
Page 1 of 7

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2017;5(6):129atm.amegroups.com

Lung ischemia reperfusion injury: the therapeutic role of dipeptidyl 
peptidase 4 inhibition

Paul A. J. Beckers1, Jan F. Gielis1, Paul E. Van Schil1, Dirk Adriaensen2

1Antwerp Surgical Training, Anatomy & Research Center, Department of Medicine, University of Antwerp, Wilrijk, Belgium; 2Laboratory of Cell 

Biology and Histology, Department of Veterinary Sciences, University of Antwerp, Wilrijk, Belgium

Contributions: (I) Conception and design: PA Beckers, PE Van Schil; (II) Administrative support: None; (III) Provision of study materials or patients: 

None; (IV) Collection and assembly of data: PA Beckers; (V) Data analysis and interpretation: PA Beckers; (VI) Manuscript writing: All authors; (VII) 

Final approval of manuscript: All authors. 

Correspondence to: Paul Beckers. Antwerp Surgical Training, Anatomy & Research Center, Department of Medicine, University of Antwerp, 

Universiteitsplein 1, 2610 Wilrijk, Belgium. Email: paul.beckers2@uantwerpen.be.

Abstract: Dipeptidyl peptidase 4 (DPP4) is a cell surface protease that has been reported to play a role in glucose 

homeostasis, cancer, HIV, autoimmunity, immunology and inflammation. A role for DPP4 in ischemia-reperfusion 

injury (IRI) in the heart has been established. Dipeptidyl peptidase 4 inhibition (DPP4i) appeared to decrease 

infarct size, improves cardiac function and promotes myocardial regeneration. Lung ischemia reperfusion injury 

is caused by a complex mechanism in which macrophages and neutrophils play an important role. Generation of 

reactive oxygen species (ROS), uncoupling of nitric oxide synthase (NOS), activation of nuclear factor-κB (NF-

κB), activation of nicotinamide adenine dinucleotide phosphate metabolism, and generation of pro-inflammatory 

cytokines lead to acute lung injury (ALI). In this review we present the current knowledge on DPP4 as a target to 

treat IRI in the lung. We also provide evidence of the roles of the DPP4 substrates glucagon-like peptide 1 (GLP-1), 

vasoactive intestinal peptide (VIP) and stromal cell-derived factor-1α (SDF-1α) in protection against oxidative stress 

through activation of the mitogen-activated protein kinase (MAPK) 1/2 and phosphatidylinositol 3'-kinase (PI3K)/

Akt signal transduction pathways.
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Introduction

Dipeptidyl peptidase 4 (DPP4, CD26) is a cell surface 
protease with a wide range of biological functions. As 
a serine-type protease, DPP4 preferentially cleaves off 
substrates with proline and alanine at the penultimate 
position. Expression of DPP4 is widespread throughout the 
body. In the lung, the capillaries may be the main source of 
DPP4 activity, while submucosal serous glands and alveolar 
cells also express DPP4 (1). 

Several substrates have been identified for DPP4 
amongst which the truncation of glucagon-like peptide 1 
(GLP-1) is certainly the best illustrated. GLP-1 acts as an 
incretin by amplifying the meal-induced insulin release and 

