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Abstract

:

Irisin, a cleaved product of the fibronectin type III domain containing protein-5, is produced in the muscle tissue, which plays an important role in modulating insulin resistance. However, it remains unknown if irisin provides a protective effect against the detrimental outcomes of hemorrhage. Hemorrhages were simulated in male CD-1 mice to achieve a mean arterial blood pressure of 35–45 mmHg, followed by resuscitation. Irisin (50 ng/kg) and the vehicle (saline) were administrated at the start of resuscitation. Cardiac function was assessed by echocardiography, and hemodynamics were measured through femoral artery catheterization. A glucose tolerance test was used to evaluate insulin sensitivity. An enzyme-linked immunosorbent assay was performed to detect inflammatory factors in the muscles and blood serum. Western blot was carried out to assess the irisin production in skeletal muscles. Histological analyses were used to determine tissue damage and active-caspase 3 apoptotic signals. The hemorrhage suppressed cardiac performance, as indicated by a reduced ejection fraction and fractional shortening, which was accompanied by enhanced insulin resistance and hyperinsulinemia. Furthermore, the hemorrhage resulted in a marked decrease in irisin and an increase in the production of tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1). Additionally, the hemorrhage caused marked edema, inflammatory cell infiltration and active-caspase 3 positive signals in skeletal muscles and cardiac muscles. Irisin treatment led to a significant improvement in the cardiac function of animals exposed to a hemorrhage. In addition, irisin treatment improved insulin sensitivity, which is consistent with the suppressed inflammatory cytokine secretion elicited by hemorrhages. Furthermore, hemorrhage-induced tissue edema, inflammatory cell infiltration, and active-caspase 3 positive signaling were attenuated by irisin treatment. The results suggest that irisin protects against damage from a hemorrhage through the modulation of insulin sensitivity.
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1. Introduction


Hemorrhagic shock can result from severe traumatic injury, causing significant complications and high mortality due to excessive blood loss [1] and, ultimately, multi-organ failure [2]. Hemorrhagic shock is a major health complication that produces serious consequences, and thus, improving our understanding of effective treatment is of paramount importance. Irisin is a recently described myokine composed of 112 amino acids that were first described by Boström and his colleagues in 2012. Irisin is produced from the proteolytic cleavage of its precursor transmembrane protein fibronectin III domain, containing protein-5 (FNDC5) [3]. The FNDC5 has been found to be highly expressed in a variety of organs, mainly produced in skeletal muscle and is considered a new hormone factor [4]. Since its discovery, irisin has been shown to increase energy expenditure in response to exercise and, because of its efficacy, has been suggested as a potential therapeutic agent for metabolic disorders in humans. Since this discovery, a multitude of evidence has suggested that irisin serves as a critical regulator in attenuating insulin resistance, promoting improved mitochondrial function, and countering inflammation [5,6,7,8]. Studies have focused on determining the crucial role that irisin plays in the pathophysiological condition of metabolic disease. Our previous study reported how irisin attenuates insulin resistance and mitigates cardiac dysfunction in high-fat, diet-induced metabolic disorders through the HDAC4 pathway [9]. In addition, it was reported that t injuries, infections, and other critical illnesses are often associated with hyperglycemia, hyperinsulinemia, and insulin resistance which contribute critically to the development of trauma and hemorrhages [10]. We showed the protective effect of irisin on myocardial ischemia/reperfusion injuries by the suppression of cell apoptosis in an acute myocardial ischemia and reperfusion model [11]. In addition, we demonstrated that irisin treatment attenuated myocardial remodeling and improved cardiac function in the cell-transplanted, infarcted heart [12]. In this study, we employed the mouse hemorrhage and resuscitation model to identify whether irisin production would be decreased in response to a hemorrhage and if the treatment of hemorrhagic mice with irisin would manifest protection against the detrimental effects that follow a hemorrhage, which is related to the regulation of insulin sensitivity. By using an established animal hemorrhage and resuscitation mouse model along with analyzing the cardiac function, insulin resistance, inflammatory factors, and tissue pathological index, we have found that irisin plays a critical role against the detrimental effects of hemorrhage as evident in the improved cardiac function, enhanced insulin sensitivity, and decreased production of inflammatory factors.




