formed from nitrite 
inhibit complex I of the respiratory chain during reper-
fusion. This attenuates the increased production of 
ROS in response to IRI, and indirectly improves the 
functionality of complex II28,29.

In the vascular endothelium, at low concentrations, 
NO reacts with certain target proteins mainly through 
post-translational S-nitrosylation, thus regulating cell 
survival, smooth muscle tone and immune signaling30. 
Nevertheless, NO reactions in the setting of apoptosis 
appear to be double-faced. The nitrosative stress, sim-
ilar to the oxidative stress, can potentially trigger cell 
death processes such as DNA fragmentation and lipid 
oxidation31. However, it can also have a protective role 
involving nitrosation of caspases and Poly-ADPri-
bose-Polymerase, leading to inhibition of apoptosis32.

Role of FB
On the contrary to the pro-inflammatory effects of 

immobilized FB/fibrin, sFB has the ability to inhibit lym-
phocytic antigen 1-dependent binding to ICAM-1 
through a direct interaction with ICAM-17, and to reduce 
IL8-activated neutrophils binding to ICAM-1-expressing 
cells, in addition to reducing the binding of neutrophils 
to TNFα-activated endothelium to 40%, under flow 
conditions33.

In addition, the interaction between FB and αM βII-in-
tegrin receptor has been reported to result in the acti-
vation of Rap-1, Talin-1, and CaMKII signaling. Rap1 is 
activated by adenosine diphosphate, hyperosmotic and 
cold stresses, interleukin-1, adenosine, and TNFα, 
where its active form bind to GTP34. The increased 
expression/activity of Rap-1 leads to NF-κB induction, 
while Rap-1 depletion leads to NF-κB decreased activ-
ity as Rap-1 is also important for the phosphorylation 
of p65 subunit of NF-κB. Remarkably, similar to inhib-
iting NF-κB, knockdown of Rap-1 sensitizes some cells 
to apoptosis35-37.

While Talin-1 interacts with Rap-1 and is essential for 
adhesion, migration, and phagocytosis, NF-κB activity 
is enhanced by ROS, TNFα, and IL-1β. Active NF-κB 
turns on the expression of genes that keep the cell 
proliferating and protect the cell from the conditions that 
would otherwise initiate apoptosis. Defects in NF-κB 
results in increased susceptibility to apoptosis leading 
to increased cell death. This is because NF-κB regu-
lates anti-apoptotic genes especially the TRAF1 and 
TRAF2 and, therefore, checks the activities of the 
caspase family of enzymes, which are central to most 
apoptotic processes38,39. In conclusion, FB has the 
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potential to play an anti-apoptotic role, especially during 
increased ROS production and inflammation.

CaMKII is activated by Ca++ and phosphorylation of 
its Thr287. Its inactivation is achieved through the phy-
sphorylation of Thr 306/307. Independently of Ca++, it 
can also be activated by ROS through O-linked glyco-
sylation of Ser280, by O-linked N-acetylglucosamine 
and through nitrosylation of Cys116, Cys273, or Cys290. 
When activated, it activates L Type Ca++ channels, 
slows the inactivation of Na+ channel and activates K+ 
channels9. The activation of K+ channels has been 
strongly suggested to be a key protective mechanism 
against IRI.

Taken together, NO and the circulating nitrite, which 
can be reduced to NO, have been reported to be in-
volved in mediating the action of the IPC and RIPC 
techniques, and have potential antiapoptotic activities. 
However, according to the above discussed findings, 
the activation of Rap1-NF-κB and CaMKII signaling, by 
sFB during inflammation (acute phase), has potential 
anti-inflammatory and anti-apoptotic activities, in addi-
tion to the ability to activate K+ channels, which are 
protective against IRI.

The interaction between NO and FB
While the vascular endothelial uptake of FB was re-

ported to increase by the inhibition of NO, this effect 
seems to be related to the secondary induced hyper-
tension as the effect was not reproducible when the 
inhibition of NO did not alter the normotensive status40. 
In addition, the exposure of FB to ProliNONOate, a 
donor of NO, affects the structural formation of the fi-
brin clot, resulting in lower density, but thicker fibers41. 
Such structural variations can have significant impact 
on embolization and fibrinolysis, where the platelets 
can retract low density more than high density fibrin 
fibres42. On the other side, FB has been reported to 
decrease the efflux of NO from the erythrocytes, and 
increase the NO oxidative metabolites and 
S-nitroglutathione43.

Conclusion
While FB is a risk factor for cardiovascular and in-

flammatory diseases that is also able to decrease the 
efflux of NO, and increase the NO oxidative metabolites 
and S-nitroglutathione, the increased sFB during the 
acute phase reaction might have other protective as-
pects that should be carefully investigated. Determining 
the exact signaling and functions of sFB, and the 

incorporated functional domains responsible for various 
actions, has the potential to open the gate for new 
pharmacological innovations to protect and or treat cer-
tain vascular and inflammatory diseases.

Funding
No funding was provided for the development of this 

work.

Conflicts of interest
The author declares no conflicts of interest.

