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Abstract

:

Sepsis is a systemic disease with life-threatening potential and is characterized by a dysregulated immune response from the host to an infection. The organic dysfunction in sepsis is associated with the production of inflammatory cascades and oxidative stress. Previous studies showed that Aedes aegypti saliva has anti-inflammatory, immunomodulatory, and antioxidant properties. Considering inflammation and the role of oxidative stress in sepsis, we investigated the effect of pretreatment with salivary gland extract (SGE) from Ae. aegypti in the induction of inflammatory and oxidative processes in a murine cecum ligation and puncture (CLP) model. Here, we evaluated animal survival for 16 days, as well as bacterial load, leukocyte migration, and oxidative parameters. We found that the SGE pretreatment improved the survival of septic mice, reduced bacterial load and neutrophil influx, and increased nitric oxide (NO) production in the peritoneal cavity. With regard to oxidative status, SGE increased antioxidant defenses as measured by Trolox equivalent antioxidant capacity (TEAC) and glutathione (GSH), while reducing levels of the oxidative stress marker malondialdehyde (MDA). Altogether, these data suggest that SGE plays a protective role in septic animals, contributing to oxidative and inflammatory balance during sepsis. Therefore, Ae. aegypti SGE is a potential source for new therapeutic molecule(s) in polymicrobial sepsis, and this effect seems to be mediated by the control of inflammation and oxidative damage.
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1. Introduction


Sepsis is a potentially fatal form of organ dysfunction caused by a dysregulated immune response to an infection [1,2]. It is the second leading cause of death of patients in intensive care units (ICUs) worldwide. One of the main factors contributing to this result is the use of inadequate or late therapy [3,4]. Over the past few years, studies have shown that patients with sepsis have marked oxidative stress and inflammatory processes which may lead to cell damage [5]. In animals, the model of cecal ligation and puncture (CLP) mimics the conditions of human sepsis, and involves polymicrobial infection with a dysregulated immune response and oxidative process [6]. Thus, this animal model is excellent for evaluating new therapies that can be used in sepsis, since the first line of sepsis treatment is empirical (using broad-spectrum antimicrobials) but is not sufficient for infection control due to the unstable clinical status of the patient [7,8,9].



In recent years, substances with antioxidant and immunomodulatory actions have been tested in the CLP model in order to generate a balance between inflammatory and oxidative processes, leading to increased survival of septic animals [10,11]. Therefore, new therapies with saliva of hematophagous insects are excellent candidates, since their salivary components, rich sources of bioactive substances, have different pharmacological effects that can modulate immunological, anticoagulant, and oxidative systems that are totally unbalanced in the organism, leading to homeostasis and to the clinical improvement of the host [12,13,14,15,16].



The salivary glands of blood-feeding arthropods secrete more than 55 bioactive molecules during the blood feeding, such as carrier-type proteins including Aegyptin, the D7 family, protease inhibitors (i.e., serpins, Kazal-containing peptide, and cystatin), serine proteases, nucleotidases, immunity-related proteins, and mucins, among others [13,14]. The saliva of the Aedes aegypti mosquito, the primary vector of several diseases such as yellow fever, dengue, and Zika [15,16], has several salivary components with described biological properties, including antiplatelet, vasodilator, anticoagulant, anti-inflammatory, immunomodulatory, and antioxidant activities [12,13,17]. Focusing on immunosuppressive action of salivary components, Sales-Campos et al. (2015) showed that Ae. aegypti salivary gland extract (SGE) and its fractioned components were able to reduce the severity and clinically improved experimental colitis, without causing any cytotoxicity to RAW 264.7 macrophages in vitro [12]. Therefore, we question whether the Ae. aegypti SGE could be used in prophylactic or therapeutic treatment in pathologies of intense inflammatory and oxidative processes such as sepsis. Thus, this study aimed to evaluate the effect of the pretreatment of SGE from Ae. aegypti in the induction of inflammatory and oxidative processes in a murine CLP model.




2. Material and Methods


2.1. Ethics Statement


This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation (http://www.sbcal.org.br/) and the NIH Guidelines for the Care and Use of Laboratory Animals. The institutional Committee for Animal Ethics of Federal University of Pará/UFPA (CEUA, Protocol: 5919210516) approved all the procedures used in this study.




2.2. Mice


Seven-to-eight-week-old male Swiss mice were used in all experiments. Animals were obtained from the Animal Facility of the Federal University of Pará and were kept in a 12:12-h light/dark cycle (lights on at 07:00), in groups of five mice per cage, with food and water ad libitum with a 3-day period of housing acclimation before CLP. The outbred mice were used to preserve the heterogeneity found in septic patients as described by Ferreira et al. (2017) [18].




2.3. Aedes aegypti Salivary Gland Extraction


SGE from sugar-fed 3–7-day-old female Ae. aegypti mosquitoes (Rio Grande do Sul, Brazil) were dissected in water containing 0.1% (w/v) bovine serum albumin. To achieve complete disruption, the glands were freeze-thawed and vortexed. The osmolarity was adjusted by adding 10× phosphate-buffered saline (PBS), as described by Monteiro et al. (2005) [19]. The protein concentration was determined using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA) and aliquots were kept at −80 °C until the time of use.




