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Deletion of the adenosine A2A receptor increases the survival rate
in a mice model of polymicrobial sepsis
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Abstract
We aim to investigate the role of A2A receptor in peritonitis-related sepsis by injection of a fecal solution (FS) as a model of
polymicrobial infection. C57/black J6 wild-type (WT) and A2A-deficient mice (A2AKO) were exposed to sepsis induced by
intraperitoneal injection of a FS (FS-induced peritonitis) or instead was injected with saline buffer (Sham). Survival rate and
sepsis score were measured up to 48 h. The presence of bacteria in tissue homogenates was analyzed. Telemetry and speckle laser
Doppler were used for systemic blood pressure and peripheral blood perfusion analysis, respectively. Histological analysis and
identification of active caspase 3 were performed in selected organs, including the liver. The survival rate of A2AKO mice
exposed to FS-induced peritonitis was significantly higher, and the sepsis score was lower than their respective WT counterpart.
Injection of FS increases (50 to 150 folds) the number of colonies forming units in the liver, kidney, blood, and lung inWTmice,
while these effects were significantly attenuated in A2AKO mice exposed to FS-induced peritonitis. A significant reduction in
both systolic and diastolic blood pressure, as well as in the peripheral perfusion was observed inWT and A2AKOmice exposed to
FS-induced peritonitis. Although, these last effects were significantly attenuated in A2AKOmice. Histological analysis showed a
large perivascular infiltration of polymorphonuclear in the liver of WT and A2AKO mice exposed to FS-induced peritonitis, but
again, this effect was attenuated in A2AKO mice. Finally, high expression of active caspase 3 was found only in the liver of WT
mice exposed to FS-induced peritonitis. The absence of the A2A receptor increases the survival rate in mice exposed to
polymicrobial sepsis. This outcome was associated with both hemodynamic compensation and enhanced anti-bacterial response.
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IL Interleukins
iNOS Nitric oxide inducible synthase
NF- κB Nuclear factor κB
NO Nitric oxide
TNFα Tumor necrosis factor α
VEGF Endothelial growth factor

Introduction

Sepsis has been defined as a life-threatening systemic dys-
function linked with deregulation of the host response
to bacteria, fungi, viruses, or parasites infections [1]. Sepsis
is the leading cause of mortality in critical care units [2], with a
mortality rate between 25 and 77% [3]. Despite this high neg-
ative impact in social, epidemiological, and health care [4], the
pathophysiology of sepsis is not completely understood.

Current understanding of the pathophysiology of sepsis
involves an imbalance between the synthesis of pro-
inflammatory cytokines (such as interleukin-6) [5] and anti-
inflammatory cytokines (such as interleukin-10) [6] that pro-
motes an immunosuppressive state, which in turn leads to
uncontrolled infection, sepsis progression, multisystem fail,
and death [7]. The liver plays a central role in metabolic he-
mostasis and the host defense against pathogens; albeit, liver
function can be acutely compromised by shock as in severe
sepsis. Indeed, the development of liver failure in sepsis is
recognized as a major complication, which contributes to the
severity of the sepsis and limits positive outcomes [8]. Also,
septic patients exhibit generalized hemodynamic failure and
decline in tissue perfusion [9–11] associated with both macro-
and microvascular alterations and endothelial dysfunction [7].
All of those alterations involve paracrine mediators such as
adenosine [12].

High plasma levels of adenosine (ADO), a nucleotide de-
rived from the metabolism of adenosine triphosphate (ATP),
have been described in septic patients [13]. The clinical sig-
nificance of this elevation is unclear. But, adenosine activates
a family of G-coupled protein membrane receptors identified
as adenosine receptors type A1, A2A, A2B, and A3, which are
involved in the regulation of inflammation, immunity, vascu-
lar tone, hemostasis, angiogenesis, among others key homeo-
static process [14, 15] altered in septic patients.

