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Abstract: Background: Sepsis is a serious, heterogeneous clinical entity produced by a severe and
systemic host inflammatory response to infection. Methotrexate (MTX) is a folate-antagonist that
induces the generation of adenosine and also inhibits JAK/STAT pathway; MTX it is widely used as
an anti-inflammatory drug to control the immune system. Objective: The aim of this study was to
assess the beneficial effects of a single and low dose of MTX in the systemic response and acute lung
injury (ALI) induced by sepsis. As in the clinics, we treated our animals with antibiotics and fluids
and performed the source control to mimic the current clinic treatment. Methods and main results:
Sepsis was induced in rats by a cecal ligation puncture (CLP) procedure. Six hours after induction of
sepsis, we proceeded to the source control; fluids and antibiotics were administered at 6 h and 24 h
after CLP. MTX (2.5 mg/Kg) was administered 6 h after the first surgery in one CLP experimental
group and to one Sham group. A protective effect of MTX was observed through a significant
reduction of pro-inflammatory cytokines and a decrease infiltration of inflammatory cells in the lung.
In addition, we found a regulation in adenosine receptor A2aR and the metalloproteinases by MTX.
Conclusion: A single, low dose of MTX attenuates sepsis lung-associated damage by decreasing
pro-inflammatory response, infiltration of pro-inflammatory cells and avoiding defective tissue
lung remodeling.

Keywords: acute lung injury; sepsis; methotrexate; acute respiratory distress syndrome;
systemic inflammation

1. Introduction

Sepsis is a serious, heterogeneous clinical entity produced by a severe host systemic
inflammatory response to infection. It has a high incidence, with more than 50 million
cases every year with a high mortality rate near 30% [1–4]. Although improvements in
the management of sepsis and the early adequate antibiotic therapy [5–7] have led to
significant decreases in early mortality. At present, there are no specific therapies to treat
sepsis and new therapeutic treatments need to be developed [8–10]. Lungs are one of the
main organs affected during sepsis and nearly 50% of patients with sepsis also develop an
acute respiratory distress syndrome (ARDS) [11].

At the molecular level, the massive release of the bacterial lipopolysaccharide (LPS)
and its interaction with the innate immune cells through the binding to Toll-like-receptors
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(TLRs) combined with CD14 result in the induction of the NF-kB-pathway and the re-
lease of a large number of inflammatory mediators such as tumor necrosis factor alpha
(TNF-α) and the cytokines interleukin 6 and 10 (IL-6 and IL-10) [12,13]. An excessive
systemic inflammatory response can lead to extensive organ and tissue damage ending
into shock, multiple organ failure and death, especially if not recognized early and treated
promptly [8,9,14].

Specifically in the lung, the infection and inflammation cause damage to the alve-
olar epithelium and endothelium producing edema, hemorrhage, diffuse damage and
infiltration of neutrophils and macrophages. After, alveolar epithelium remodeling and
additional cell extravasation will be controlled by the release of matrix metalloproteinases
(MMPs) and regulated by its inhibitors TIMPs [15,16]. At later stages of sepsis, the adap-
tive immune system starts being a key player and there is an increase of the number of
circulating T-regulatory-cells (Tregs) that are associated with immune-suppression [17–19];
this state intensifies susceptibility to secondary infections [20,21] with associated increased
late mortality in patients with septic shock [14,22]. Complete resolution of infection re-
quires an accurate balance between pro-inflammatory and anti-inflammatory pathways,
repairing epithelial-endothelial damage and an equilibrium between the different T-cell
populations [22–25].

Multiple anti-inflammatory and immunomodulating agents have been studied to com-
bat the different phases of sepsis [26]. Of note, methotrexate (MTX) is a folate-antagonist
that induces the generation of adenosine, which has anti-inflammatory properties [27],
decreases superoxide-anion [28] and adhesion-molecules [29]. It has been shown that MTX
is an inhibitor of JAK/STAT pathway activity [30]. MTX is a widely used drug to treat
immune-mediated inflammatory diseases such as rheumatoid arthritis and several autoim-
mune diseases [31–33] and in low doses, MTX is generally safe and well-tolerated [34,35].
Interestingly, adenosine has been shown to reduce lung inflammation in the setting of
LPS challenge, reduce thrombosis and decreases the formation of neutrophil extracellular
traps (NETs) by neutrophils [36,37], which are hallmarks of sepsis, ARDS and other lung
pathologies such as COVID-19 [38].

Resuscitation, antibiotics and source control is not enough for the management of
sepsis; our hypothesis is that a low, single and intraperitoneal dose of MTX could control
the systemic inflammatory response reducing sepsis lung-associated damage. In this study,
we aimed to test the beneficial effect of MTX on sepsis-induced acute lung injury (ALI) in an
experimental model of sepsis in rats induced by cecal-ligation and puncture (CLP) [39,40].

2. Results
2.1. Survival and Body Weight

All animals presented a loss of body weight due to the Sham or CLP surgery after 24 h
and 48 h (Figure 1A). The CLPs groups presented a more striking body weight compared
to the sham animals (Figure 1A), but any differences were significant. Over the course of
the experiment, 12% of the septic group animals died while in the group of septic animals
treated with MTX, the mortality was 4.2% and only before MTX administration. The
survival rate between both septic groups, the non-treated with MTX and the treated one,
was not statistically significant at 48 h (Figure 1B). All Sham and Sham + MTX rats survived
to the end of the experiment (Figure 1B).
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Figure 1. Body Weight and Survival. (A) Body weight measured at 0 h, 24 h and 48 h in all groups. (B) Representation of 
the survival rate in all groups in the curse of the experiment. Values represent group mean ± SEM. Sham and Sham + MTX 
n = 15, CLP and CLP + MTX n = 22. 

2.2. Systemic Inflammation 
To assess the extent of systemic inflammation after MTX treatment, TNF-α concen-

tration was measured in plasma 48 h after the surgery. TNF-α is an early pro-inflamma-
tory cytokine produced at early stages of the diseases and keeps upregulated during some 
hours. After 48 h, we still observed an upregulated level of TNF-α in the CLP group, sug-
gesting an enhanced pro-inflammatory state of this animals; the increase of TNF-α was 
completely absent with the MTX treatment (Figure 2A). 
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ELISA. (B) Number of total lymphocytes from blood cells. (C) Percentage of lymphocytes expressing CD4. (D) Proportion 

Figure 1. Body Weight and Survival. (A) Body weight measured at 0 h, 24 h and 48 h in all groups. (B) Representation of
the survival rate in all groups in the curse of the experiment. Values represent group mean ± SEM. Sham and Sham + MTX
n = 15, CLP and CLP + MTX n = 22.