2.4. Experimental Design and CLP Model


Mice were randomly allocated into four groups (n = 10 per group) and all animals received saline, ceftriaxone, or SGE, intraperitoneally, 24 h before and at time zero of CLP induction. Group I (sham-operated mice) underwent a similar procedure to mice of the other groups, but the caecum was not ligated or punctured. This group was pretreated with 0.9% saline and acted as a negative control group. Animals from the other three groups received two intraperitoneal (i.p.) doses of saline, ceftriaxone (CEF—20 mg/kg), or salivary gland extract (SGE—3.5 μg/animal) 24 h beforehand and at time zero, and then the CLP was performed (Figure 1). The polymicrobial sepsis was induced using the CLP method according to the experimental protocol described above by d’Acampora and Locks (2014) and Rittirsch et al. (2014), following some adaptations [20,21]. Briefly, mice were anaesthetized by intraperitoneal (i.p.) administration of 200 μL of ketamine (100 mg/kg) and xylazine (10 mg/kg) solution. Under aseptic conditions, a 1- to 2-cm midline laparotomy was performed to allow the exposure of the caecum. The caecum was ligated with a 3-0 silk suture at its base, below the ileocecal valve, without causing bowel obstruction. Thus, the caecum was punctured one single time (crossing both intestine walls) with a 22 gauge needle to induce the degree of sublethal lethality. Then, the caecum was squeezed, and a “controlled” amount of cecal content was released through the punctures. The caecum was placed back in the abdominal cavity, and the peritoneal wall and skin incision were sutured. Sham-operated mice underwent a similar procedure, but the caecum was not ligated or punctured. The animals received sterile saline (1 mL) subcutaneously immediately after the surgery, which is essential for producing the hyperdynamic phase of sepsis during earlier stages in this experimental model. After the procedure, the animals received doses of buprenorphine (0.05 mg/kg) for postoperative analgesia every 6 h for at least 2 days. Chow pellets were kept inside the cage after CLP procedure for the entire period of the experiment.




2.5. Survival and Weight Analysis


After the CLP procedure survival was monitored every 12 h for 16 days in each group and mice were weighted for the weight curve. Differences in survival and weight were analyzed using Prism 6 software (Graph Pad Software, La Jolla, CA, USA). At this time, mice that showed signs of imminent death (i.e., inability to maintain upright position/ataxia/tremor and/or agonal breathing) were euthanized by ketamine/xylazine (>100/10 mg/kg, sc) overdose. At the end of 16 days, live mice were euthanized. The number of animals for survival curves was 5–10 per each group.




2.6. Sample Collection for Cell Migration and Oxidative Evaluation


Inflammatory and oxidative parameters were determined at 12 or 24 h after CLP procedure. For this, the animals were euthanized and the peritoneal cavity cells were harvested with 3 mL of PBS containing 1 mM EDTA. The volumes recovered were similar in all experimental groups and 95% of the injected volumes were recovered. Total counts were performed in a cell counter and differential cell counts (200 cells total) were carried out on cytocentrifuge slides stained with panoptic dye. The results were presented as the number of neutrophils per cavity. The blood was collected for leucogram and liver, spleen, lung, and heart were obtained, homogenated, and kept at −80 °C until analysis.




2.7. Bacterial Load Determination


Blood, peritoneal lavage fluid, and whole organ (liver, spleen, lung, and heart) were placed in 900 µL of sterile PBS and then mechanically disrupted by macerating the organ with a sterile Pasteur pipette and then vortexing vigorously. For determination of colony-forming units (CFUs), aliquots (100 µL) of supernatant from disrupted organs were diluted (1:100). Then, 10 μL of supernatant were plated on Müller Hinton Agar and incubated at 37 °C for 24 h. The colonies were counted and expressed in CFU/gram tissue. Bacterial load was determined in all tissues of all five mice for group and the data represents the means ± SD of five mice.




2.8. Determination of Nitric Oxide (NO) Production


The nitrite (NO2) concentration was determined by the Griess method [22]. Briefly, 100 µL of the samples was incubated with an equal volume of the Griess reagent for 10 min at room temperature. The absorbance was measured on a plate scanner (Spectra Max 250; Molecular Devices, Menlo Park, CA, USA) at 550 nm. The nitrite concentration was determined using a standard curve generated using sodium nitrate (NaNO2). Nitrite production is expressed per µM [23].