In sepsis, the A2A receptor expressed by antigen-presenting
cells [16], lymphocytes [17], and neutrophils [12] has been
initially associated with anti-inflammatory effects [18–20].
The relevance of A2A adenosine receptors in sepsis has been
further confirmed using mice lacking this receptor (A2AKO).
However, reports using A2AKO are contradictory. For in-
stance, compared to wild-type (WT) mice, some reports indi-
cate that A2AKO mice have increased mortality when sepsis
was generated by monomicrobial infection [21], while other
reports indicate that these mice have increased survival rate

when sepsis was generated by polymicrobial infection [22,
23]. Among several differences between the models of sepsis
in A2AKO mice, appears that in sepsis generated by
polymicrobial infection (i.e., cecal ligation and puncture
(CLP)), A2AKO mice exhibit longer survival rates, reduced
anti-inflammatory response, and limited systemic bacterial
progression than their WT counterparts [8, 21, 22, 24], sug-
gesting that participation of A2A in sepsis is more complex
than initially thought. Due to the ubiquitous expression of A2A

on different cells belong to cardiovascular, immune, or hepatic
systems, it is highly probable that lacking A2A also interferes
in the normal function of those systems.

In the cardiovascular system, there is no information on
how the lack of A2A receptors may interfere in the hemody-
namic alterations observed in septic mice. This is relevant
since it is well-characterized that WT mice exposed to CLP
exhibit an hypodynamic phase 24 h after infection insult. This
hypodynamic phase is characterized by a decrease in cardiac
output, mean blood pressure, oxygen utilization, and impor-
tantly, a reduction in the blood flow perfusion in organs such
as the intestine, spleen, and kidneys. All these changes are
associated with an increase in vascular resistance [25].
Whether the A2A receptor is participating in these hemody-
namic and tissue perfusion changes during sepsis is unknown.
Although, activation of the A2A receptor generates vasodila-
tion under physiological conditions [26, 27], while the
endotoxin-induced hypotension is not further affected after
A2A stimulation [28].

This study aims to investigate the role of A2A receptor in
peritonitis-related sepsis by injection of a fecal solution (FS-
induced peritonitis) as a model of polymicrobial infection.
Our a priori hypothesis was that A2AKO mice exposed to
FS-induced peritonitis has a better survival rate associated
with reduced bacteremia and vascular alterations than their
WT counterpart.

Methodology

Animals and ethics

C57BlackL/6 mice were purchased from the animal facility of
the Pontificia Universidad Católica de Chile (PUC). Dr.
Jiang-Fan Chen from Boston University, USA, donated
A2AKO mice. The generation of A2AKO mice has been de-
scribed in detail previously (Chen et al., 1999). In brief, an
A2A receptor genomic fragment was split by a positive selec-
tion marker (neomycin cassette), which replaced the 3′ end of
exon 2, the adjacent 5′ splice junction, and intron sequences.
Confirmation of A2AKO was performed using the amplifica-
tion of neomycin cassette using PCR.Mice were housed at the
Universidad de Valparaiso, Chile animal facility where they
were kept under standard environmental conditions, which
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included controlled temperature (25 °C) and humidity, expo-
sure to 12/12-h light/darkness cycles, and food and water sup-
ply at libitum. Specimens were maintained in a pathogen-free
environment [29]. All the experiments were performed in
compliance with the “3R” principals for animal experimenta-
tion [30, 31], and following the recommendations of the
guidelines for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health. The Ethical
Committee from the Universidad del Bio Bio (UBB) and
FONDECYT (FONDECYT 1140586, Chile) approved the
protocol.

As the inflammatory response differs between males and
females [32], we decided to include only male mice (aver-
age age was 8 ± 0.5 months) that were subdivided into four
groups: (1) Sham wild-type mice (WT-sham, n = 4); (2) WT
mice exposed to FS-induced peritonitis (n = 11); (3) Sham
A2AKO mice (n = 4); and (4) A2AKO mice exposed to FS-
induced peritonitis (n = 11). Also, a 48-h time point was
chosen to analyze bacterial clearance, hemodynamics, and
organ damage to characterize the response of the surviving
mice.