2.2. Systemic Inflammation

To assess the extent of systemic inflammation after MTX treatment, TNF-α concentra-
tion was measured in plasma 48 h after the surgery. TNF-α is an early pro-inflammatory
cytokine produced at early stages of the diseases and keeps upregulated during some
hours. After 48 h, we still observed an upregulated level of TNF-α in the CLP group,
suggesting an enhanced pro-inflammatory state of this animals; the increase of TNF-α was
completely absent with the MTX treatment (Figure 2A).
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Figure 2. Systemic inflammation and blood lymphocytes activation. (A) Concentration of TNF-α in plasma measured by
ELISA. (B) Number of total lymphocytes from blood cells. (C) Percentage of lymphocytes expressing CD4. (D) Proportion
of CD4+ lymphocytes with a Treg phenotype (CD25+FoxP3+). (E) Representative flow cytometry dot plots of all groups.
Gattering of CD4+ lymphocytes and Treg phenotype lymphocytes (CD25+FoxP3+). Data is expressed as mean ± SEM. Sham and
Sham + MTX n = 4; CLP and CLP + MTX n = 6. * p < 0.05 vs. Sham group; # p < 0.05 vs. CLP group. ** p < 0.01. ***/### p < 0.001.
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The number of total lymphocytes, CD4+ lymphocytes and Tregs (CD4+CD25+FOXP3+)
were measured by FACS in blood. Septic rats (CLP group) presented an increase in the
number of and lymphoid cells after 48 h; the MTX treatment decreased significantly the
number of lymphoid populations, (in Septic and Sham groups) (Figure 2B). Regarding
CD4+ T cells, MTX increased the proportion number of CD4+ cells in both treated groups.
In septic animals, we observed a slight reduction in the proportion of cells in the Treg
subpopulation compared to the sham group; however, a greater significant reduction in the
number of Treg-cells was shown in the two groups treated with MTX; specifically in CLP +
MTX group that presented a significant reduction compared to CLP group (Figure 2C,D).
In Figure 2, we also show the representative dot plots for CD4+ and Tregs for each group.

2.3. Lung Weight and Bronchoalveolar Lavage Analysis

Then, we studied the lung-associated damage produced by sepsis. The ratio lung
weight/body weight was significantly increased in the CLP group, suggesting a damage
into the lung. The MTX-treated CLP group presented a significant reduction in this ratio
compared to CLP group (Figure 3A). We measured the total protein concentration in the
BAL, a sign of lung permeability. The CLP group showed a significant increase compared
to Sham and the treatment with MTX was able to reduce significantly the concentration
of total protein in BAL suggesting a protected epithelial/endothelial barrier function
(Figure 3B).
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The influx of pro-inflammatory cells in the bronchoalveolar space is one of the main
factors contributing to lung damage during sepsis. While MTX did not modify the total
number of leukocytes or alveolar macrophages (Figure 3C,D), the MTX treatment in septic
animals ameliorated polimorphonuclear-cells (PMN) infiltration in the bronchoalveolar
space; the PMNs number was strongly amplified in the CLP group (Figure 3E). The number
of lymphocytes in BAL was reduced by the treatment with MTX (Figure 3F), similarly as
we observed in blood.
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2.4. Inflammatory and Anti-Inflammatory Pathways in Lung

The gene expression of several inflammatory cytokines was quantified in lung tis-
sue. All the pro-inflammatory cytokines analyzed (IL-1β, IL6, TNF-α and IFNγ) were
highly overexpressed in rat septic lungs and MTX administration significantly reduced
the expression of these cytokines, clearly indicating an anti-inflammatory effect of this
drug (Figure 4A–D). The expression of IL-6 and TNF-α in the CLP group treated with MTX
reverted back to control levels. Moreover, sepsis resulted in a significant activation of the
nitric oxide (NO) pathway by increasing the expression of the enzymes iNOS and COX2
(Figure 4E,F) and confirmed by the measure of total nitric oxide (NO) in BAL (Figure 4G).
Compared with the Sham group, MTX significantly inhibited sepsis–induced production
of NO, supported by the decrease in iNOS and COX2 mRNA expression and significant
reduction in the released NO content in BAL (Figure 4E–G).
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Figure 4. Gene expression of pro-inflammatory markers in lung tissue and total nitric oxide in bronchoalveolar lavage. (A–F):
mRNA expression by qPCR. Data are expressed mean ± SEM, ∆Ct correction was applied using GAPDH as a housekeeping
gene and units are relative to the expression of control group. Sham and Sham + MTX n = 10; CLP and CLP + MTX n = 15.
(G) Nitric oxide measured in bronchoalveolar lavage. Sham and Sham + MTX n = 5; CLP and CLP + MTX n = 6. * p < 0.05
vs. Sham group; # p < 0.05 vs. CLP group. ** p < 0.01; ***/### p < 0.001.

The expression of the IL-4 and IL-10 anti-inflammatory cytokines was also measured.
IL-4 expression was triggered by the treatment of the MTX in the CLP group (Figure 5A,B).
In addition, an increase in the expression of IL-10 was observed in the septic groups,
independently of the MTX treatment (Figure 5B). An increase in caspase-3 expression and
protein synthesis suggests increased apoptosis in septic rat lungs, which was not reversed
by MTX treatment (Figure 5C,F).

Furthermore, we determined the expression of adenosine receptors A2aR and A3R in
lung tissue. Sepsis has been shown to increase the release of extracellular adenosine and
increase the expression of adenosine receptors [41]. The expression of A2aR was increased
in the CLP group and reduced by MTX treatment. No differences were observed in the
levels of the A3R in any group (Figure 5D,E).
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Sham and Sham + MTX n = 10; CLP and CLP + MTX n = 15. * p < 0.05 vs. Sham group; ## p < 0.01 vs. CLP group. ** p < 0.01; 
*** p < 0.001. 
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The expression of CXCL1, a neutrophil recruitment marker and CCL2, a monocyte 

recruitment marker, were increased in septic rats. Interestingly, MTX significantly re-
duced the expression of CCL2 and CXCL1 expression to Sham levels after CLP (Figure 
6A,B). 
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2.5. Recruitment Markers and Metalloproteinase Activation in Lung Tissue

The expression of CXCL1, a neutrophil recruitment marker and CCL2, a monocyte
recruitment marker, were increased in septic rats. Interestingly, MTX significantly reduced
the expression of CCL2 and CXCL1 expression to Sham levels after CLP (Figure 6A,B).
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After damage, the lung parenchyma starts the recovering mechanism; at early stages
of the acute lung damage is observed an increase of MMPs. The dysregulated increase
of MMPs at early stages worsens extravasation and at later stages suggests a remodeling
by fibrosis and is linked to a worse recovery prognosis. We observed an increase in the
expression of the ratio of MMP2 to its inhibitor, TIMP2, increased in CLP rats, while MTX
administration significantly reduced significantly the MMP2/TIMP2 ratio (Figure 6C,D).
We measured TIMP1 as one of the main metallopeptidase inhibitors associated to lung
fibrosis, TIMP1 expression augmented in the lung tissue after sepsis and it was successfully
reduced in the CLP + MTX group (Figure 6D).

3. Discussion

This is the first preclinical study to analyze the effect of MTX in sepsis. In our study,
we demonstrated that a single low dose of MTX had no observable negative effects such as
increased mortality, loss of body weight or more systemic effects on septic animals. MTX
treatment improved the systemic and lung innate immune responses, as evidenced by a
reduction in the expression of several classical pro-inflammatory markers. In addition, we
have shown an effect of MTX treatment in the adaptive immune response by a decrease of
Tregs. MTX demonstrated a beneficial effect in acute lung damage by regulating also the
later remodeling MMPs and TIMPs.

Sepsis is a high mortality disease which develops as a result of an overwhelming
systemic inflammatory response to infection. In this study, CLP was performed to induce
a polymicrobial sepsis with a mid-grade-severity in rats, a model that closely resembles
the progression and characteristics of human sepsis [39,42,43]. Fluids and antibiotics
were administered 6 and 24 h after the sepsis induction and the source of infection was
removed 6 h after performing the CLP; the timing of the fluid and antibiotic therapy we
used correlates to the initial care given when patients are admitted to the intensive care
unit. Therefore, we chose to observe the animals 48 h after CLP, because they displayed
a mild ALI at this point. The low mortality on our model suggests that the animals were
developing a mild sepsis and did not show septic shock.