2.9. Measurement of Reactive Oxygen Species (ROS) Production


ROS production was performed according to Ferreira-Cravo et al. (2007) [24] using 2’,7’-Dichlorodihydrofluorescein diacetate (H2DCF-DA, Sigma-Aldrich, Saint Louis, MO, USA). The H2DCF-DA is a cell-permeable non-fluorescent probe that is hydrolyzed enzymatically by intracellular esterases to form the intermediate to non-fluorescent 2,7-dichlorodihydrofluorescein (DCFH) that reacts with various ROS (including H2O2, OH•, and O2•−) and also by RNS (•NO and ONOO−) to form 2’,7’-dichlorofluorescein (DCF), a highly fluorescent product [25]. Thus, peritoneal macrophages were exposed to 40 μM tert-butylhydroperoxide (t-BHP) (Sigma-Aldrich, Saint Louis, MO, USA) or saline for 30 min at 5% CO2 at 37 °C [22]. t-BHP is an organic peroxide widely used in a variety of oxidation processes, and was used here as a positive control [24]. Twenty minutes before the end the exposure with t-BHP, 10 μM H2DCF-DA was added to the suspension and incubated for 30 min at 37 °C. Immediately, the DCF fluorescence intensity was measured by a fluorescence microplate reader (Victor 2, Perkin Elmer, Waltham, MA, USA) every 5 min for 30 min at an excitation wavelength of 488 nm with a 530-nm emission filter [24]. Background fluorescence was determined before the addition of H2DCF-DA. The amount of intracellular ROS and RNS was expressed in terms of fluorescence intensity.




2.10. Total Evaluation of Trolox Equivalent Antioxidant Capacity (TEAC)


The total antioxidant status (TAS) is a sensitive and reliable marker to detect in vivo oxidative stress changes that may not be detectable through the measurement of a single specific antioxidant. The TAS was evaluated by Trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid; Sigma-Aldrich) equivalent antioxidant capacity assay from samples of the serum and peritoneal lavage. In this assay, 2,2-azino-bis (3-ethylbenzothiazoline, 6-sulfonate) (ABTS) is incubated with potassium persulfate (K2S2O8; Sigma-Aldrich, Saint Louis, MO, USA) to produce ABTS•+, which is a green/blue chromophore. Antioxidants present in the sample cause a reduction in absorption proportional to their concentration. The antioxidant capacities of the samples are expressed as TEAC using a calibration curve plotted with different amounts of Trolox, and their absorbance measured at 740 nm [26,27]. Data were expressed as µmol/L.




2.11. Glutathione (GSH) Levels


Determination of GSH levels were determined in the serum, peritoneal lavage, and organ homogenate according to the method described by Ellman (1951) [28]. Intracellular GSH was based on the ability of GSH to reduce 5,5-dithiobis-2-nitrobenzoic acid (DTNB) to nitrobenzoic acid (TNB), which was quantified by spectrophotometry at 412 nm, and GSH concentrations were expressed in µmol/mL. This assay was adapted for use in a microtiter plate using a microplate spectrophotometer system, Spectra MAX 250 (Molecular Devices, Union City, CA, USA) [17].




2.12. Determination of Lipid Peroxidation


Lipid peroxidation was measured by quantifying MDA in the serum, peritoneal lavage and organ homogenate, as an indicator of oxidative stress, using the thiobarbituric acid-reactive substances (TBARS) assay. The technical procedure was performed according to the protocol proposed by Kohn and Liversedge (1944), adapted by Percario et al. (1994) [29,30]. Briefly, lipoproteins were precipitated by the addition of samples to 0.05 M trichloroacetic acid (TCA) and 0.67% thiobarbituric acid (TBA; Sigma-Aldrich, Saint Louis, MO, USA) in 2 M sodium sulfate. The union of lipid peroxide and TBA was performed by heating in a water bath for 90 min. The chromogen formed was extracted in n-butanol, which was measured at a wavelength of 535 nm. Lipid peroxidation was expressed as nanomoles of MDA per liter.




2.13. Statistical Analysis


Data are expressed as the mean ± SD values. Statistically significant differences between groups were determined using analysis of variance (ANOVA) followed by the Tukey multiple comparison tests. In all cases, the significance level adopted was 5% (p < 0.05). Data of survival was analyzed by employing Kaplan–Meier analysis.





3. Results


3.1. SGE Protected Mice from Sepsis-Induced Lethality


We initially verified whether the SGE were able to improve the survival rate and ameliorate the weight loss of CLP-induced animals. Figure 2 shows that saline-pretreated CLP animals died up to six days after induction of sepsis, while SGE-pretreated (3.5 μg/animal) CLP animals survived at least until day 16. Ceftriaxone pretreatment was used as the control for prophylactic antimicrobial therapy; deaths occurred in CLP animals pretreated with CEF up until the seventh day. In addition, body weight was monitored in order to relate the general physical conditions of animals, as shown in Figure 2B. All animals showed a decrease in body weight after induction of sepsis until the fourth day. However, after this period the SGE-pretreated CLP animals recovered their body weight.




3.2. SGE Decreased Bacterial Load in Septic Animals.


The bacterial load was evaluated to access the progression of the infection. Table 1 shows that saline-pretreated CLP animals had high bacterial load, while CEF or SGE-treated CLP animals had a lower number of bacteria at 12 h after induction of sepsis in the peritoneum, blood, and in all tissues evaluated. Moreover, within 24 h, the bacterial load was not detected in most evaluated tissues, showing the antimicrobial and protective effects of SGE in this sepsis model.