synthesis in a glucose-dependent way. GLP-1 suppresses the 
secretion of glucagon, is important for basal β cell function 
and is involved on many levels in the control of glucose in 
the intestinal tract and peripheral tissues (2). Because of the 
GLP-1 enhancing actions, DPP4 inhibitors are used in the 
treatment of diabetes mellitus type 2 (3). DPP4 functions 
beyond glycemic control include potential roles in cancer, 
HIV, autoimmunity and immunology (4,5). Increasing 
evidence suggests a role of DPP4 in ischemia-reperfusion 
injury (IRI) (6). Especially the role of DPP4 in cardiac IRI 
has been investigated. The use of DPP4 inhibitors resulted 
in a decrease of infarct size, improvement of cardiac 
function and a promotion of myocardial regeneration (7).
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Lung ischemia-reperfusion injury (LIRI) gives rise 
to acute lung injury (ALI), a disorder that is clinically 
manifested through non-cardiogenic pulmonary edema, 
respiratory distress and hypoxemia (8). LIRI occurs after 
lung transplantation, cardiopulmonary bypass cardiac 
surgery, trauma, pulmonary embolism, and resuscitation 
after hemorrhagic shock (9). The mechanisms of LIRI are 
complex as described by den Hengst et al. (10). In summary 
the pathophysiology is as follows: due to organ ischemia 
macrophages, endothelial cells, and other immune cells 
generate reactive oxygen species (ROS), cause uncoupling 
of calcium/calmodulin-dependent nitric oxide synthases 
(NOS), activate nuclear factor-κB (NF-κB), activate 
nicotinamide adenine dinucleotide phosphate oxidase 
(NOX) and generate pro-inflammatory cytokines. These 
actions lead to several changes in the microvasculature 
resulting in an increased pulmonary vascular resistance 
(PVR), increased microvascular permeability (Pμvasc), 
and pulmonary edema. After reperfusion, PVR is further 
increased mainly due to vasoconstriction causing further 
pulmonary edema formation also during reperfusion. 
Pμvasc increase during reperfusion is bimodal. A first 
step depends on factors that are derived from activated 
pulmonary macrophages, such as IL-8, IL-12, IL-18, 
TNF-α and platelet-activating factor (PAF). In a later phase 
Pμvasc is dependent on secretion products from activated 
neutrophils, such as ROS, IL-8, PAF and TNF-α (10).

This short review will focus the reported roles of DPP4 
in LIRI. We will discuss the possible beneficial role of 
dipeptidyl peptidase 4 inhibition (DPP4i) and describe the 
potential targets of DPP4i in the mechanism of LIRI. 

DPP4and lung ischemia reperfusion injury

Several studies have shown the attenuating effects of 
DPP4i on LIRI. Zhai et al. (11) used an irreversible DDP4 
inhibitor, AB192, in an ex-vivo perfusion model of lung 
transplantation in rats. In this study they demonstrated 
an improved oxygenation and reduced pulmonary airway 
pressure (PAWP). A follow-up study resulted in better lung 
function, lower PAWP, lower wet-dry ratio (an indication of 
pulmonary edema), lower myeloperoxidase (MPO) activity 
(reduced neutrophil activity), less histologic edema and 
congestion and a significantly vasoactive intestinal peptide 
(VIP) immunoreactivity in macrophages found in DPP4 
inhibited grafts (12). Jungraithmayr et al. (13) used a similar 
experimental protocol with AB192 in mice. DPP4i resulted 
in a significant improvement of lung function after 18 hours 

cold ischemic storage followed by 2 hours reperfusion, as 
compared to control animals. Normal functional histology 
was better preserved, a few macrophages were non-activated, 
and a significant reduction of neutrophil infiltration was seen 
after treatment. This study also demonstrated a significantly 
higher VIP-positivity in macrophages after DPP4i. In a 
similar study with rats undergoing lung transplantation these 
researchers showed comparable results in lung function, 
histology, and VIP-positivity in macrophages. They also 
found that the rejection reaction was less severe after 
DPP4i (14). VIP diminishes IRI by inhibition of NF-κB, by 
performing anti-apoptotic actions (via inhibition of caspase 
activity and upregulation of the anti-apoptotic protein bcl-2), 
and by preventing excitotoxic glutamate toxicity. Moreover 
VIP also serves as a free-radical scavenger, plays a protective 
role against xanthine oxidase, inhibits production of pro-
inflammatory cytokines TNF-α and IL-6, and inhibits NO 
production (15) VIP is also a strong vascular and bronchial 
dilator (16).

Stromal cell-derived factor-1α (SDF-1α) is a very 
important protein for the recruitment and homing of 
bone marrow-derived regenerative stem cells, and a 
known target of DPP4 cleavage. Through its receptor 
CXCR4 it improves stem-cell engraftment and enhances 
the chemoattractive response in response to injury and/or 
hypoxia. An IRI-lung transplant model in mice showed an 
upregulation of CXCR4, stabilization of SDF-1α, increased 
homing of regenerative progenitor cells to the transplant, 
and better recovery from LIRI (17).