Sepsis by injection of a fecal solution

Intraperitoneal injection of a fecal solution (FS) was per-
formed as previously described [33]. Briefly, fresh feces were
collected from a donor mouse, which was previously isolated
and maintained under similar conditions as the experimental
mice. The feces were weighed and subsequently diluted in
saline solution (NaCl 0.9% g/v) at a final concentration of
45 mg/ml. To ensure reproducibility, the procedure was stan-
dardized using a fresh solution prepared from the same donor
mouse. The solution was filtered using a 50-μm nylon poly-
mer membrane.

For the induction of sepsis, a single intraperitoneal injec-
tion of FS (1.5 mg/kg) was performed. As a control (sham
group), another group of mice received only an intraperitoneal
injection of saline solution (NaCl 0.9%, g/v). All procedures
were performed in mice anesthetized with isoflurane (2–
2.5 μg/g weight). After anesthesia, mice received two doses
(every 12 h) of ketoprofen (5 μg/g of body weight).

To avoid day-to-day variations in the bacterial content of
the fecal material, stool samples were collected only in the
morning, after a fast of at least 12 h. A maximal of four mice
per day were injected with the same FS. From them, WT and
A2AKO mice were treated side-by-side.

Monitoring of the clinical condition

Mice were clinically evaluated at 0, 6, 12, 24, and 48 h after
induction of sepsis using the “murine sepsis score (MSS)”
scale, which was previously validated [33]. Mice were evalu-
ated while they were in their cages (with the caps removed for

better visualization). The MSS is directly proportional to the
severity of the sepsis.

Speckle laser perfusion analysis

Tissue perfusion analysis was performed using the Pericam®
PSI-HR system (Perimed Ltd., Stockholm, Sweden). In this
equipment, the interaction between the laser and the red blood
cells produced a set of points that generate a color map with a
chromatic scale ranging from blue (reduced blood flow) to red
(high blood flow). The analysis matrix includes an area of
64 × 64 points. Blood flow was recorded in the dorsal area
of the anesthetized animal (inhalation isoflurane, a loading
dose of 2–2.5 μL/g for 5 min). Both WT and A2AKO mice
were analyzed side-by-side. Briefly, mice had their dorsal area
shaved 1 day before initiate the tissue perfusion analysis.
Shaving was also performed in anesthetized mice (isoflurane
2 μL/g for 30 seg) and using both an electric and manual razor
to completely remove the hair. This prior depilation avoids the
detection of changes in blood perfusion due to skin irritation.
Besides, blood perfusion was measured without any pharma-
cological or physical stimulation. Two independent observers
who did not know the experimental condition carried out the
analysis of the images. The observers defined the regions of
interest (ROI) considering the stability of recorded signals.

Blood pressure

Blood pressure was measured with the CODA® system (Kent
Scientific, Torrington, CT, USA). Blood pressure was mea-
sured at baseline and 48 h post sepsis induction. In preparation
for the non-invasive blood pressure procedure, all mice were
previously anesthetized (inhalation isoflurane, a loading dose
of 2–2.5 μL/g). After 5 min of adaptation, pressure measure-
ments were performed on anesthesia-free conditions.

Samples of blood and organs

BloodBlood samples were obtained after a cardiac puncture at
48 h post sepsis induction. Collected blood samples were split
into tubes without and with heparin (Becton Dickinson,
Franklin Lakes, New Jersey, USA). For isolation of serum
or plasma, respectively, the blood was centrifuged at 2.000 g
per 10 min. Serum and plasma were frozen at − 80 °C until
further analysis.

Aliquots of heparinized blood samples (1 μL) were sowed
on blood agar plates (Valtek, Santiago, Chile) and incubated
for 48 h at 37 °C. The number of colony-forming units (CFU)
was visually counted and multiplied by 1.000, as previously
described [34].

TissuesOrgans were dissected under sterile conditions. Tissue
procurement was conducted ex vivo through a medial incision
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in the thorax and abdomen. The organs collected included
kidneys, liver, and lungs. Those were deposited in sterile
tubes. After that, tissues (1 g) were homogenized
(Homogenizer, Daihan, Korea) in a sterile phosphate buffer
solution (PBS; NaCl 138 mM, KCl 3 mM, Na2HPO4 8.1 mM,
KH2PO4 1.5 mM solution) (1 ml) and subsequently centri-
fuged (2500 g per 10 min). An aliquot of the supernatant
(1 μL) from each tissue was sowed on blood agar plates
(Valtek, Santiago, Chile) and used for CFU counting as indi-
cated above.