3.3. SGE Altered Leukocyte Migration


The migration of leukocytes to sites of infection is an essential step for bacteria elimination and survival during sepsis. Figure 3 shows an increase in the number of neutrophils in the blood (panel A) and peritoneal cavity (panel B) 12 and 24 h after induction of sepsis. The numbers of neutrophils in the blood of septic animals were similar between treated groups and higher in relation to the sham group (panel A). At 12 h after CLP induction, the numbers of neutrophils in the peritoneal cavity of animals were significantly higher in CEF-treated groups as compared to the saline- or SGE-treated groups. However, at 24 h post CLP, the treatment with SGE (and with CEF) was able to decrease the neutrophil influx to the peritoneal cavity (panel B).



On the other hand, the pre-treatment with SGE increased the number of monocytes in the blood of septic animals at 12 h after CLP, with a significant decrease 24 h after sepsis with respect to animals from the saline group (Figure 3C).



With respect to mononuclear cells, the saline-pretreated septic animals showed a significant increase in the number of these cells in the peritoneal fluid after 12 h, with a peak of influx at 24 h compared to sham groups (Figure 3D). The pre-treatment with SGE reduced the mononuclear cell influx at 12 h but not at 24 h after CLP induction (panel D), while the pretreatment with CEF inhibited these cells only within 24 h, as compared to saline-pretreated CLP group (Figure 3D). In summary, SGE significantly altered the influx of neutrophils into the peritoneal cavity.




3.4. SGE Modulates NO and ROS Production in Septic Mice


To access the oxidative status in septic animals, the production of NO and intracellular ROS was analyzed. Saline-pretreated CLP animals presented increased levels of NO in the serum (Figure 4 panel A) and on peritoneal lavage (panel B) at 12 h, remaining at high levels at 24 h compared to sham animals (Figure 4). The pretreatment with CEF or SGE lightly reduced the NO production after 12 and 24 h in blood from animals with sepsis, as compared to saline-pretreated animals (Figure 4A). The pretreatment with SGE increased the NO levels induced by infection in the peritoneal cavity, while pretreatment with CEF did not change the production of this mediator at all evaluated times compared to saline-pretreated animals (Figure 4B). Figure 4C shows that in vitro the peritoneal cells collected from septic animals, regardless of the group (saline, CEF, or SGE-treated), produced significant levels of ROS compared to the sham group. However, this production was lower in the SGE or CEF-treated group in relation to the sham group. In the presence of t-BHP, cells from the SGE-pretreated CLP animals produced higher amounts of ROS compared to saline-pretreated septic or sham animals (Figure 4C). These data suggest that the cells of SGE-pretreated animals can produce high amounts of ROS and reactive nitrogen species (RNS) when stimulated in vitro. However, with an inflammatory/infectious focus, these cells may produce moderate amounts of ROS and RNS, avoiding severe oxidative damage in the tissue but allowing the elimination of the infectious agent.




3.5. SGE Increased Antioxidant Factors


Trolox equivalent antioxidant capacity (TEAC) assay was conducted to evaluate the antioxidant parameters in septic animals. Figure 5 shows that saline-pretreated septic animals had a marked reduction in the antioxidant capacity in the serum and peritoneal cavity at the times evaluated as compared to sham animals (Figure 5A,B, respectively). On the other hand, pretreatment with SGE or CEF was able to increase the serum TEAC levels, especially at 24 h, as compared to saline-pretreated CLP groups (Figure 5A). In the peritoneal cavity, the pre-treatment with SGE or CEF also elevated the total antioxidant levels compared to sham or saline-pretreated CLP animals (Figure 5B).




3.6. SGE Increased GSH Levels


As TEAC was increased in SGE pretreated septic animals, GSH levels were also analyzed, since it is an important endogenous antioxidant able to neutralize ROS. Figure 6 shows that the induction of sepsis led to a significant decrease in GSH levels in the serum, spleen, heart, liver, and lung of animals (Figure 6A,C, respectively), without any significant alteration in peritoneal lavage compared to sham animals (Figure 6B). However, the pretreatment with SGE was able to restore the GSH levels in the blood and in most tissues evaluated, and caused a greater increase in heart and peritoneal lavage compared to the sham or saline-pretreated CLP animals (Figure 6A–C).




3.7. SGE Reduced MDA Levels in Septic Animals


MDA levels were used as a marker of lipid peroxidation caused by oxidative imbalance. Figure 7 shows that saline-pretreated septic animals presented elevated MDA levels in serum, peritoneal lavage, and in all tissues analyzed at 12 and 24 h as compared to the sham group. The pretreatment with CEF reduced the lipid peroxidation in peritoneal lavage, spleen and lung at 12 h after CLP. On the other hand, SGE-pretreated CLP animals showed a reduction in MDA detection in the blood, peritoneal lavage, and all tissues evaluated as compared to the saline-pretreated group (Figure 7A–C). Thus, these data suggest that SGE controls the intense oxidative process in the inflammatory focus, while decreasing the bacterial load during the polymicrobial sepsis.