Other possible roles of DPP4i in the lung

Oxidative stress

ROS mediate inflammatory reactions by activating 
alveolar macrophages, with stimulation of the release 
pro-inflammatory cytokines. A multitude of potential 
ROS generators should be taken into account, such as 
mitochondria, xanthine oxidase, NOX, NOS uncoupling 
and neutrophils (Figure 1) (10).

When the lung is deprived of oxygen, anaerobic 
glycolysis takes over the adenosine triphosphate (ATP) 
production from the normal oxidative phosphorylation. 
Because anaerobic glycolysis is unable to replenish the 
pool of ATP, a deficit of this necessary energy-storing 
molecule occurs. As a consequence the active transport 
of ions across the membrane is decreased resulting in an 
accumulation of sodium followed by cellular edema. Also 
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degradation of ATP to adenosine diphosphate (ADP), 
adenosine monophosphate (AMP), adenosine, inosine and 
hypoxanthine occurs during hypoxia (10,18)

Reperfusion is directly related to the formation of ROS by 
providing oxygen to xanthine dehydrogenase and xanthine 
oxidase to turn hypoxanthine into xanthine, H2O2 and ROS. 
NADPH is responsible for converting xanthine dehydrogenase 
irreversibly into xanthine oxidase. In the lung, ROS have an 
effect on the activation of inflammatory processes through 
transcription factors such as NF-κB, and on tissue damage by 
producing reactive nitrogen species (10,18).

The endothelial form of nitric oxide synthase (eNOS) 
is present in endothelial cells and can result in generation 
of superoxide if there is uncoupling of the reduction of 
molecular oxygen to L-arginine oxidation (19). Under 
normal conditions, NOS produces nitric oxide (NO) which 
plays an important role in vascular homeostasis (18) and 
has important anti-inflammatory functions (10). Inducible 
nitric oxide synthase (iNOS) may generate high levels 
of NO in ischemia-reperfusion. When NO reacts with 
ROS, it forms secondary reactive nitrogen species, such 
as nitrosonium cation (NO+), nitroxil anion (NO−) and 
peroxynitrite (ONOO−) (19,20). By reaction of NO with 
ROS, the physiological and protective action of NO will be 
lost, resulting in endothelial dysfunction (18). 

GLP-1 affects the production of free radicals in 

several ways and may therefore attenuate LIRI. Firstly, 
GLP-1 inhibits the production of free radicals by 
influencing NADPH oxidase through the cyclic adenosine 
monophosphate (cAMP)-protein kinase A (PKA) pathway 
(21,22). Inhibition of DPP4, significantly reduces vascular 
oxidative stress via multiple mechanisms. Attenuation 
of xanthine oxidase activity, expression of eNOS, and 
expression of NOX1, and NOX2 isoforms of NADPH 
oxidase was achieved through DPP4i in a lipopolysaccharide 
(LPS)-septic model. In the same model, DPP4i also 
preserved vascular function (23). DPP4i was reported to 
inhibit iNOS activity and iNOS-dependent NO production 
in a GLP-1 receptor dependent way in an LPS-septic 
model. The same study showed an inhibition of the NOX2-
isoform of NAPDH oxidase, with attenuation of ROS 
generation (24). DPP4i proved to reduce the inflammatory 
reaction by attenuation of the NF-κB p65 nuclear 
translocation and reduction of the release of inflammatory 
cytokines. DD4i further protects against oxygen radicals by 
increasing the expression of free radical scavengers, such 
as superoxide dismutase (SOD), glutathione peroxidase  
(GSH-Px) and thioredoxin (Trx) (25). 