Ethical disclosures
Protection of human and animal subjects. The 

authors declare that no experiments were performed 
on humans or animals for this study.

Confidentiality of data. The authors declare that no 
patient data appear in this article.

Right to privacy and informed consent. The au-
thors declare that no patient data appear in this article.

References
 1. Hall CE, Slayter HS. The fibrinogen molecule: its size, shape, and mode 

of polymerization. J Biophys Biochem Cytol. 1958;5:11-6.
 2. Kaptoge S, Angelantonio DE, Pennells L, Wood AM, Di Angelantonio E, 

Gao P. The emerging risk factors collaboration. C-reactive protein, fibri-
nogen, and cardiovascular disease prediction. N Engl J Med. 2012;367: 
1310-20.

 3. Hatzfeld JA, Hatzfeld A, Maigne J. Fibrinogen and its fragment D stimu-
late proliferation of human hemopoietic cells in vitro. Cell Biol. 1982;79: 
6280-4.

 4. Rubel C, Gomez S, Fernandez GC, Isturiz MA, Caamano J, Palermo MS. 
Fibrinogen-CD11b/CD18 interaction activates the NF-kappa B pathway and 
delays apoptosis in human neutrophils. Eur J Immunol. 2003;33:1429-38.

 5. Diamond MS, Springer TA. A subpopulation of Mac-1 (CD11b/CD18) 
molecules mediates neutrophil adhesion to ICAM-1 and fibrinogen. J Cell 
Biol. 1993;120:545-56.

 6. Ugarova TP, Yakubenko VP. Recognition of fibrinogen by leukocyte in-
tegrins. Ann N Y Acad Sci. 2001;936:368-85.

 7. Corti P, Gladwin MT. Is nitrite the circulating endocrine effector of remo-
te ischemic preconditioning? Circ Res. 2014;114:1554-7.

 8. Wei Z, Manevich Y, Al-Mehdi AB, Chatterjee S, Fisher AB. Ca2+ flux 
through voltage-gated channels with flow cessation in pulmonary micro-
vascular endothelial cells. Microcirculation. 2004;11:517-26.

 9. Chatterjee S, Nieman GF, Christie JD, Fisher AB. Shear stress related 
mechano signalling with lung ischemia: lessons from basic research can 
inform lung transplantation. Am J Physiol Lung Cell Mol Physiol. 
2014;307:L668-80.

 10. Harrison R. Structure and function of xanthine oxidoreductase: where are 
we now? Free Radic Biol Med. 2002;33:774-97.

 11. Kelley EE, Hock T, Khoo NK, Richardson GR, Johnson KK, et al. Mode-
rate hypoxia induces xanthine oxidoreductase activity in arterial endothe-
lial cells. Free Radic Biol Med. 2006;40:952-9.

 12. Parks DA, Skinner KA, Tan S, Skinner HB. Xanthine oxidase in biology 
and medicine, in reactive oxygen species in biological systems. In: 
Gilbert DL, Colton CA, editors. New York: Kluwer Academic/Plenum; 
1999. p. 397-420.

 13. Harris CM, Massey V. The oxidative half-reaction of xanthine dehydro-
genase with NAD; Reaction kinetics and steady-state mechanism. J Biol 
Chem. 1997;272:28335-41.

 14. Tano JY, Gollasch M. Calcium-activated potassium channels in ischemia 
reperfusion: a brief update. Front Physiol. 2014;5:381.



267

M.S.A. Mohamed : Role of fibrinogen in ischemia reperfusion

 15. Mohamed MS. Calcium-activated potassium channels in ischemiareper-
fusion: learning for the clinical application. Front Med. 2015;2:21.

 16. Liu X, Miller MJ, Joshi MS, Sadowska-Krowicka H, Clark DA, 
Lancaster JR Jr. Diffusion-limited reaction of free nitric oxide with erythro-
cytes. J Biol Chem. 1998;273:18709-13.

 17. Gladwin MT, Ognibene FP, Pannell LK. Relative role of heme nitrosyla-
tion and betacysteine 93 nitrosation in the transport and metabolism of 
nitric oxide by hemoglobin in the human circulation. Proc Natl Acad Sci 
U S A. 2000;97:9943-8.

 18. Cannon RO, Schechter AN, Panza JA. Effects of inhaled nitric oxide on 
regional blood flow are consistent with intravascular nitric oxide delivery. 
J Clin Invest. 2001;108:279-87.

 19. Gladwin MT, Shelhamer JH, Schechter AN. Role of circulating nitrite and 
S-nitrosohemoglobin in the regulation of regional blood flow in humans. 
Proc Natl Acad Sci U S A. 2000;97:11482-7.

 20. Cosby K, Partovi KS, Crawford JH. Nitrite reduction to nitric oxide by deoxyhe-
moglobin vasodilates the human circulation. Nat Med. 2003;9:1498-505.

 21. Webb A, Bond R, McLean P, Uppal R, Benjamin N, Ahluwalia A. Re-
duction of nitrite to nitric oxide during ischemia protects against myocar-
dial ischemiareperfusion damage. Proc Natl Acad Sci U S A. 2004; 
101:13683-8.