4. Discussion


Our study showed the prophylactic effect of Ae. aegypti’s SGE in a model of sepsis induced by CLP through increased survival, reduced bacterial load, and modulation of leukocyte influx and oxidative status in septic animals. In addition, it was the first study to show that the SGE has an excellent antioxidant action during sepsis, being able to increase antioxidant defense based on GSH and total antioxidant capacity, and reduce the oxidative damage mediated by ROS and lipid peroxidation.



Therefore, we showed for the first time that SGE of Ae. aegypti protects mice against oxidative stress in a CLP model, which is considered the gold standard sepsis model [31] and most closely represents the clinical scenario with progression of sepsis [32]. In this model, the severity of sepsis can be adjusted by increasing the needle puncture size, number of punctures, or length of cecal ligation [31,33,34]. Thus, we performed a moderate CLP (50%, two punctures with a 22G needle) so that the animals died in the 6 days after CLP [21,35]. In our studies, animals of the saline group died within 6 days, those in the CEF group died within 7 days, while those pretreated with SGE survived until the end of 16th day, recovered their body weight, and were shown be healthy.



In recent years, antibiotic prophylaxis has been implemented worldwide to reduce the risks of secondary hospitalizations and increased mortality due to infectious complications in urinary tract infections, urosepsis, cirrhosis, caesarean sections, biopsy procedures and others [21,35]. Therefore, in surgical practice, antibiotic prophylaxis is a standard practice in many procedures, including procedures to prevent post-biopsy infections. In this sense, several medical associations recommend prophylaxis with a single agent such as cephalosporins (drug of choice), fluoroquinolones, trimethoprim-sulfamethoxazole, or aminoglycosides (alternatives). However, in general, prophylactic treatment is short-term and generally maintained until the 48th postoperative hour [21,35]. Thus, in our study, ceftriaxone, a broad-spectrum cephalosporin with action on gram-positive and gram-negative bacteria, was used as a reference drug (positive control) for prophylactic treatment. Although the treatment with ceftriaxone caused a significant decrease in bacterial load and in inflammatory and oxidative parameters in most tested tissues of septic animals, it was not able to increase the survival of septic animals. In this context, the decline in neutrophils and mononuclear cells induced by pretreatment with ceftriaxone within 24 h may be the result of its antibacterial activity leading to decreased levels of cytokines and chemokines in tissues, as reported recently by Patel et al. (2018) [36]. Regarding oxidative parameters, ceftriaxone showed a moderate antioxidant effect, which can be attributed to the low concentrations of this drug in the tissue due to its extensive binding to plasma proteins [37].



The CLP procedure promotes ischemia in the region of the cecum, as well as bacterial translocation favoring the polymicrobial infection [38]. In the CLP model, the predominant bacterial strains in the abdominal cavity are Escherichia coli, Enterococcus faecalis, Proteus mirabilis, Klebsiella pneumoniae, and Enterobacter agglomerans [21,38]. Thereby, these bacteria can be transported via lymphatics and blood to vital organs, causing an intense systemic inflammatory response [39]. According to Hyde et al. (1990), in the various stages of sepsis in the CLP model there are no differences in the three predominant types of bacteria isolated from the cecum (anaerobes, gram-positive bacteria, and aerobic coliforms). In addition, correlation tests showed that bacteria isolated from tissues such as the liver and spleen reflected the same type of bacteria found in the circulation and in cecum ligation [40]. Thus, the control of bacterial burden has an important impact on mortality in sepsis [41]. In this regard, many components from the SGE of Ae. aegipty can also modulate innate and adaptive immunity through D7, sialokinin, Aegyptin, and components with antimicrobial action such as lysozymes and AMPs [42,43,44]. Moreover, antioxidant components such as superoxide dismutase (SOD) and glutathione s-transferase (GST) can also contribute to the reduction of oxidative stress and increased survival rate [45].



Our data showed that the pretreatment with SGE reduced the bacterial load in most evaluated tissues of septic animals. The in vitro antimicrobial effect of SGE of Ae. aegypti was reported [46]. In fact, the salivary glands of mosquitoes produce some antimicrobial polypeptides. For example, in SGE of Ae. aegypti the abundant expression of the lysozyme gene (AAEL009670) was found in the proximal regions of lateral lobes, conferring a bacteriolytic factor protecting the mosquito against invasion and bacterial growth during the ingestion of sugars in the wild [14,46,47]. Moreover, according to Sim et al. [48], Ae. aegypti SGE has eight antimicrobial peptides (AMPs such as cecropin, defensin A1, and gambicin [14,47]) that can interact with bacterial surfaces, resulting in their elimination by mechanisms that lead to lysis, disruption, or membrane perturbations [44,49]. These components exhibit a wide spectrum of antimicrobial activity against gram-negative and gram-positive bacteria, and gambicin also has an effect against filamentous fungi [50,51]. Moreover, another studies reported other components with antimicrobial effects such as gram-negative binding proteins (GNBP), which bind to gram-negative bacteria and putative salivary peptides with an HHH domain [14,43,52].