Signal transduction pathways

The phosphatidylinositol 3'-kinase (PI3K)/Akt pathway, 

Figure 1 Schematic representation of the generation of ROS and reactive nitrogen species during lung ischemia reperfusion injury. ATP, 
adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; NO, nitric oxide; NOS, nitric oxygen species; 
NOX, nicotinamide adenine dinucleotide phosphate oxidase; ROS, reactive oxygen species; MΦ, macrophages; NO+, nitrosonium cation; 
NO−, nitroxil anion; ONOO−, peroxynitrite.
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Janus kinase 2/signal  transducer and activator of 
transcription 3 (JAK/STAT3) pathway, and p38 mitogen-
activated protein kinase (MAPK) pathway play pivotal roles 
in cell signal transduction, inflammation, stress, apoptosis, 
cell cycle, and cell growth (26). Akt is a serine/threonine 
kinase that acts downstream of PI3K. Akt has a variety of 
functions in apoptosis, proliferation, and differentiation (26).  
Akt and MAPK activate redox-sensitive transcription 
factor NF-E2-related factor 2 (NrF2), which is essential 
for protection against oxidative stress in different forms of 
ALI. NrF2 binds with the antioxidant responsive element 
(ARE) to promote gene expression of several antioxidant 
enzymes (27-29). The latter might play an important 
role in protection against ROS in LIRI. However to our 
knowledge no LIRI studies were performed to characterize 
the role of NrF2 in this disorder. In ventilator-induced lung 
injury (VILI) silencing of PI3K/Akt turned out to attenuate 
injury and to increase glutathione concentrations (8). 

MAPK activation can promote production of inflammatory 
cytokines (e.g., TNF-α, IL-8) in mononuclear macrophages, 
and mediate the activation of neutrophils (26). TNF-α 
regulates several important pro-inflammatory, damage-
inducing actions. Intercellular adhesion molecule-1 (ICAM-1)  
on endothelial cells will be upregulated, which will facilitate 
leukocyte extravasation into the tissue. It will further 
upregulate the expression of P-selectin on endothelial cells 
and CD-18 on neutrophils. TNF-α will cause degranulation 
of adherent neutrophils and an increase of ROS (30). 
TNF-α activation of ICAM-1 is regulated through Akt/
MAPK/c-Jun N-terminal kinase (JNK) phosphorylation and  
NF-κB (31) Hwang et al. (32) showed that DPP4i prevents 
injury by attenuating NF-κB via an Akt dependent pathway. 
Also thrombin-induced activation of NF-κB and subsequent 
expression of IL-8 was reported to be regulated through the 
PI3K/Akt pathway in the lungs (33).

Non-cardiac edema is a clinical outcome of ALI. Fluid 
volume in the lungs is determined by alveolar fluid clearance 
(AFC), which is related to the balance of trans-epithelial 
Na+ transport. AFC is impaired in ALI. The epithelial 
sodium channel (ENaC) is the primary determinant of 
AFC. ENaC can be activated by insulin through the PI3K/
Akt pathway. Insulin further reduced ALI by attenuating the 
increase of TNF-α, IL-6, MPO activity and reducing the 
number of neutrophils (34).

DD4i may influence the previously mentioned signal 
transduction pathways by several mechanisms. The first 
mechanism might be through stabilization of GLP-1.  
GLP-1 has been shown to activate the cAMP-PKA pathway 

which in turn activate PI3K/Akt and MAPK. These actions, 
combined with reduction of oxidative stress and attenuation 
of neutrophil activation, was shown to lead to reduction 
of infarct size in certain cardiac ischemia-reperfusion 
models (35). Secondly, SDF-1α may play an important 
role in these pathways. The actions of SDF-1α through 
CXCR4 receptors were linked to MAPK and PI3K/Akt 
(36-38). In ischemic myocytes, SDF-1α/CXCR4/MAPK 
and SDF-1α/CXCR4/Akt interactions were important for 
protection against IRI (37). The same results were seen in 
cardiomyocytes where DPP4i reduces the concentrations of 
pro-inflammatory cytokines and restored SDF-1α to normal 
levels (39). These mechanisms might also play a role in the 
ischemic lung. Upregulation of SDF-1α and its receptor 
CXCR4 is seen after DPP4i in lung transplants (17). 
Thirdly, insulin is increased by DPP4i through inhibition 
of DPP4 cleavage of GLP-1, pituitary adenylate cyclase-
activating peptide, VIP, glucose-dependent insulinotropic 
peptide, and neuropeptide Y (1). Therefore increased 
insulin levels might improve clearance of lung edema 
through ENaC and alleviate the symptoms of ALI.