ARDS is a common complication during sepsis with high mortality rate. Our re-
sults show that MTX administration significantly reduced the number of neutrophils and
lymphocytes recruited to the lung without altering the number of macrophages in the
alveolus. MTX also reduced the expression of pro-inflammatory cytokines such as IL-1β,
IL-6 and TNF-α, iNOS, IFN-γ and COX2, in the lung. The NF-κB-activation-pathway
is regulated by LPS, generated during infection and the production of TNF-α and the
activation of this pathway are central molecular events leading to the development of
septic shock [44,45]. Systemically, MTX also reduced inflammation shown as a reduction of
TNF-α. The inhibition of NF-κB-activation-pathway reduces the expression of multiple
inflammatory genes, restores systemic hypotension and diminishes tissue neutrophil influx
and microvascular endothelial barrier permeability [46]. Here, we have demonstrated
that MTX decreases the expression of many pro-inflammatory cytokines, reduces NF-κB-
pathway activation and significantly attenuates CLP–induced lung injury. Lipopolysac-
caride and pro-inflammatory cytokines, such as TNF-α, iNOS, IFN-γ have been shown
to induce iNOS in the endothelium and triggering the NO release [47]). Septic patients
have shown to have elevated circulating and pulmonary nitrite/nitrate and NO products;
the pathogenetic role of NO in sepsis comprises vascular damage in addition to the direct
cellular toxicity of NO and NO-related compounds [48,49]. In murine experimental models,
it has been shown an increase of the release of NO by the endothelium and enhanced iNOS
enzyme activity [50,51]. Our treatment with MTX and the associated positive effects that
we described are also supported by the decrease of total NO in BAL and iNOS expression
in the lung tissue; other experimental models also described a beneficial effect in the re-
duction of iNOS and total NO linked to less epithelial and alveolar damage [52].Moreover,
IL-4 expression is enhanced in the lung after MTX administration in septic rats. Type 2
cytokines, such as IL-4 and IL-13, trigger a specialized macrophage phenotype; more regu-
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latory and anti-inflammatory macrophages, which is necessary for the adequate infection
control [53–55].

Sepsis induces lymphocyte alterations in the number of circulating Treg-cells. High
number of Tregs is associated with increased mortality in patients with septic shock [21,24].
We demonstrate that MTX reduced the number of Treg-cells and also slightly increased the
total CD4+ population. It was reported that sepsis induces a decrease in CD4+ populations;
therefore, it is important that any sepsis treatment not promote the depletion of this
population, which is crucial to disease resolution [25,56]. The dysregulation of the immune
system during sepsis produces a huge systemic inflammatory response in first phases
and after immunosuppression which leads to death [17–19]. Consequently, control and
maintenance of the CD4+ lymphocyte population is vital for the resolution of infection [57].

MTX is a folate antagonist that inhibits purine metabolism and RNA and DNA synthe-
sis, leading to increased extracellular adenosine release at inflamed sites [58]. Adenosine
interacts with A2AR which is expressed in lymphocytes and neutrophils [59,60]; the
activation of A2AR is associated with an anti-inflammatory effect. A2aR activation re-
duces T cell function and proliferation [61]. Previously published data demonstrates
that inhibiting A2AR reduces bacterial infection and mortality in septic patients [61,62].
Pre-clinical data with A2AR knock out mice models also had an increased survival rate,
less pro-inflammatory response and limited systemic bacterial expansion than wildtype
animals [63–65]. In our study, we observed that a single, low-dose of MTX decreased the
expression of A2aR and all the described associated effects; furthermore, this change did
not lead to an increase in the Treg population or to immunosuppression.

The recruitment of new pro-inflammatory cells to the lung tissue is also regulated by
MTX. CCL2 and CXCL1 are involved in the recruitment of monocytes and neutrophils,
respectively [66]. The recruitment of new pro-inflammatory cells is necessary for the
infection resolution; however, a huge number of recruited inflammatory cells can trigger
a worsening of the damage. To regulate the expression of recruitment markers may
have a beneficial effect. Antagonism of CXCR2 or CCR2 (receptors for CXCL1 and CCL2
respectively) has been shown to dramatically reduce neutrophil recruitment and pulmonary
inflammation and was previously used as a strategy to attenuate the septic process with
significant therapeutic effects in endotoxemic animals [67,68]. Our results reveal that MTX
reduces CXCL1 and CCL2 to control and protect against a worsen lung damage.

MMPs are activated in late stages of sepsis and stimulate extravasation and migration
of leukocytes to the site of damage. MMP-2 has been shown to be involved in inflammation,
recruitment of inflammatory cells, permeability and remodeling in lung and TIMP-1 has
been studied as a prognostic factor for sepsis [29,34,35]. MTX was able to reduce the
MMP2/TIMP2 ratio and the expression of TIMP-1 and we also observed a decrease in the
total protein concentration in BAL, demonstrating a reduction in the permeability of the
lung after MTX treatment. The reduction in the MMP2/TIMP2 ratio and TIMP-1 expression
likely produced a beneficial effect in reducing lung injury in septic rats.

Our study design has some limitations. The CLP model cannot fully replicate all
features of human disease and patients with sepsis usually present with other underlying
diseases in addition that rats do not develop an immunosuppressive state at later stages
of the disease. Nevertheless, our study using this experimental model is adding valuable
information in how to use approved drugs to regulate the immune system in high mortality
diseases. Pre-clinical experiments as the one we are here describing are necessary to further
understand the basic mechanisms of sepsis development and resolution. We have focused
only on lung injury produced by sepsis; however, the analysis of the effects of MTX on other
organs could be interesting in future studies. We tested a unique and single dose of MTX, a
more prolonged and continuous treatment could probably increase the beneficial effects.

The protective effect of MTX against ARDS could be attributed to the reduction of
pro-inflammatory cytokines, a decline in infiltration of inflammatory cells in the lung and
the polarization of lymphocytes to CD4+ that enhances the resolution of systemic infection.
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In conclusion, our findings demonstrated that a single, low-dose MTX treatment
prevents inflammation and immune-modulates the high systemic response to sepsis in a rat
model. The administration of MTX in the pro-inflammatory phase of sepsis may be useful
as a therapeutic agent targeting systemic inflammation and especially ARDS; our preclinical
data support the use of MTX as a novel drug to modulate the inflammatory response in
sepsis; however, these results need to be confirmed in the future in clinical studies.

4. Materials and Methods
4.1. Animal

Male Sprague–Dawley rats weighing 300–325 g at the beginning of the experiment
were used, in accordance with the European Community Directive 86/609/EEC and
Spanish guidelines for experimental animals. This study was approved by the institutional
committee of “Universitat Autònoma de Barcelona” and the “Generalitat de Catalunya”
(7812, 14/05/2014). The animals were randomly distributed into four experimental groups:
Sham (15 animals/group), Sham + MTX (15 animals/group), CLP (22 animals/group) and
CLP + MTX (22 animals/group).