Polymicrobial sepsis is also characterized by increased inflammatory response in the early phase, with high leukocyte migration within the first 24 h, increased production of pro-inflammatory mediators such leukotrienes (LTs) and TNF-α, and an increase ROS that contributes to cell and tissue injury, resulting in mortality [53]. In the CLP model, during the inflammatory process there is an increase in neutrophil and monocyte recruitment from the vascular lumen to the inflammatory site [54]. Neutrophil influx is important for the control of bacterial growth and consequent dissemination [55,56]. In the early-arriving phase, there is an increase in LT production, mainly leukotriene B4 (LTB4) [57,58]. In wild-type mice subjected to CLP, high levels of LTB4 have been associated with an increase in leukocyte recruitment [35]. According to Calvo and collaborators [42], the D7 protein found in SGE from Ae. aegypti binds to LTB4 and decreases neutrophil and macrophage recruitment into the inflammatory site. Previously, our group also reported that the saliva of another blood-sucking insect, Lutzomyia longipalpis (a Leishmania vector), was also able to modulate the cellular response (neutrophils, macrophages and T lymphocytes) by mechanisms dependent on TNF-α and LTB4 [19,56]. Therefore, these data suggest that the SGE of Ae. aegypti may act by inhibiting LTB4 and TNF-α, leading to a reduction in the influx of macrophages and neutrophils to the inflammatory focus.



Previous studies have already reported the immunomodulatory and hemostatic effects of Ae. aegypti’s SGE in vitro due its salivary components [59], which include the D7 protein (37-kDa salivary gland allergen Aed a 2 precursor), and the N-terminal domain, which binds the biogenic amines of molecule effectors such as LTC4, LTD4, and LTE4 in cases of allergy [42,43]. Sialokinin can modulate Th1/Th2 cytokine production [44,60], as well as adenosine (a vasodilator and inhibitor of platelet aggregation) which can reduce pain during blood repayment of the mosquito [14]. Aegyptin has anticoagulant action by specifically binding to collagen and preventing its interaction with platelet glycoprotein VI, α2β1 integrin, and the Von Willebrand factor [61]. There are few studies about the effect of Ae. aegypti’s SGE in animal disease models [12], but none have shown its antioxidant activity in vivo. In this regard, Sales-Campos et al. [12] have also shown in an inflammatory bowel disease model that SGE of Ae. aegypti (5 μg/animal) reduced inflammatory infiltrate in the intestine between 9 and 24 days after induction of colitis, reduced levels of pro-inflammatory cytokines, and improved the clinical picture of the disease. SGE of Ae. aegypti also reduced T cell recruitment and increased levels of IL-10, suggesting an anti-inflammatory effect during West Nile virus infection in mice [62]. Saliva of other hematophagous organisms can alter the influx of cells into the infected tissue, as reported by Monteiro et al. [63], who showed that the SGE from Lutzomyia longipalpis increased the recruitment of leukocytes, mainly macrophages, into the peritoneal cavity until at least 7 days after Leishmania infection.



Regarding the oxidative process, some Ae. aegypti salivary components are able to modulate these parameters during blood digestion. Thereby, antioxidants such as glutathione peroxidase (GPx), GST, catalase, and GSH can neutralize pro-oxidant molecules toxic to the mosquito [64,65]. In addition, other studies [17,45] also showed that Ae. aegypti salivary antigen-5/CAP is a superoxide dismutase that bind Cu2+ and scavenges O2−, blocking the oxidative neutrophil burst induced by phorbol 12-myristate13-acetate (PMA).



In the inflammatory site, neutrophils and macrophages destroy pathogens through phagocytosis and ROS production, involving superoxide anions (O2-), hydrogen peroxide (H2O2), HOCl and hydroxyl radicals (OH−), and RNS (NO and peroxynitrite), as well as proteolytic enzymes and pro-inflammatory cytokines [56,57,66,67]. However, the uncontrolled activation of these cells may lead to oxidative stress resulting from an intense inflammatory process and dysfunction of the endothelial cells which can lead to a multiple organ failure in sepsis [68], as well as a metabolic imbalance in the organism and depletion of antioxidant factors such as SOD and GSH [69]. As a consequence of this imbalance, the reactive species cause a series of reversible and irreversible toxic modifications in the biomolecules, such as protein carbonylation and lipid peroxidation, leading to damage in their own cells, including the endothelium [70].



NO is one of the major RNS in the human system [71]. NO acts as a potent vasodilator produced by endothelial cells, but also plays an important role in the immune response and infection control [72,73]. In this regard, our data show that the SGE from Ae. aegypti reduced NO levels in the serum but increased its production in the peritoneal cavity, the main infectious focus in the CLP model. This effect on NO may be associated with sialloquinins I and II, molecules found in the saliva of Ae. aegypti that can induce high NO levels in the host circulation [74]. Sialloquinins are neuropepitides belonging to the tachykinin family, responsible for the vasodilatory action of Ae. aegypti saliva [75]. Thus, tachykinins bind to receptors found on the endothelium upregulating iNOS expression through the signaling pathway neurokinin (NK) 1, increasing NO production and ameliorating the vascular capacity [75,76].