Discussion

The serine-type protease, DPP4 has potential roles in 
cancer, HIV, autoimmunity and immunology (4,5) but 
is also involved in the inflammatory reaction caused by 
ischemia and subsequent reperfusion (6). As shown in 
Figure 2, LIRI is a complex process in with several possible 
target sites for DPP4i. Macrophages and neutrophils 
are determining for the development of LIRI (10). ROS 
play a central role in the development of LIRI. During 
ischemia the degradation of ATP to hypoxanthine will 
cause production of ROS through xanthine oxidase. During 
reperfusion hypoxanthine will be converted in the presence 
of oxygen, by xanthine dehydrogenase and ultimately will 
cause a spike of ROS (10). DPP4i has proven to normalize 
the activity of xanthine oxidase in an LPS-sepsis model (23) 
but this has not been validated yet in a LIRI-model. VIP has 
an important protective role against xanthine oxidase(15) 
and might be responsible for the reduction of xanthine 
oxidase levels in LIRI. Several LIRI studies indeed showed 
higher VIP-activity (12-14), which gives an incentive to 
further investigate the potential of VIP-induced xanthine 
oxidase inhibition during ischemia-reperfusion in the lung.

DPP4i reduces ROS production by NADPH oxidase 
production through the GLP-1/cAMP/PKA pathway 
in LPS-models (21,23,24). As NAPDPH oxidase plays 
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only a small role in the pathophysiology of LIRI (10), the 
attenuating potential role of DPP4i on ROS production 
might be limited with respect to this possible cause of ALI. 

ROS produce secondary reactive products such as NO+, 
NO−, and ONOO− through a reaction with NO (19). In 
lungs, NO is physiologically produced by NOS but is 
generated in high levels during ischemia-reperfusion by 
iNOS. DPP4i proved to inhibit iNOS activity and NO 
production in a GLP-1 dependent manner in an LPS-
model (24). Due to the importance of iNOS for LIRI, 
this mechanism could be an important target for further 
investigation in LIRI models.

Free radical scavengers such as SOD, GSH-Px, and Trx 

are natural protectors against excessive ROS production. 
DPP4i has been shown to increase the production of SOD, 
GSH-Px, and Trx in an atherosclerosis model (25). The 
possible mechanisms of this upregulation are higher levels 
of GLP-1 and/or via SDF-1α stimulation of the PI3K/
Akt/NrF2 and MAPK/NrF2 pathways (27,28). After VILI 
however, PI3K/Akt inhibition caused attenuation of injury 
and increased GSH activity (8). Jungraithmayr et al. (17) 
showed an upregulation of the CXCR4 receptor for SDF-
1α and stabilization of SDF-1α itself in a lung transplant 
model giving rise to speculations about the role of these 
pathways in LIRI. The role of NrF2 activation in LIRI 
remains uncertain and needs further investigation.

Figure 2 Schematic representations of the potential therapeutic targets of DPP4i during lung ischemia reperfusion injury. Stimulating 
actions are indicated by arrows while inhibiting actions are indicated by . DPP4, dipeptidyl peptidase 4; DPP4i, dipeptidyl peptidase 4 
inhibition; VIP, vasoactive intestinal peptide; GLP-1, glucagon-like peptide 1; cAMP, cyclic adenosine monophosphate; PKA, protein kinase 
A; iNOS, inducible nitric oxide synthase; NO, nitric oxide; ROS, reactive oxygen species; MΦ, macrophages; NO+, nitrosonium cation; 
NO−, nitroxil anion; ONOO−, peroxynitrite; NF-κB, nuclear factor-κB; PI3K, phosphatidylinositol 3’-kinase; SDF-1α, stromal cell-derived 
factor 1α; NrF2, NF-E2-related factor 2; MAPK, mitogen-activated protein kinase; ENaC, epithelial sodium channel.
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Conclusions

DPP4i might have an important therapeutic potential for 
lung ischemia reperfusion injury. We showed an incentive 
for the protective role of the DPP4 substrates VIP, GLP-
1 and SDF-1α in lung ischemia reperfusion injury. The 
protection could be attributed to the anti-inflammatory 
actions of VIP, glucagon-like peptide-1, and SDF-1α such 
as attenuation of oxidative stress, neutrophil activation, 
NF-κB activation, cytokine release, and anti-apoptotic and 
regenerative functions. 
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