Histology

Samples of the spleen, heart, liver, and kidney were fixed in
formalin (in PBS, 4%, v/v) for 48 h. Tissue inclusion in par-
affin was performed automatically (Leica Biosystem,Wetzlar,
Germany) using the protocol previously described [35].
Subsequently, tissues were sectioned (4 μm) and stained with
hematoxylin/eosin. Photos were taken with × 400 magnifica-
tion in an optical microscope (Leica Biosystem, Wetzlar,
Germany). A blind histological examination was performed
by a pathologist (PS) considering previous publications [36].

Also, images of tissues stained with hematoxylin/eosin
were used to estimate the area occupied by polymorphonucle-
ar cells (PMN). Briefly, random histological sections were
used to specifically visualize areas with PMN infiltration.
Then, areas of PMN infiltration identify by microscopy were
photographed. Photos were processed using ImageJ software
(NIH, Bethesda, Maryland, USA). Thus, the obtained picture
was used to contrast differences (threshold) in 16-bit images to
identify representative cellularity of PMN. Subsequently, the
number of particles (i.e., PMN) was quantified using a specific
plug-in from the Image J software. The particle count is
expressed per area analyzed.

Immunohistochemistry

Immunohistochemistry of active caspase 3 was performed ac-
cording to a previously established protocol [37]. Random
sections (4 μm) were deparaffinized and rehydrated. Antigen
retrieval was performed by incubating the sections in 10 mM
acetate sodium buffer (pH 6.0) at 95 °C for 10 min, aiming to
restore epitope-antibody binding. After, the sections were
treated with 3% (v/v) hydrogen peroxide (H2O2) in phosphate
buffer saline (PBS) for 30 min, to block endogenous peroxi-
dase activity. Each of the succeeding steps was followed by a
thorough rinse with PBS. All steps were performed in a humid
chamber, and care was taken to avoid the dehydration of the
sections. Nonspecific staining was blocked by immersion in
Cas-Block solution (Thermo Fisher Scientific, Whaltham,
MA, USA) and subsequently by goat serum (Gibco) for
30 min. Sections were incubated with the primary antibody
anti-active caspase 3 using a rabbit polyclonal antibody

directed to the large fragment (17 kDa) of the active protein
(BD Biosciences, Le Pont-de-Claix, France), diluted 1:500 in
PBS containing 0.3% (v/v) Tween 20, overnight at 4 °C. After
extensive rinsing in PBS, all sections were incubated for 1 h at
room temperature, with peroxidase-conjugated goat anti-
rabbit IgG (Rockland) diluted 1:1500 in PBS. The peroxidase
reaction was visualized using the NovaRED® kit (Vector lab,
Burlingame, CA, USA). After immunostaining, sections were
lightly stained with Mayer’s hematoxylin (Merck, Darmstadt,
Germany).

For each immunohistochemical reaction, controls were
performed by incubating the sections with PBS or by omitting
the primary antibody. Sections were examined in a Zeiss
Axioskop 2 microscope, and the images were captured using
a digital camera (Canon) and KS 100 3.0 software (Zeiss,
Oberkochen, Germany). The samples were analyzed in a blind
manner using images taken at × 40. Estimation of active cas-
pase 3 levels was performed using a scale of crosses, using the
Image-Pro-Plus software (Media Cybernetics, Silve Spring,
MD, USA).

Statistical analysis

Values are presented as means ± SEM. Variables were ana-
lyzed using a nonparametric test considering data distribution.
Kaplan-Meier curve and log-rank were used for survival anal-
ysis. Besides, since analysis includes two factors, A2AKO and
FS-induced peritonitis, the analysis of differences between
groups was analyzed using a two-way analysis of variance
(ANOVA). When significant differences were found in the
ANOVA analysis, the Mann-Whitney test was used to com-
pare two groups. p < 0.05 was considered as statistically sig-
nificant. GraphPad Prism 5.00 (GraphPad Software, San
Diego, CA, USA) was used for statistical analysis.