4.2. Sepsis Induction and Treatment

Sepsis was induced by a cecal-ligation-puncture (CLP) procedure. CLP was performed
under anesthesia with ketamine (100 mg/kg body-weight) and xylazine (10 mg/kg body-
weight) administered by intraperitoneal injection. A laparotomy was performed, the cecum
was identified and two ligatures were made with 3-0 silk sutures 1 cm and 3 cm from the
end of the cecum. Three punctures were then performed with an 18G needle, after which
the peritoneal cavity was sutured.

Six hours after induction of sepsis, we proceeded to the source control. The punctured
part of the cecum was removed and the rest of the cecum was closed. Six and 24 h after CLP
we performed an intradermal administration of saline (0.9% NaCl, 10 mL/kg), analgesic
(buprenorphine 0.025 mg/kg; RB-Pharmaceuticals) and antibiotic (meropenem 20 mg/kg;
Kern-Pharma, Lisboa, Portugal). In addition, one sham and one CLP group of animals
were treated with one single dose of MTX (2.5 mg/kg; Pfizer, New York, NY, USA) or
saline administered intraperitoneally 6 h after the first surgery. MTX dose was chosen
by screening published pre-clinical studies that used MTX in acute models Forty-eight
hours after sepsis induction, animals were sacrificed by exsanguination and blood samples,
bronchoalveolar lavage (BAL) and lung tissue were collected. Samples were stored at
−80 ◦C until analysis.

4.3. RNA Isolation and Gene Expression Analysis by qRT-PCR

Total RNA was extracted from lung tissue using TRIzol reagent (LifeTechnologies,
Madrid, Spain). RNA was purified using chloroform, isopropanol and ethanol and quan-
tified with Nanodrop-2000 (Thermo-Scientific, Wilmington, DE). Reverse transcription
into cDNA was performed using the Reverse-Transcriptase-Core-kit to the manufacturer’s
instructions (Eurogentec Seraing, Belgium). Quantitative real-time-PCR amplification was
performed using SYBR- green (Eurogentec Seraing, Belgium) and the corresponding rat
primers (Table 1). Data are expressed as target gene expression relative to GAPDH and
compared with control group.
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Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited.

Primer Target Primer Sequence (Forward) Primer Sequence (Reverse)

GAPDH 5-CTGTGTCTTTCCGCTGTTTTC-3 5-TGTGCTGTGCTTATGGTCTCA-3
IL1β 5-AAAAATGCCTCGTGCTGTCT-3 5-TCGTTGCTTGTCTCTCCTTG-3

TNFα 5-AACTCCCAGAAAAGCAAGCA-3 5-CGAGCAGGAATGAGAAGAGG-3
iNOS 5-CTTGGAGCGAGTTGTGGATT-3 5-GGTGGGAGGGGTAGTGATG-3
IL-6 5-CTGCTCTGGTCTTCTGGAGT-3 5-GGTCTTGGTCCTTAGCCACT-3

Caspase3 5-CCATGTGTGAACTTGGTTGG-3 5-TCAACAATTTGAGGCTGCTG-3
CCL2 5-GCTGCTACTCATTCACTGGC-3 5-GGTGCTGAAGTCCTTAGGGT-3
IL10 5-CATCCGGGGTGACAATAA-3 5-TGTCCAGCTGGTCCTTCT-3
A3R 5-TTTACGGTCGGGAGTTCAAG-3 5-AGGGTTCATCATGGAGTTCG-3

A2aR 5-CCTCTTCTTCGCCTGTTTTG-3 5-GTTCCCGTCTTTCTGACTGC-3
TIMP1 5-GGTTCCCTGGCATAATCTGA-3 5-GTCATCGAGACCCCAAGGTA-3
TIMP2 5-CAAGTTCTTTGCCTGCATCA-3 5-GTTTCCAGGAAGGGATGTCA-3
IFNγ 5-GAACTGGCAAAAGGACGGTA-3 5-GGATCTGTGGGTTGTTCACC-3
COX2 5-CTGAGGGGTTACCACTTCCA-3 5-TGAGCAAGTCCGTGTTCAAG-3
MMP2 5-ACACTGGGACCTGTCACTCC-3 5-ACACGGCATCAATCTTTTCC-3
MMP9 5-CACTGTAACTGGGGGCAACT-3 5-CACTTCTTGTCAGCGTCGAA-3
Arg1 5-GGGAAGACACCAGAGGAGGT-3 5-TGATGCCCCAGATGACTTTT-3
IL12 5-CATCTGCTGCTCCACAAGAA-3 5-GAGACTCAGGGGAACTGCTG-3
IL4 5-TCCTTACGGCAACAAGGAAC-3 5-GTGAGTTCAGACCGCTGACA-3

MMP9 5-CACTGTAACTGGGGGCAACT-3 5-CACTTCTTGTCAGCGTCGAA-3

4.4. Western Blot of Caspase 3

For caspase-3 measurements, a piece of the right lung was homogenized in lysis buffer
containing 1 mM sodium orthovanadate, protease inhibitor cocktail tablets (1 tablet for
250 mg of lung tissue) (Roche, Darmstadt, Germany), 0.5% Triton X-100, 150 mM NaCl,
15 mM Tris, 1 mM CaCl2 and 50 mM MgCl2 (pH 7.4) using a hand- held homogenizer. The
homogenates were incubated for 30 min at 4 ◦C, centrifuged at 12,000 rpm at 4 ◦C for 20 min.
The total protein concentration in lung homogenates was measured by the bicinchoninic
acid method (Pierce; Thermo Scientific, Rockfort, IL). Equal amounts of proteins from
lung homogenates were heat-denatured in Laemmli sample buffer with 2-mercaptoethanol
(5%), resolved in 20% SD-PAGE gel and transferred to PVDF membranes (GE Healthcare,
Little Chalfton, UK). Next, the blots were blocked with 5% PBS-non-fat dry milk for 2 h at
room temperature (RT) and then incubated with mouse monoclonal anti-active caspase-3
(cleaved) primary detection antibody (1:1000) overnight at 4 ◦C. After thoroughly washing
with 1 × PBS 0.05% Tween-20, the membranes were incubated for two hours at RT with a
goat anti-mouse Texas Red as a secondary antibody. An anti-actin antibody was used as
a loading control. Finally, the fluorescence signal was visualized and analyzed using an
LAS4000 system (Fujifilm Life Science, Woodbridge, CT, USA).

4.5. Cellular Quantification of Bronchoalveolar Lavage, Cytokine and Total Nitric Oxide Measurement

BAL was undertaken by washing the right lung five times with 5 mL of saline via a
tracheal cannula and it was centrifugated (500× g, 10 min, 4 ◦C). Supernatant was stored
at −80 ◦C for protein measurement and pelleted cells were cytocentrifuged (Shandon-
Scientific, Taper, Waltham, MA, USA) then allowed to dry in air for 15 min at RT. The cell
yield and purity were assessed by Diff-Quick staining (Panreac, Castellar del Vallés, Spain).

The total protein concentration in BAL and plasma was quantified using a BCA
protein assay kit (Thermo-Fisher, Rockfort, IL, USA) following the manufacturer’s protocol.
The concentration of TNF-α in plasma was determined by multiplex assay (Luminex,
Affymetrix, Darmstadt, Gemany).