In relation to antioxidant action, pre-treatment with SGE from Ae. aegypti increased antioxidant capacity and GSH in this sepsis model, showing its protective effect on oxidative damage. In corroboration, a study showed that Ae. aegypti’s SGE has protein constituents with antioxidant properties, including SOD, GST, NADH-ubiquinone oxidoreductase, and the electron transporter oxidoreductase [77]. The endogenous GSH acts as a substrate for the enzyme glutathione peroxidase (GPX), which is essential for the detoxification of hydrogen peroxide and lipids [78,79] Under conditions of oxidative stress such as in sepsis, GSH levels can become dramatically depleted [80,81]. Decreased levels of GSH and total antioxidant capacity are directly related to organ failure induced by sepsis and mortality [5]. Thus, the antioxidant compounds from SGE might increase the GSH levels and neutralize the oxidative species. For example, SOD will convert the superoxide into oxygen or hydrogen peroxide that are less reactive molecules, and NADH can restore the oxidized GSSG to its antioxidant form GSH, therefore increasing GSH bioavailability in SGE-pretreated animals.



The lipid peroxidation caused by oxidative damage to membrane lipids, generating lipid free radicals that oxidize other structural lipids, forming a chain reaction that can lead to cell death [82]. MDA is one of the main products of lipid peroxidation and can be used as a biomarker of oxidative stress and cellular damage in diseases related to oxidative stress such as sepsis [83]. In sepsis, MDA levels are elevated and may be correlated with clinical worsening of the patient [84,85]. In our study, the SGE decreased MDA levels in septic animals in all evaluated organs, which can be related to the balance of the oxidative process in the body, mediated by the increase in antioxidant factors and decreased production of ROS and RNS in septic animals. Indeed, Almeras et al. [77] showed that around 10% of the SGE components have oxidoreductase activity [77], which can explain the lower levels of MDA and the increased antioxidant activity in the animals pretreated with SGE.




5. Conclusions


In conclusion, our study was the first to show that the pre-treatment with SGE from Ae. aegypti led to immunomodulatory and antimicrobial effects on sepsis, increasing survival and reducing bacterial load in septic animals. These data may be associated with the balance between inflammatory and oxidative processes in these animals, as shown in Figure 8. Overall, this study has applied an enthusiastic approach to the prophylactic effect of sepsis throughout the world, but we cannot guarantee that the saliva of Ae. aegypti can have a therapeutic effect. However, our data encourage us to investigate the salivary components of Ae. aegypti, which may be a new source of drugs for the treatment of different inflammatory diseases in the future. However, other steps are also needed, including finding details on the mechanisms of action, 3D modeling, refinement, and validation, and subsequently molecular and dynamic coupling with possible component receivers, among others.
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Figure 1. Experimental protocol of the CLP model and pre-treatments. CLP: cecal ligation and puncture; CEF: ceftriaxone; CFU: colony-forming unit; ROS: reactive oxygen species; SGE: salivary gland extract; TEAC: Trolox equivalent antioxidant capacity. 
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Figure 2. Effect of SGE on survival rate (%) and body weight (g) of septic mice within 16 days. (A) Survival of CLP animals pretreated with SGE (3.5 µg/animal), CEF (20 mg/kg), or saline. (B) Body weight during time evaluated for survival. Data presented as mean ± SD (n = 5). Kaplan–Meier analysis (# p < 0.005 CLP versus CLP + saline). CEF: ceftriaxone; CLP: cecal ligation and puncture SGE: salivary gland extract. 
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Figure 3. Effect of SGE on the number of circulating cells and migration to the peritoneal cavity in animals with sepsis. (A) Neutrophils in the blood. (B) neutrophils in the peritoneal cavity. (C) monocytes in the blood. (D) Monocytes in the peritoneal cavity. Total cell counts in the peritoneal cavity and blood were determined 12 h and 24 h after CLP. The results were expressed as the mean ± SD (five animals/group). * p < 0.05 compared to the sham control group; # p < 0.05 compared to the saline control group. CLP: cecal ligation and puncture; SGE: salivary gland extract; CEF: ceftriaxone. 
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Figure 4. Effect of SGE on NO and ROS production in septic mice. (A) NO levels in serum 12 h and 24 h after CLP; (B) NO levels in the peritoneal cavity 12 h and 24 h after CLP; (C) ROS production by peritoneal macrophages stimulated or not with 40 μM t-BHP. The results were expressed as the mean ± SD (five animals/group). * p < 0.05 compared to sham control group; # p < 0.05 compared to the saline control group. CLP: cecal ligation and puncture; SGE: salivary gland extract; CEF: ceftriaxone; NO: nitric oxide; ROS: reactive oxygen species. 
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Figure 5. Effect of SGE on antioxidant activity in septic mice. (A) TEAC in serum 12 h and 24 h after CLP; (B) TEAC in the peritoneal cavity 12 h and 24 h after CLP. The results were expressed as the mean ± SD (five animals/group). * p < 0.05 compared to the sham control group; # p < 0.05 compared to the saline control group. CLP: cecal ligation and puncture; SGE: salivary gland extract; CEF: ceftriaxone; TEAC: Trolox equivalent antioxidant capacity. 
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Figure 6. Effect of SGE on GSH levels in septic mice. (A) GSH levels in serum 12 h and 24 h after CLP. (B) GSH levels in peritoneal cavity 12 h and 24 h after CLP. (C) GSH levels in other tissue after 12 h CLP. The results were expressed as the mean ± SD (five animals/group). * p < 0.05 compared to the sham control group; # p < 0.05 compared to saline-pretreated sepsis group. CLP: cecal ligation and puncture; SGE: salivary gland extract; CEF: ceftriaxone; GSH: glutathione. 
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Figure 7. Effect of SGE on lipid peroxidation products in septic mice. (A) MDA levels in serum at 12 and 24 h after CLP. (B) MDA levels in the peritoneal cavity 12 and 24 h after CLP. (C) MDA levels in other tissue 12 h after CLP. The results are expressed as the mean ± SD (five animals/group). * p < 0.05 compared to the sham group; # p < 0.05 compared to saline-pretreated septic group. CLP: cecal ligation and puncture; SGE: salivary gland extract; CEF: ceftriaxone; MDA: malondialdehyde. 
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Figure 8. Probable mechanism of action of Ae. aegypti’s SGE in CLP sepsis model. (A) The D7 protein of SGE binds to LTB4 and reduces TNF-α production, decreasing neutrophil and macrophage recruitment to the inflammatory site. (B) The SGE has lysozyme, crecropin, D7 protein, defensin A1, and gambicin, which interact with bacterial surfaces and result their elimination. (C) By a different mechanism, SGE modulates oxidative stress, and SOD converts the superoxide into oxygen or hydrogen peroxide, which are less reactive molecules. (D) SGE reduce lipid peroxidation by restoring antioxidant system. (E) NADH restores the reduced GSH to its active form, increasing GSH bioavailability and reducing lipid peroxidation. CLP: cecal ligation and puncture; SGE: salivary gland extract; LTB4: Leukotriene B4; TNF-α: tumor necrosis factor - alfa; SOD: superoxide dismutase; GSH: glutathione. 