Results

Effect of A2A receptor knockdown in survival rates
after FS-induced peritonitis

Mice exposed to FS-induced peritonitis were clinically mon-
itored using the MSS [33] up to 48 h post-infection. A signif-
icantly higher survival rate in A2AKO than WT mice exposed
to FS-induced peritonitis (70% versus 30%, Chi2; 32;
p < 0.0001) was found (Fig. 1a). Survival in the sham groups
was 100% in both WT and A2AKO mice. Correspondingly,
survived mice in the A2AKO group exposed to FS-induced
peritonitis were clinically less compromised since the score
in the MSS at 6 and 12 h after FS injection was significantly
lower than their respective counterpart in the WT group
(Fig. 1b). The maximum score of the MSS was reached earlier
in the A2AKO than the WT mice (6 h versus 12 h,
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respectively). After that, a sustained decline in the MSS was
found in both groups. The control group (sham) showed min-
imal score in the MSS during the whole period of analysis in
both WT and A2AKO mice. Then, compared to FS-induced
peritonitis, shamWTmice showed significantly reducedMSS
(p < 0.001) up to 24 h after FS injection, while significant
differences (p < 0.05) between FS-induced peritonitis versus
sham A2AKO mice were found only up to 12 h post-FS
injection.

Effect of A2A receptor knockdown on bacterial load

To analyze the spread of bacterial load (i.e., septicemia), we
measured the CFU using supernatants of tissue homogenates
obtained from the liver, kidney, and lungs, as well as plasma

from the bloodstream. Septicemia was evident only in WT ex-
posed to FS-induced peritonitis, since a high number of CFUwas
found in all analyzed tissues, reaching statistical significance in
the liver and kidney compared to shammice. However, the num-
ber of CFU found in A2AKO mice exposed to FS-induced peri-
tonitis was low in all analyzed tissues compared to WT mice
exposed to FS-induced peritonitis. In the liver, kidney, and blood
of A2AKO mice exposed to FS-induced peritonitis, the number
of CFU did not exceed 30% of those present in their respective
counterpart in WT mice (Fig. 2).

Hemodynamic changes induced by sepsis

Basally, there were no significant differences in systolic (124
± 28 versus 130 ± 27mmHg) or diastolic blood pressure (91 ±
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27 versus 97 ± 25 mmHg) between sham WT and sham
A2AKO mice, respectively (Fig. 3a, b). However, after FS-
induced peritonitis (48 h), a significant drop (p < 0.0001) in
systolic and diastolic blood pressures was found in both WT

andA2AKOmice. Interestingly, the decline in both systolic (−
33 ± 7 versus − 40 ± 5 mmHg) and diastolic blood pressure (−
29 ± 5 versus − 35 ± 4 mmHg) induced by FS-induced perito-
nitis was lower in A2AKO mice than WT, respectively.

Tissue perfusion was analyzed in the skin (dorsal area,
Fig. 4a). Tissue perfusion was significantly reduced in sham
A2AKO compared to sham WT mice (93 ± 3 vs. 134 ± 5 per-
fusion units, respectively, p < 0.0001) (Fig. 4b, c).
Furthermore, WT mice exposed to FS-induced peritonitis ex-
hibited a substantial drop in the blood perfusion at 48 h post-
infection (p < 0.0001), while this effect was absent in A2AKO
mice. Indeed, perfusion units in A2AKO exposed to FS-
induced peritonitis mice were 2-fold higher than their respec-
tive counterpart in WT mice (p < 0.0001) (Fig. 4c).

Ex vivo analysis of selected tissues

Large inflammatory infiltration was found only in the liver of
WT and A2AKOmice exposed to FS-induced peritonitis com-
pared to respective sham controls (Fig. 5a). Microscopic anal-
ysis showed that these infiltrations were mainly neutrophils
(or polymorphonuclear cells, PMN). This PMN infiltration
was particularly located in the perivascular area.
Remarkably, the area of PMN infiltration was lower in
A2AKOmice thanWTmice exposed to FS-induced peritonitis
(1.7 ± 0.2 vs. 4.2 ± 0.1-fold, respectively, p = 0.01) (Fig. 5b).