Total nitric oxide was quantified with a colorimetric assay by using the Total Nitric
Oxide and Nitrate/Nitrite Assay kit (R&D, Minneapolis, MN) and following the protocol
provided by the manufacturer.
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4.6. Flow Cytometry Analysis

For analysis of blood lymphocytes, blood samples were collected into tubes containing
sodium citrate and surface–anti-rat -labelled antibodies: APC-CD3, FITC–CD4, PE-Cy5–
CD25 and PerCP-eFluor710-CD8 antibodies followed by fixation, permeabilization and
intracellular staining with PE-conjugated anti-rat Foxp3 antibodies (Figure 2). All antibod-
ies were provided by Affymetrix, eBioscience. Controls were performed to enable correct
compensation and confirm antibody specificity. After washing procedures, the stained
cells were analyzed by flow cytometry (BD-FACSCanto, San Jose, CA). The results were
analyzed with FlowJo software. Total T cells were gated by CD3+ cells, then CD3+CD4+
for CD4-T-lymphocytes and Tregs were gated by using CD3+CD4+CD25+FOXP3+.

4.7. Statistical Analysis

Data are expressed as mean ± SEM. The data were standardized and then parametric
statistical tests were applied. One-way-ANOVA followed by Newman-Keuls-post-test was
performed (GraphPad-Software Inc., La Jolla, CA). Statistical significance was considered
if p ≤ 0.05.

Author Contributions: J.B. and R.G.-P. designed and performed the experiments, analyzed and
interpreted the data and wrote the manuscript. M.L.M., E.T. and M.C.-R. performed experiments.
L.B. provided expertise. A.A. interpreted data and provided expertise and edited the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Ministerio de Economía y Competitividad-Instituto de Salud
Carlos III (PI15/02204 for A.A.) Cofinanciado por el Fondo Europeo de Desarrollo Regional (FEDER).
J.B. was the recipient of fellowships from the CIBERES (Ayudas de Iniciación a la Investigación
CIBERES 2015). This work was also supported by the CIBERES and Fundació Parc Taulí (CIR2015/009
and CIR2016/068).

Institutional Review Board Statement: This study was approved by the institutional committee of
“Universitat Autònoma de Barcelona” and the “Generalitat de Catalunya”.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Manuela Costa of Universitat Autonoma de Barcelona for
expertise with flow cytometry.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dellinger, R.P.; Levy, M.M.; Rhodes, A.; Annane, D.; Gerlach, H.; Opal, S.M.; Sevransky, J.E.; Sprung, C.L.; Douglas, I.S.; Jaeschke,

R.; et al. Surviving Sepsis Campaign: International Guidelines for Management of Severe Sepsis and Septic Shock: 2012. Crit.
Care Med. 2013, 41, 580–637. [CrossRef] [PubMed]

2. Levy, M.M.; Fink, M.P.; Marshall, J.C.; Abraham, E.; Angus, D.; Cook, D.; Cohen, J.; Opal, S.M.; Vincent, J.-L.; Ramsay, G.;
et al. 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Intensive Care Med. 2003, 29, 530–538.
[CrossRef]

3. Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.;
Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315,
801–810. [CrossRef]

4. Reinhart, K.; Daniels, R.; Kissoon, N.; Machado, F.R.; Schachter, R.D.; Finfer, S. Recognizing Sepsis as a Global Health Priority—A
WHO Resolution. N. Engl. J. Med. 2017, 377, 414–417. [CrossRef] [PubMed]

5. Martínez, M.L.; Ferrer, R.; Torrents, E.; Guillamat-Prats, R.; Gomà, G.; Suárez, D.; Álvarez-Rocha, L.; Pozo Laderas, J.C.; Martín-
Loeches, I.; Levy, M.M.; et al. Impact of Source Control in Patients With Severe Sepsis and Septic Shock. Crit. Care Med. 2017, 45,
11–19. [CrossRef]

6. Artigas, A.; Carlet, J.; Ferrer, R.; Niederman, M.; Torres, A. 25th International Symposium on Infections in the Critically Ill Patient.
Med. Sci. 2020, 8, 13. [CrossRef] [PubMed]

7. Ferrer, R.; Martínez, M.L.; Gomà, G.; Suárez, D.; Álvarez-Rocha, L.; de la Torre, M.V.; González, G.; Zaragoza, R.; Borges, M.;
Blanco, J.; et al. Improved Empirical Antibiotic Treatment of Sepsis after an Educational Intervention: The ABISS-Edusepsis
Study. Crit. Care 2018, 22, 167. [CrossRef]

http://doi.org/10.1097/CCM.0b013e31827e83af
http://www.ncbi.nlm.nih.gov/pubmed/23353941
http://doi.org/10.1007/s00134-003-1662-x
http://doi.org/10.1001/jama.2016.0287
http://doi.org/10.1056/NEJMp1707170
http://www.ncbi.nlm.nih.gov/pubmed/28658587
http://doi.org/10.1097/CCM.0000000000002011
http://doi.org/10.3390/medsci8010013
http://www.ncbi.nlm.nih.gov/pubmed/32069971
http://doi.org/10.1186/s13054-018-2091-0


Int. J. Mol. Sci. 2021, 22, 9612 12 of 14

8. Seymour, C.W.; Rosengart, M.R. Septic Shock: Advances in Diagnosis and Treatment. JAMA 2015, 314, 708–717. [CrossRef]
9. Angus, D.C.; van der Poll, T. Severe Sepsis and Septic Shock. N. Engl. J. Med. 2013, 369, 2063. [CrossRef]
10. Cohen, J.; Vincent, J.-L.; Adhikari, N.K.J.; Machado, F.R.; Angus, D.C.; Calandra, T.; Jaton, K.; Giulieri, S.; Delaloye, J.; Opal, S.;

et al. Sepsis: A Roadmap for Future Research. Lancet Infect. Dis. 2015, 15, 581–614. [CrossRef]
11. Dushianthan, A.; Grocott, M.P.W.; Postle, A.D.; Cusack, R. Acute Respiratory Distress Syndrome and Acute Lung Injury. Postgrad.

Med. J. 2011, 87, 612–622. [CrossRef]
12. Rossaint, J.; Zarbock, A. Pathogenesis of Multiple Organ Failure in Sepsis. Crit. Rev. Immunol. 2015, 35, 277–291. [CrossRef]

[PubMed]
13. Stearns-Kurosawa, D.J.; Osuchowski, M.F.; Valentine, C.; Kurosawa, S.; Remick, D.G. The Pathogenesis of Sepsis. Annu. Rev.

Pathol. 2011, 6, 19–48. [CrossRef] [PubMed]
14. László, I.; Trásy, D.; Molnár, Z.; Fazakas, J. Sepsis: From Pathophysiology to Individualized Patient Care. J. Immunol. Res. 2015,

2015, 510436. [CrossRef]
15. Mühl, D.; Nagy, B.; Woth, G.; Falusi, B.; Bogár, L.; Weber, G.; Lantos, J. Dynamic Changes of Matrix Metalloproteinases and Their

Tissue Inhibitors in Severe Sepsis. J. Crit. Care 2011, 26, 550–555. [CrossRef]
16. Hoffmann, U.; Bertsch, T.; Dvortsak, E.; Liebetrau, C.; Lang, S.; Liebe, V.; Huhle, G.; Borggrefe, M.; Brueckmann, M. Matrix-

Metalloproteinases and Their Inhibitors Are Elevated in Severe Sepsis: Prognostic Value of TIMP-1 in Severe Sepsis. Scand. J.
Infect. Dis. 2006, 38, 867–872. [CrossRef]