Figure 8. Probable mechanism of action of Ae. aegypti’s SGE in CLP sepsis model. (A) The D7 protein of SGE binds to LTB4 and reduces TNF-α production, decreasing neutrophil and macrophage recruitment to the inflammatory site. (B) The SGE has lysozyme, crecropin, D7 protein, defensin A1, and gambicin, which interact with bacterial surfaces and result their elimination. (C) By a different mechanism, SGE modulates oxidative stress, and SOD converts the superoxide into oxygen or hydrogen peroxide, which are less reactive molecules. (D) SGE reduce lipid peroxidation by restoring antioxidant system. (E) NADH restores the reduced GSH to its active form, increasing GSH bioavailability and reducing lipid peroxidation. CLP: cecal ligation and puncture; SGE: salivary gland extract; LTB4: Leukotriene B4; TNF-α: tumor necrosis factor - alfa; SOD: superoxide dismutase; GSH: glutathione.



[image: Cells 07 00182 g008]







[image: Table] 





Table 1. Bacterial load in peritoneal lavage, blood and other tissues of septic mice pretreated with SGE (35 µg/kg), CEF (20 mg/kg), or saline.
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Bacterial Load (×103) CFU/mL




	
Groups

	
Peritoneal Lavage

	
Blood

	
Spleen

	
Heart

	
Liver

	
Lung






	
12 h

	
Sham

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND




	
Saline + CLP

	
11.5 ± 0.70

	
4.5 ± 0.70

	
2.5 ± 0.70

	
0.5 ± 0.70

	
3 ± 1.41

	
19.5 ± 2.12




	
CEF + CLP

	
ND

	
1 ± 1.41

	
1.5 ± 0.70

	
ND

	
ND

	
ND




	
SGE + CLP

	
0.54 ± 0.10 a

	
0.25 ± 0.05 a

	
0.21 ± 0.10 a

	
0.05 ± 0.01

	
0.31 ± 0.05

	
0.12 ± 0.05 a




	
24 h

	
Sham

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND




	
Saline + CLP

	
4 ± 4.24

	
3.5 ± 2.12

	
4.5 ± 0.70

	
3.5 ± 0.70

	
2 ± 1.41

	
3 ± 1.41




	
CEF + CLP

	
ND

	
ND

	
1.5 ± 0.70

	
ND

	
ND

	
ND




	
SGE + CLP

	
0.005 ± 0.002 a

	
ND

	
ND

	
ND

	
ND

	
ND








ND—Not detected a p < 0.05, SGE group + CLP compared to saline group + CLP.
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