 22. Duranski MR, Greer JJ, Dejam A. Cytoprotective effects of nitrite during 
in vivo ischemia- reperfusion of the heart and liver. J Clin Invest. 
2005;115:1232-40.

 23. Gonzalez FM, Shiva S, Vincent PS. Nitrite anion provides potent cyto-
protective and antiapoptotic effects as adjunctive therapy to reperfusion 
for acute myocardial infarction. Circulation. 2008;117:2986-94.

 24. Neye N, Enigk F, Shiva S. Inhalation of NO during myocardial ischemia 
reduces infarct size and improves cardiac function. Intensive Care Med. 
2012;38:1381-91.

 25. Rassaf T, Totzeck M, Hendgen-Cotta UB, Shiva S, Heusch G, et al. 
Circulating nitrite contributes to cardioprotection by remote ischemic pre-
conditioning. Circ Res. 2014;114:1601-10.

 26. Sparacino-Watkins CE, Tejero J, Sun B. Nitrite reductase and nitricoxide 
synthase activity of the mitochondrial molybdopterin enzymes mARC1 
and mARC2. J Biol Chem. 2014;289:10345-58.

 27. Tejero J, Gladwin MT. The globin superfamily: functions in nitric oxide 
formation and decay. Biol Chem. 2014;395:631-9.

 28. Shiva S, Sack MN, Greer JJ. Nitrite augments tolerance to ischemia/
reperfusion injury via the modulation of mitochondrial electron transfer. 
J Exp Med. 2007;204:2089-102.

 29. Chouchani ET, Methner C, Nadtochiy SM. Cardioprotection by S-nitrosation 
of a cysteine switch on mitochondrial complex I. Nat Med. 2013;19:753-9.

 30. Nediani C, Raimondi L, Borchi E, Cerbai E. Nitric oxide/reactive oxygen 
species generation and nitroso/redox imbalance in heart failure: from 
molecular mechanisms to therapeutic implications. Antioxid Redox Sig-
nal. 2011;14:289-331.

 31. Calabrese V, Cornelius C, Rizzarelli E, Owen JB, Dinkova-Kostova AT, 
et al. Nitric oxide in cell survival: a Janus molecule. Antioxid Redox 
Signal. 2009;11:2717-39.

 32. Brüne B. Nitric oxide: NO apoptosis or turning it ON? Cell Death Differ. 
2003;10:864-9.

 33. Pillay J, Kamp VM, Pennings M, Oudijk E-J, Leenen LP, et al. Acutepha-
se concentrations of soluble fibrinogen inhibit neutrophil adhesion under 
flow conditions in vitro through interactions with ICAM-1 and MAC-1 
(CD11b/CD18). J Thromb Haemost. 2013;11:1172-82.

 34. Caron E. Cellular functions of the Rap1 GTP-binding protein: a pattern 
emerges. J. Cell Sci. 2003;116:435-40.

 35. Ryu JK, Davalos D, Akassoglou K. Fibrinogen signal transduction in the 
nervous system. J Thromb Haemost. 2009;7:151-4.

 36. Zhao H, Anand AR, Ganju RK. Slit2-Robo4 pathway modulates lipopoly-
saccharide-induced endothelial inflammation and its expression is dysre-
gulated during endotoxemia. J Immunol. 2014;192:385-93.

 37. Sheikh MS, Huang Y. Death receptor activation complexes: it takes two 
to activate TNF receptor 1. Cell Cycle. 2003;2:550-2.

 38. Escárcega RO, Fuentes-Alexandro S, García-Carrasco M, Gatica A, 
Zamora A. The transcription factor nuclear factor-κB and cancer. Clin 
Oncol (R Coll Radiol) 2007;19:154-61.

 39. Heijman J, Voigt N, Wehrens XH, Dobrev D. Calcium dysregulation in 
atrial fibrillation: the role of CaMKII. Front Pharmacol. 2014;5:30.

 40. Cardona-Sanclemente LE, Born GV. Effect of inhibition of nitric oxide 
synthesis on the uptake of LDL and fibrinogen by arterial walls and other 
organs of the rat. Br J Pharmacol. 1995;114:1490-4.

 41. Helms CC, Kapadia S, Gilmore AC, Lu Z, Basu S, Kim-Shapiro DB. 
Exposure of fibrinogen and thrombin to nitric oxide donor ProliNONOate 
affects fibrin clot properties. Blood Coagul Fibrinolysis. 2017;28:356-64.

 42. Wufsus AR, Rana K, Brown A, Dorgan JR, Liberatore MW, Neeves KB. 
Elastic behavior and platelet retraction in low- and high-density fibrin gels. 
Biophys J. 2015;108:173-83.

 43. Almeida JP, Freitas-Santos T, Saldanha C. Fibrinogen-dependent signa-
ling in microvascular erythrocyte function: implications on nitric oxide 
efflux. J Membr Biol. 2009;231:47-53.