2. Results


2.1. Effects of Irisin on Hemodynamics and Cardiac Performance in Mice Exposed to Hemorrhage


Hemorrhage and resuscitation were performed, as shown in Figure 1A. As shown in Figure 1B,C, there is no difference in the mean arterial pressure among the groups prior to hemorrhage. The resuscitation showed a trend to increase the recovery of mean arterial pressure, but the difference among groups did not reach any significance. Myocardial performance was assessed by two-dimensional, M-mode echocardiography in sham and hemorrhage groups, both before and two hours after the sham operation and resuscitation. The cardiac function did not show a difference in the baseline before the hemorrhage. Figure 2 shows the representative echocardiograms in the sham operation and resuscitation groups. As shown in Figure 2A,B, ejection fraction (EF) and fractional shortening (FS) were significantly suppressed in the hemorrhagic shock groups compared to the sham groups, but irisin treatment significantly restored EF and FS in the hemorrhage group compared to the vehicle treatment. However, there were no significant differences in ventricular dimensions and wall thickness, including V internal dimensions (LVID), posterior wall thicknesses (PW) diastole and systole (LVIDd, LVIDs, LVPWd, LVPWs), and heart rate (HR) between the hemorrhage and sham groups (Figure 2C–H).




2.2. Irisin Attenuates Insulin Resistance in Hemorrhage


The glucose tolerance test was employed to examine insulin sensitivity in mice exposed to hemorrhage. Basal blood glucose levels were elevated in the hemorrhage group, and the delayed recovery of blood glucose levels after glucose loading was evident in hemorrhagic mice in the glucose tolerance test (GTT), which indicated the induction of insulin resistance in mice in response to the hemorrhage challenge. However, irisin treatment significantly attenuated glucose intolerance in the hemorrhage group (p < 0.001, Figure 3A), which is in line with an area under the curve (AUC) analysis of the GTT which reproduced the above results (p < 0.001, Figure 3B). In addition, the insulin level in the sera of hemorrhage was increased compared to that of the control, but irisin treatment attenuated the magnitude of insulin levels induced by the hemorrhage (Figure 3C). These results suggested that the hemorrhage elicited insulin resistance while irisin treatment protected the mice against hemorrhage-induced insulin resistance.




2.3. Irisin Attenuated Levels of Inflammatory Cytokines, IL-1 and TNF-α in Hemorrhage


It is known that hemorrhage triggers an inflammatory response that exacerbates pathological disorders. To assess the effect of hemorrhagic shock on the inflammatory response, Interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α) levels in serum and skeletal muscle lysate were measured in both sham and homogenized mice. As can be seen in Figure 4A–D, following two hours of resuscitation, the serum and muscle levels of TNF-α and IL-1 increased markedly in the hemorrhagic group, but the elevations of cytokine levels were reversed with irisin treatment, suggesting that irisin treatment attenuates the inflammatory response in IL-1 and TNF-α when induced by hemorrhage. In addition, we assessed the irisin contents produced in muscle: histochemical staining indicated that hemorrhage-suppressed irisin signals in the skeletal muscle tissue and western blot showed that, compared to sham controls, irisin proteins in the skeletal muscle were significantly reduced following the hemorrhage (Figure 4E–G).




2.4. Irisin Alleviated Histological Damage in Skeletal Muscle, and Cardiac Muscle and Lung in Hemorrhagic Shock


Since hemorrhages are known to induce muscle edema, inflammatory cell infiltration, and vascular structure disruption, we examined the pathological changes in skeletal muscle, cardiac muscle, and the lungs by performing H&E staining of the tissues. Furthermore, as shown in Figure 5A–D, hemorrhage resulted in a more pronounced inflammatory cell infiltrate in cardiac and skeletal muscles, = compared to that in the sham group, and irisin treatment significantly alleviated inflammatory cell infiltration (p < 0.05). As shown in Figure 5E, significant thickening of the alveolar septal wall was observed in the hemorrhage group compared to the sham group, and irisin significantly reduced the degree of alveolar wall thickening (p < 0.0001) in the lungs (Figure 5F).




2.5. Irisin Reduced Apoptosis in Hemorrhage


Hemorrhages are considered to induce apoptosis in tissues. We employed immunofluorescent staining to examine the signal of active caspase 3 proteins in both skeletal and cardiac muscles. As shown in Figure 6, the hemorrhage group expressed higher levels of caspace-3 in skeletal muscles (Figure 6A,B) and cardiac muscles (Figure 6C,D) compared to that in the sham group. However, irisin treatment alleviated the elevated caspase-3 signals in the hemorrhage group, which did not reach a significant difference. Likewise, irisin also slightly suppressed caspase-3 positive signals in the lung tissue (Figure 6E,F), indicating that the hemorrhage induced an increase in active-caspase 3 signals, which could be suppressed by irisin treatment. In addition, there was a trend toward a decreased superoxide dismutase (SOD) in skeletal muscles (Figure 7A,B) in the hemorrhage group. Notably, SOD expression was increased in skeletal muscle when the hemorrhage group was treated with irisin. However, irisin treatment only resulted in a mild increase in SOD signaling in the cardiac muscles of the irisin + hemorrhage group compared to the hemorrhage alone (data not shown), suggesting that the increased SOD may be responsible for the protective effect of irisin.