We also look for expression of the apoptosis marker, active
caspase 3, in tissues such as the liver, spleen, heart, and kid-
ney. Again, significant differences were found only in the
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liver. Thus, staining for active caspase 3 was higher in WT
mice exposed to FS-induced peritonitis compared to A2AKO
mice (Fig. 5c, d). Indeed, the staining for active caspase 3
active was neglected in A2AKO mice.

Histological studies found no pathological changes in the
spleen, heart, and kidney of mice of both strains, neither con-
sidering sham or sepsis induced by FS-induced peritonitis
(data not shown).

Discussion

We found that a lack of A2A receptor resulted in an enhanced
survival rate after polymicrobial infection induced by injec-
tion of a FS. This effect was associated with an improvement
in the clinical and hemodynamic status. But, it also was asso-
ciated with a decrease in both systemic bacterial spread and
liver inflammatory alterations (including reduced liver infil-
tration of PMN and cellular apoptosis). Therefore, our results
suggest that blockage of A2A may be a therapeutic option for
reducing mortality associated with sepsis.

The participation of the A2A receptor in sepsis has shown
apparent contradictory results when experimentation includes
the analysis of A2AKO mice. The reasons for this apparent
discrepancy are not clear, but we suggest that the induction of
sepsis by a monomicrobial [21] or polymicrobial stimuli [22,
23] provides different outcomes that are not comparable to each
other. For example, on one side, activation of A2A using the

selective agonist, ATL146e, protected mice from lipopolysac-
charide (LPS) challenge [20]. Also, the genetic deletion of the
A2A receptor inhibited the protection mediated by ATL146e in
this model. Furthermore, activation of the A2A receptor provid-
ed substantive hepatoprotective effects in septic mice [8].
Underling mechanisms of the pro-survival role of A2A in those
models of sepsis may be associated with its anti-inflammatory
effect [38], evidenced as the reduction in the levels of pro-
inflammatory interleukins [20, 39], such as including IL-6
[40], tumor necrosis factor-alpha (TNFα) [16], interleukin 12
(IL-12) [41], and interferon-gamma (IFN-γ) [42].

On the other hand, adenosine signaling has been recog-
nized as the mediator of immunosuppressive signals within
the inflammatory microenvironment that are safeguarding
bacteria by rendering immune cells hyporesponsive. A study
[22] showed that A2AKO mice were protected from the lethal
effect of CLP-induced polymicrobial sepsis, and had im-
proved bacterial clearance compared with WT mice. Those
last findings agree with our results analyzing the survival rate
of A2AKO mice exposed to FS-induced peritonitis. Also, in
the above study, apoptosis was attenuated in the spleen of
septic A2AKO mice, which again agree with our findings in
the liver of A2AKO mice exposed to FS-induced peritonitis.
Other studies had confirmed that inhibition of the A2A recep-
tor improves the welfare of mice with sepsis [43], as A2A

adenosine receptor deficiency dramatically decreased perito-
neal, splenic, and blood bacterial levels in a chronic model of
CLP-induced sepsis. Those last results are compatible with

a

b

d

c

Fig. 5 Histological analysis and cell apoptosis in the liver of septic mice.
The liver from survived wild-type (WT) and A2A-deficient (A2AKO)
mice exposed to FS-induced peritonitis or injection of saline solution
(Sham) were used for a histological analysis using hematoxylin/eosin
staining. Arrow represents polymorphonuclear (PMN) infiltration in the