17. Hotchkiss, R.S.; Monneret, G.; Payen, D. Immunosuppression in Sepsis: A Novel Understanding of the Disorder and a New
Therapeutic Approach. Lancet Infect. Dis. 2013, 13, 260–268. [CrossRef]

18. Boomer, J.S.; Green, J.M.; Hotchkiss, R.S. The Changing Immune System in Sepsis: Is Individualized Immuno-Modulatory
Therapy the Answer? Virulence 2014, 5, 45–56. [CrossRef] [PubMed]

19. Mira, J.C.; Gentile, L.F.; Mathias, B.J.; Efron, P.A.; Brakenridge, S.C.; Mohr, A.M.; Moore, F.A.; Moldawer, L.L. Sepsis Pathophysiol-
ogy, Chronic Critical Illness, and Persistent Inflammation-Immunosuppression and Catabolism Syndrome. Crit. Care Med. 2017,
45, 253–262. [CrossRef]

20. van Vught, L.A.; Klein Klouwenberg, P.M.C.; Spitoni, C.; Scicluna, B.P.; Wiewel, M.A.; Horn, J.; Schultz, M.J.; Nürnberg, P.; Bonten,
M.J.M.; Cremer, O.L.; et al. Incidence, Risk Factors, and Attributable Mortality of Secondary Infections in the Intensive Care Unit
After Admission for Sepsis. JAMA 2016, 315, 1469–1479. [CrossRef] [PubMed]

21. Angus, D.C.; Opal, S. Immunosuppression and Secondary Infection in Sepsis: Part, Not All, of the Story. JAMA 2016, 315,
1457–1459. [CrossRef]

22. Monneret, G.; Venet, F. A Rapidly Progressing Lymphocyte Exhaustion after Severe Sepsis. Crit. Care 2012, 16, 140. [CrossRef]
[PubMed]

23. Boomer, J.S.; To, K.; Chang, K.C.; Takasu, O.; Osborne, D.F.; Walton, A.H.; Bricker, T.L.; Jarman, S.D.; Kreisel, D.; Krupnick, A.S.;
et al. Immunosuppression in Patients Who Die of Sepsis and Multiple Organ Failure. JAMA 2011, 306, 2594–2605. [CrossRef]
[PubMed]

24. Venet, F.; Chung, C.-S.; Kherouf, H.; Geeraert, A.; Malcus, C.; Poitevin, F.; Bohé, J.; Lepape, A.; Ayala, A.; Monneret, G. Increased
Circulating Regulatory T Cells (CD4(+)CD25 (+)CD127 (-)) Contribute to Lymphocyte Anergy in Septic Shock Patients. Intensive
Care Med. 2009, 35, 678–686. [CrossRef]

25. Hotchkiss, R.S.; Tinsley, K.W.; Swanson, P.E.; Schmieg, R.E.; Hui, J.J.; Chang, K.C.; Osborne, D.F.; Freeman, B.D.; Cobb, J.P.;
Buchman, T.G.; et al. Sepsis-Induced Apoptosis Causes Progressive Profound Depletion of B and CD4+ T Lymphocytes in
Humans. J. Immunol. 2001, 166, 6952–6963. [CrossRef] [PubMed]

26. Heming, N.; Azabou, E.; Cazaumayou, X.; Moine, P.; Annane, D. Sepsis in the Critically Ill Patient: Current and Emerging
Management Strategies. Expert Rev. Anti-Infect. Ther. 2021, 19, 635–647. [CrossRef] [PubMed]

27. Majumdar, S.; Aggarwal, B.B. Methotrexate Suppresses NF-KappaB Activation through Inhibition of IkappaBalpha Phosphoryla-
tion and Degradation. J. Immunol. 2001, 167, 2911–2920. [CrossRef]

28. Cronstein, B.N.; Levin, R.I.; Belanoff, J.; Weissmann, G.; Hirschhorn, R. Adenosine: An Endogenous Inhibitor of Neutrophil-
Mediated Injury to Endothelial Cells. J. Clin Investig. 1986, 78, 760–770. [CrossRef] [PubMed]

29. Wollner, A.; Wollner, S.; Smith, J.B. Acting via A2 Receptors, Adenosine Inhibits the Upregulation of Mac-1 (Cd11b/CD18)
Expression on FMLP-Stimulated Neutrophils. Am. J. Respir. Cell Mol. Biol. 1993, 9, 179–185. [CrossRef]

30. Alqarni, A.M.; Zeidler, M.P. How Does Methotrexate Work? Biochem. Soc. Trans. 2020, 48, 559–567. [CrossRef] [PubMed]
31. Nakazawa, F.; Matsuno, H.; Yudoh, K.; Katayama, R.; Sawai, T.; Uzuki, M.; Kimura, T. Methotrexate Inhibits Rheumatoid

Synovitis by Inducing Apoptosis. J. Rheumatol. 2001, 28, 1800–1808.
32. Wascher, T.C.; Hermann, J.; Brezinschek, H.P.; Brezinschek, R.; Wilders-Truschnig, M.; Rainer, F.; Krejs, G.J. Cell-Type Specific

Response of Peripheral Blood Lymphocytes to Methotrexate in the Treatment of Rheumatoid Arthritis. Clin. Investig. 1994, 72,
535–540. [CrossRef] [PubMed]

33. Quéméneur, L.; Gerland, L.-M.; Flacher, M.; Ffrench, M.; Revillard, J.-P.; Genestier, L. Differential Control of Cell Cycle,
Proliferation, and Survival of Primary T Lymphocytes by Purine and Pyrimidine Nucleotides. J. Immunol. 2003, 170, 4986–4995.
[CrossRef]

34. Arslan, A.; Ozcicek, A.; Suleyman, B.; Coban, T.A.; Cimen, F.K.; Nalkiran, H.S.; Kuzucu, M.; Altuner, D.; Cetin, N.; Suleyman, H.
Effects of Nimesulide on the Small Intestine Mucositis Induced by Methotrexate in Rats. Exp. Anim. 2016, 65, 329–336. [CrossRef]

http://doi.org/10.1001/jama.2015.7885
http://doi.org/10.1056/NEJMra1208623
http://doi.org/10.1016/S1473-3099(15)70112-X
http://doi.org/10.1136/pgmj.2011.118398
http://doi.org/10.1615/CritRevImmunol.2015015461
http://www.ncbi.nlm.nih.gov/pubmed/26757392
http://doi.org/10.1146/annurev-pathol-011110-130327
http://www.ncbi.nlm.nih.gov/pubmed/20887193
http://doi.org/10.1155/2015/510436
http://doi.org/10.1016/j.jcrc.2011.02.011
http://doi.org/10.1080/00365540600702058
http://doi.org/10.1016/S1473-3099(13)70001-X
http://doi.org/10.4161/viru.26516
http://www.ncbi.nlm.nih.gov/pubmed/24067565
http://doi.org/10.1097/CCM.0000000000002074
http://doi.org/10.1001/jama.2016.2691
http://www.ncbi.nlm.nih.gov/pubmed/26975785
http://doi.org/10.1001/jama.2016.2762
http://doi.org/10.1186/cc11416
http://www.ncbi.nlm.nih.gov/pubmed/22824381
http://doi.org/10.1001/jama.2011.1829
http://www.ncbi.nlm.nih.gov/pubmed/22187279
http://doi.org/10.1007/s00134-008-1337-8
http://doi.org/10.4049/jimmunol.166.11.6952
http://www.ncbi.nlm.nih.gov/pubmed/11359857
http://doi.org/10.1080/14787210.2021.1846522
http://www.ncbi.nlm.nih.gov/pubmed/33140679
http://doi.org/10.4049/jimmunol.167.5.2911
http://doi.org/10.1172/JCI112638
http://www.ncbi.nlm.nih.gov/pubmed/3745437
http://doi.org/10.1165/ajrcmb/9.2.179
http://doi.org/10.1042/BST20190803
http://www.ncbi.nlm.nih.gov/pubmed/32239204
http://doi.org/10.1007/BF00207484
http://www.ncbi.nlm.nih.gov/pubmed/7981583
http://doi.org/10.4049/jimmunol.170.10.4986
http://doi.org/10.1538/expanim.15-0122