perivascular area. b Quantification of the area occupied by PMN
(remarked with arrows) in the perivascular area of the liver. c
Representative image of immune detection of active caspase 3 (arrows).
d Semiquantitative analysis (in cruses) of active caspase 3 active staining.
N = 4 per group
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our findings in which significantly less bacterial load (i.e.,
CFU) was found in the liver and kidney of septic A2AKO
mice, compared to their respectiveWT counterpart. Also, con-
trary to those previous publications [22, 43], we did not study
the secretion of cytokines, but we have characterized changes
in the blood pressure and peripheral blood perfusion (see be-
low). Nevertheless, mechanistically, activation of A2A recep-
tors can upregulate the expression of anti-inflammatory inter-
leukins, such as IL-10 in monocyte [44] or macrophages [45],
and not only pro-inflammatory cytokines as described above.
Furthermore, A2AKO mice exposed to CLP showed reduced
levels of IL-6, TNF srl, TNF srll, without changes in TNF- α,
IL-1β, and MCP1 at 6 h after infection [43]. Altogether, these
data demonstrate that A2A blockade may be an effective im-
munotherapy treatment to prevent bacterial overgrowth and
reduce mortality in septic patients, in particular, due to
polymicrobial infection such as we presented in our results.

Potential mechanisms leading to opposite outcomes after
polymicrobial challenge versus single-strand bacteria/LPS
studies under A2A-depleted conditions are unclear. In the hu-
man context, evidence has demonstrated that mortality in sep-
tic patients is associated with secondary or multiple infections
[46], while the differential outcome based on the intensity of
the inflammation has been previously reported in septic pa-
tients [47]. Then, the difference may be explained, at least in
part, due to the chosen animal model. For instance, while the
LPS-induced sepsis would not be an appropriate model for
replicating human sepsis and its immunological response
[48], the CLP model may resemble “more closely” human
sepsis with its characteristic pro-inflammatory interleukin
burst [49, 50]. We used the FS-induced peritonitis, as a sepsis
model, which has been compared to CLP model in rats [51].
Among many similarities, the FS-induced peritonitis induces
a more severe alterations in coagulation, microcirculation, and
multiple organ dysfunction, which was traduced in higher
(100% versus 60%, 72 h mortality) and faster mortality
(70% versus 40% mortality occurred at 12 h, respectively)
than the CLP model. These differences were attributed to the
massive release of inflammatory factors in the early stage,
characteristic of FS-induced peritonitis. Then, the FS-
induced model has been recommended to investigate the acute
stage of the sepsis, while the CLP model could be used in the
investigation related to the acute inflammatory stage, as well
as the immune-inhibition stage [51]. Whether different sepsis
models might generate a differential activation of adenosine
receptors is largely unknown. Although, we suggest that A2A-
dependent inhibition at the early stage of the inflammatory
cascade, as using A2AKO mice, might prevent the triggering
of the interleukin burst and/or delimitate the dynamic in the
synthesis and release of the anti-inflammatory and pro-
inflammatory cytokines observed in sepsis.

Another potential issue will be the potential compensatory
effect that may generate other adenosine receptors in the

A2AKO mice model of FS-induced peritonitis. Particularly,
studies have shown that the deletion of either A1 [52] or A2B

[23, 53] or A3 [54] adenosine receptors results in impaired
survival in response to CLP-induced sepsis. Similarly to
A2AKO mice, contradictory findings in A2B receptor–
deficient mice (A2BKO) exposed to CLP have been described,
showing higher [53] or reduced mortality [23] compared to
WT mice. As indicated, previously, differences might be
interpreted as methodological variations, as stated by the au-
thors [23] such as variation in the numbers of bacteria in the
peritoneal cavity, as well as differentially inflammatory re-
sponses. Also, similar to the A2A receptor, activation of the
A2B receptor was associated with elevated or decreased levels
of inflammatory mediators. Then, the apparent paradox of
adenosine receptors to protect or not the host while
safeguarding pathogenic bacteria can be explained by the con-
served role for adenosine to prevent self-inflicted tissue dam-
age during inflammation. In this regard, despite we did not
study the expression of the A2B or any of the other adenosine
receptors in our experimental setting, previous evidence in our
laboratory have shown no significant changes in the mRNA
levels of A1, A2B, or A3 receptor in pulmonary endothelial
cells isolated from A2AKO mice compared to cells from WT
mice (unpublished results). Future studies should be focused
on better understand the crosstalk between the adenosine re-
ceptors during sepsis.