Int. J. Mol. Sci. 2021, 22, 9612 13 of 14

35. Refaat, R.; Salama, M.; Abdel Meguid, E.; El Sarha, A.; Gowayed, M. Evaluation of the Effect of Losartan and Methotrexate
Combined Therapy in Adjuvant-Induced Arthritis in Rats. Eur. J. Pharmacol. 2013, 698, 421–428. [CrossRef] [PubMed]

36. Friebe, D.; Yang, T.; Schmidt, T.; Borg, N.; Steckel, B.; Ding, Z.; Schrader, J. Purinergic Signaling on Leukocytes Infiltrating the
LPS-Injured Lung. PLoS ONE 2014, 9, e95382. [CrossRef] [PubMed]

37. Ali, R.A.; Gandhi, A.A.; Meng, H.; Yalavarthi, S.; Vreede, A.P.; Estes, S.K.; Palmer, O.R.; Bockenstedt, P.L.; Pinsky, D.J.; Greve, J.M.;
et al. Adenosine Receptor Agonism Protects against NETosis and Thrombosis in Antiphospholipid Syndrome. Nat. Commun.
2019, 10, 1916. [CrossRef] [PubMed]

38. Leppkes, M.; Knopf, J.; Naschberger, E.; Lindemann, A.; Singh, J.; Herrmann, I.; Stürzl, M.; Staats, L.; Mahajan, A.; Schauer, C.;
et al. Vascular Occlusion by Neutrophil Extracellular Traps in COVID-19. EBioMedicine 2020, 58, 102925. [CrossRef] [PubMed]

39. Dejager, L.; Pinheiro, I.; Dejonckheere, E.; Libert, C. Cecal Ligation and Puncture: The Gold Standard Model for Polymicrobial
Sepsis? Trends Microbiol. 2011, 19, 198–208. [CrossRef]

40. Rittirsch, D.; Huber-Lang, M.S.; Flierl, M.A.; Ward, P.A. Immunodesign of Experimental Sepsis by Cecal Ligation and Puncture.
Nat. Protoc. 2009, 4, 31–36. [CrossRef]

41. Martin, C.; Leone, M.; Viviand, X.; Ayem, M.L.; Guieu, R. High Adenosine Plasma Concentration as a Prognostic Index for
Outcome in Patients with Septic Shock. Crit. Care Med. 2000, 28, 3198–3202. [CrossRef]

42. Capcha, J.M.C.; Moreira, R.S.; Rodrigues, C.E.; Silveira, M.A.D.; Andrade, L.; Gomes, S.A. Using the Cecal Ligation and Puncture
Model of Sepsis to Induce Rats to Multiple Organ Dysfunction. Bio Protoc. 2021, 11, e3979. [CrossRef]

43. Rittirsch, D.; Hoesel, L.M.; Ward, P.A. The disconnect between animal models of sepsis and human sepsis. J. Leukoc. Biol. 2007, 81,
137–143. [CrossRef] [PubMed]

44. Downey, J.S.; Han, J. Cellular Activation Mechanisms in Septic Shock. Front. Biosci. 1998, 3, d468–d476. [CrossRef]
45. Mercurio, F.; Manning, A.M. Multiple Signals Converging on NF-KappaB. Curr. Opin. Cell Biol. 1999, 11, 226–232. [CrossRef]
46. Liu, S.F.; Malik, A.B. NF-Kappa B Activation as a Pathological Mechanism of Septic Shock and Inflammation. Am. J. Physiol. Lung

Cell Mol. Physiol. 2006, 290, L622–L645. [CrossRef] [PubMed]
47. Kirkebøen, K.A.; Strand, O.A. The Role of Nitric Oxide in Sepsis—An Overview. Acta Anaesthesiol. Scand. 1999, 43, 275–288.

[CrossRef] [PubMed]
48. Parratt, J.R. Nitric Oxide. A Key Mediator in Sepsis and Endotoxaemia? J. Physiol. Pharmacol. 1997, 48, 493–506.
49. Parratt, J.R. Nitric Oxide in Sepsis and Endotoxaemia. J. Antimicrob. Chemother. 1998, 41, 31–39. [CrossRef]
50. Salvemini, D.; Korbut, R.; Anggård, E.; Vane, J. Immediate Release of a Nitric Oxide-like Factor from Bovine Aortic Endothelial

Cells by Escherichia Coli Lipopolysaccharide. Proc. Natl. Acad. Sci. USA 1990, 87, 2593–2597. [CrossRef] [PubMed]
51. Liu, S.; Adcock, I.M.; Old, R.W.; Barnes, P.J.; Evans, T.W. Lipopolysaccharide Treatment in Vivo Induces Widespread Tissue

Expression of Inducible Nitric Oxide Synthase MRNA. Biochem. Biophys. Res. Commun. 1993, 196, 1208–1213. [CrossRef]
52. Benjamim, C.F.; Silva, J.S.; Fortes, Z.B.; Oliveira, M.A.; Ferreira, S.H.; Cunha, F.Q. Inhibition of Leukocyte Rolling by Nitric Oxide

during Sepsis Leads to Reduced Migration of Active Microbicidal Neutrophils. Infect. Immun. 2002, 70, 3602–3610. [CrossRef]
[PubMed]

53. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44, 450–462. [CrossRef]
[PubMed]

54. Chen, F.; Liu, Z.; Wu, W.; Rozo, C.; Bowdridge, S.; Millman, A.; Van Rooijen, N.; Urban, J.F.; Wynn, T.A.; Gause, W.C. An Essential
Role for TH2-Type Responses in Limiting Acute Tissue Damage during Experimental Helminth Infection. Nat. Med. 2012, 18,
260–266. [CrossRef]

55. Jenkins, S.J.; Ruckerl, D.; Cook, P.C.; Jones, L.H.; Finkelman, F.D.; van Rooijen, N.; MacDonald, A.S.; Allen, J.E. Local Macrophage
Proliferation, Rather than Recruitment from the Blood, Is a Signature of TH2 Inflammation. Science 2011, 332, 1284–1288.
[CrossRef]

56. Pelekanou, A.; Tsangaris, I.; Kotsaki, A.; Karagianni, V.; Giamarellou, H.; Armaganidis, A.; Giamarellos-Bourboulis, E.J. Decrease
of CD4-Lymphocytes and Apoptosis of CD14-Monocytes Are Characteristic Alterations in Sepsis Caused by Ventilator-Associated
Pneumonia: Results from an Observational Study. Crit. Care 2009, 13, R172. [CrossRef]

57. Gagliani, N.; Amezcua Vesely, M.C.; Iseppon, A.; Brockmann, L.; Xu, H.; Palm, N.W.; de Zoete, M.R.; Licona-Limón, P.; Paiva,
R.S.; Ching, T.; et al. Th17 Cells Transdifferentiate into Regulatory T Cells during Resolution of Inflammation. Nature 2015, 523,
221–225. [CrossRef]

58. Tian, H.; Cronstein, B.N. Understanding the Mechanisms of Action of Methotrexate: Implications for the Treatment of Rheumatoid
Arthritis. Bull. NYU Hosp. Jt. Dis. 2007, 65, 168–173. [PubMed]

59. Koshiba, M.; Rosin, D.L.; Hayashi, N.; Linden, J.; Sitkovsky, M.V. Patterns of A2A Extracellular Adenosine Receptor Expression
in Different Functional Subsets of Human Peripheral T Cells. Flow Cytometry Studies with Anti-A2A Receptor Monoclonal
Antibodies. Mol. Pharmacol. 1999, 55, 614–624.

60. Antonioli, L.; Fornai, M.; Blandizzi, C.; Pacher, P.; Haskó, G. Adenosine Signaling and the Immune System: When a Lot Could Be
Too Much. Immunol. Lett. 2019, 205, 9–15. [CrossRef] [PubMed]

61. Naamani, O.; Chaimovitz, C.; Douvdevani, A. Pharmacological Preconditioning with Adenosine A(1) Receptor Agonist Sup-
presses Cellular Immune Response by an A(2A) Receptor Dependent Mechanism. Int. Immunopharmacol. 2014, 20, 205–212.
[CrossRef]

http://doi.org/10.1016/j.ejphar.2012.10.024
http://www.ncbi.nlm.nih.gov/pubmed/23117086
http://doi.org/10.1371/journal.pone.0095382
http://www.ncbi.nlm.nih.gov/pubmed/24748324
http://doi.org/10.1038/s41467-019-09801-x
http://www.ncbi.nlm.nih.gov/pubmed/31015489
http://doi.org/10.1016/j.ebiom.2020.102925
http://www.ncbi.nlm.nih.gov/pubmed/32745993
http://doi.org/10.1016/j.tim.2011.01.001
http://doi.org/10.1038/nprot.2008.214
http://doi.org/10.1097/00003246-200009000-00014
http://doi.org/10.21769/BioProtoc.3979
http://doi.org/10.1189/jlb.0806542
http://www.ncbi.nlm.nih.gov/pubmed/17020929
http://doi.org/10.2741/a293
http://doi.org/10.1016/S0955-0674(99)80030-1
http://doi.org/10.1152/ajplung.00477.2005
http://www.ncbi.nlm.nih.gov/pubmed/16531564
http://doi.org/10.1034/j.1399-6576.1999.430307.x
http://www.ncbi.nlm.nih.gov/pubmed/10081533
http://doi.org/10.1093/jac/41.suppl_1.31
http://doi.org/10.1073/pnas.87.7.2593
http://www.ncbi.nlm.nih.gov/pubmed/2181441
http://doi.org/10.1006/bbrc.1993.2380
http://doi.org/10.1128/IAI.70.7.3602-3610.2002
http://www.ncbi.nlm.nih.gov/pubmed/12065501
http://doi.org/10.1016/j.immuni.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26982353
http://doi.org/10.1038/nm.2628
http://doi.org/10.1126/science.1204351
http://doi.org/10.1186/cc8148
http://doi.org/10.1038/nature14452
http://www.ncbi.nlm.nih.gov/pubmed/17922664
http://doi.org/10.1016/j.imlet.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29702147
http://doi.org/10.1016/j.intimp.2014.02.011


Int. J. Mol. Sci. 2021, 22, 9612 14 of 14

62. Belikoff, B.; Hatfield, S.; Sitkovsky, M.; Remick, D.G. Adenosine Negative Feedback on A2A Adenosine Receptors Mediates
Hyporesponsiveness in Chronically Septic Mice. Shock 2011, 35, 382–387. [CrossRef] [PubMed]

63. Németh, Z.H.; Csóka, B.; Wilmanski, J.; Xu, D.; Lu, Q.; Ledent, C.; Deitch, E.A.; Pacher, P.; Spolarics, Z.; Haskó, G. Adenosine A2A
Receptor Inactivation Increases Survival in Polymicrobial Sepsis. J. Immunol. 2006, 176, 5616–5626. [CrossRef] [PubMed]

64. Belikoff, B.G.; Hatfield, S.; Georgiev, P.; Ohta, A.; Lukashev, D.; Buras, J.A.; Remick, D.G.; Sitkovsky, M. A2B Adenosine Receptor
Blockade Enhances Macrophage-Mediated Bacterial Phagocytosis and Improves Polymicrobial Sepsis Survival in Mice. J. Immunol.
2011, 186, 2444–2453. [CrossRef] [PubMed]

65. Alam, M.S.; Kurtz, C.C.; Wilson, J.M.; Burnette, B.R.; Wiznerowicz, E.B.; Ross, W.G.; Rieger, J.M.; Figler, R.A.; Linden, J.; Crowe,
S.E.; et al. A2A Adenosine Receptor (AR) Activation Inhibits pro-Inflammatory Cytokine Production by Human CD4+ Helper
T Cells and Regulates Helicobacter-Induced Gastritis and Bacterial Persistence. Mucosal Immunol. 2009, 2, 232–242. [CrossRef]
[PubMed]

66. Gillitzer, R.; Goebeler, M. Chemokines in Cutaneous Wound Healing. J. Leukoc. Biol. 2001, 69, 513–521.
67. Gordon, J.R.; Li, F.; Zhang, X.; Wang, W.; Zhao, X.; Nayyar, A. The Combined CXCR1/CXCR2 Antagonist CXCL8(3-74)K11R/G31P

Blocks Neutrophil Infiltration, Pyrexia, and Pulmonary Vascular Pathology in Endotoxemic Animals. J. Leukoc. Biol. 2005, 78,
1265–1272. [CrossRef]

68. Sônego, F.; Alves-Filho, J.C.; Cunha, F.Q. Targeting Neutrophils in Sepsis. Expert Rev. Clin. Immunol. 2014, 10, 1019–1028.
[CrossRef]

http://doi.org/10.1097/SHK.0b013e3182085f12
http://www.ncbi.nlm.nih.gov/pubmed/21192284
http://doi.org/10.4049/jimmunol.176.9.5616
http://www.ncbi.nlm.nih.gov/pubmed/16622031
http://doi.org/10.4049/jimmunol.1001567
http://www.ncbi.nlm.nih.gov/pubmed/21242513
http://doi.org/10.1038/mi.2009.4
http://www.ncbi.nlm.nih.gov/pubmed/19262506
http://doi.org/10.1189/jlb.0805458
http://doi.org/10.1586/1744666X.2014.922876

	Introduction 
	Results 
	Survival and Body Weight 
	Systemic Inflammation 
	Lung Weight and Bronchoalveolar Lavage Analysis 
	Inflammatory and Anti-Inflammatory Pathways in Lung 
	Recruitment Markers and Metalloproteinase Activation in Lung Tissue 

	Discussion 
	Materials and Methods 
	Animal 
	Sepsis Induction and Treatment 
	RNA Isolation and Gene Expression Analysis by qRT-PCR 
	Western Blot of Caspase 3 
	Cellular Quantification of Bronchoalveolar Lavage, Cytokine and Total Nitric Oxide Measurement 
	Flow Cytometry Analysis 
	Statistical Analysis 

	References