The improved clinical condition observed in A2AKO mice
at 48 h post-infection might be associated with the high bac-
tericidal capacity of PMN. In particular, neutrophils are an
abundant source of adenosine, while activation of A2A recep-
tor reduces the granule release, and oxidative burst, therefore
limiting the excessive tissue damage and promotes endothelial
barrier function and repair [55]. In this regard, we found re-
duced PMN infiltration in the liver, associated with less bac-
terial load (i.e., CFU) in different tissues of A2AKO mice
exposed to FS-induced peritonitis. We could speculate that
cellular and humoral response might be more effective with
less tissue damage in A2AKO mice exposed to FS-induced
peritonitis than their WT counterpart. In favor of this last
hypothesis, our results indicate increased hepatic cellular ap-
optosis only in the WT mice exposed to FS-induced peritoni-
tis, suggesting excessive liver compromise in those mice.

Sepsis is also associated with endothelial dysfunction [56],
as suggested in our results. In this regard, adenosine and acti-
vation of A2A regulate vascular functions including vasorelax-
ation [26], and angiogenesis [57], which in turn are upregu-
lated in sepsis [58]. Our results showing reduced perfusion
levels in sham-treated A2AKO mice might reflect A2A-medi-
ate vasorelaxation [26]. Since high levels of adenosine have
been detected in septic patients [13], we can expect that these
vascular effects of sepsis could be also upregulated. However,
little is known about A2A-mediated vascular effects during
sepsis. In our experimental setting, it is not clear, if the drop
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in peripheral perfusion in septicWTmice is directly caused by
A2A receptor activation in the cardiovascular system or wheth-
er it is the consequence of hemodynamic failure following a
deranged immune response. To better define the role of aden-
osine, future studies testing how treatment with adenosine (or
A2A agonists) affects cutaneous microperfusion in healthy
WT mice should be performed.

Using an adenosine-regulating agent, such as acadesine,
that increases the bioavailability of adenosine, Zhang et al.
[59] showed that treatment with acadesine almost eliminat-
ed the deposit of fibrin in the endothelium of venules in the
liver of septic mice, confirming that adenosine is an endo-
thelium protective molecule. However, it is unclear wheth-
er these protective effects on endothelium are dependent of
the A2A receptor. In our experimental setting, we found
that A2AKO mice exposed to FS-induced peritonitis have
better peripheral perfusion (microcirculation) and less re-
duction in the blood pressure, suggesting that excessive
activation of A2A in the circulatory system would be one
of the key participants in the hemodynamic deterioration
found in septic mice. Alternatively, less hemodynamic de-
terioration observed in A2AKO mice exposed to FS-
induced peritonitis may be associated with redistribution
of blood perfusion to vital organs like the heart, kidneys,
and the brain, which is a major adaptive response to in-
crease survival [60].

Our study however has some limitations, due to the combined
information gathered from ex vivo and in vivo experiments. For
instance, the 48-h time point, which was chosen to analyze bac-
terial clearance, hemodynamics, and organ damage, is not ideal
as it excludes more severely ill mice that die within 24 h. Also,
sepsis scores from 24 h up to 48 h after FS-induced peritonitis
was not significantly different between WT and A2AKO mice.
Then, an earlier time point or serial measurements would have
been more informative to describe the response of A2AKO mice
to sepsis. Therefore, our results should be interpreted as the re-
sponse of the surviving animals in front of septic injury. Besides,
a trend in reduction of sepsis score was maintained during the
whole period of analysis in A2AKO, which suggests that survival
advantage may be extended beyond 48 h. Unfortunately, due to
experimental design and ethical concerns, we did not analyze
survival or other clinical markers beyond 48 h. Despite that,
our results present that both kinetics and overall survival was
improved in septic A2AKO mice.

In conclusion, the absence of the A2A receptor increases
survival in mice exposed to polymicrobial sepsis. This out-
come seems to be associated with reduced endothelial dys-
function and liver injury, but the underlying molecular mech-
anisms remain to be elucidated. Therefore, we encourage fur-
ther studies to characterize the mechanisms by which adeno-
sine via activation of adenosine receptors such as
A2A regulates the immune and hemodynamic response in

sepsis, to propose new therapeutic alternatives for the man-
agement of this deadly condition.
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