3. Discussion


Hemorrhagic shock is a serious condition that can lead to multi-organ failure and high mortality in patients [13]. There is still much that remains to be clarified in the underlying mechanism of the disastrous course of events in hemorrhagic shock, because the pathophysiology which exacerbates the adverse outcomes is complex and involves multiple factors. Our salient study demonstrates that irisin plays a critical role in mitigating detrimental effects induced by hemorrhagic shock by improving myocardial performance, increasing insulin sensitivity, attenuating the inflammatory response, and reducing tissue damage in lungs and muscles.



It has been shown that hemorrhages result in metabolic disorders and insulin resistance, which contribute to the sequala of symptoms that result following a hemorrhage. The suppression of insulin resistance has demonstrated a protective effect against hemorrhage [14,15]. Our study revealed that mice, when exposed to hemorrhage, experienced glucose intolerance along with hyperinsulinemia, but the administration of irisin improved and attenuated the glucose intolerance induced by the hemorrhage and magnitude of hyperinsulinemia, indicating that irisin can ameliorate insulin sensitivity following a hemorrhage. Our previous studies, and others, have demonstrated that irisin-attenuated metabolic disorders, improved insulin sensitivity, and activated insulin signaling pathways contribute to the beneficial effects of irisin [15,16,17]. Although the precise molecular mechanism by which irisin mediates insulin sensitivity in hemorrhages is currently unknown, the improved insulin sensitivity by irisin plays a key role in protecting against hemorrhage.



Hemorrhages also lead to an overactivated immune system that releases pro-inflammatory cytokines [18,19,20]. In our study we confirmed this understanding and found that hemorrhages induced the expression of pro-inflammatory cytokines, TNF-α, and IL-1. TNF-α plays an important role in the inflammatory response under physiological stress with hemorrhagic shock [21]. In an inflammatory environment, TNF-α is produced primarily by locally infiltrated macrophages and monocytes. TNF-α has diverse biological activities, including the induction of apoptosis and promotion of neutrophilic migration into tissues [22,23]. Our results showed that neutrophil infiltration, as a marker of enhanced inflammatory response and tissue damage, was increased in the myocardial tissue and skeletal muscle after hemorrhagic shock. Likewise, our study also demonstrated elevated IL-1 levels in the sera and skeletal muscle tissue following hemorrhagic shock. IL-1 is a major inflammatory cytokine that plays a significant role in the regulation of inflammation during an immune response [24]. In our study, an acute administration of irisin in the resuscitation period reduced TNF-α and IL-1 levels in both serum and skeletal muscle tissue, suggesting the important contribution of irisin in suppressing inflammatory response and tissue injury in hemorrhage. The mechanisms by which irisin reduces inflammation in the hemorrhage remain unclear. It has been reported that irisin reduces the expression and activity of TNF-α and IL-6 in the pro-inflammatory activation of adipocyte 3T3 L1 cell lines and decreases the phosphorylation and activation of inflammatory transcription factors [25]. In addition, irisin alleviates pulmonary damage and decreases pulmonary microvascular permeability, which is related to the up-regulation of AMP-activated protein kinase and sirtuin 1 [26]. In agreement with this observation, our results demonstrated that hemorrhagic shock-induced alveolar septal thickening might contribute to acute lung injury, and that irisin treatment attenuated alveolar septal thickening, which is likely due to suppressed inflammatory response and apoptotic activities.



It is known that hemorrhages result in the depression of cardiac functions, which is considered to be one of the major factors that contribute to high mortality in patients [13]. Under the conditions of traumatic hemorrhage, a decline in cardiac performance is mirrored by the release of myocardial troponin I and biomarkers of myocardial injury [27,28]. In our studies, we have found that hemorrhages induce a depression in cardiac performance even after resuscitation. Irisin treatment resulted in an improvement in ejection fraction and fractional shortening. This is in agreement with our previous observation in which irisin protected the heart against ischemia and reperfusion injury [11], which is related to the irisin-induced up-regulation of myocardial SOD-1 and active-caspase 3. In addition, since TNF-α is one of the major factors that contribute to myocardial depression in the myocardial ischemia and infarction model, anti-treatment against TNF-α leads to an improvement in the function and attenuation of remodeling. In agreement with these previous observations, our studies indicate a correlation between cardiac depression and the increase of TNF-α and IL-1 in eliciting cardiac depression. Irisin-induced improvements to cardiac functions in this study were closely linked to the augmentation of cardiac functions, suggesting that attenuation in the production of TNF-α and IL-1 act as a mechanism for irisin’s cardiac effect in hemorrhage. In support of this observation, the irisin treatment of C2C12 skeletal myoblasts in our study enhanced C2C12 myotube differentiations and attenuated the cytotoxicity of muscles exposed to LPS (inflammatory stress), suggesting that irisin expresses anti-inflammatory effects which may contribute to improved cardiac functions (data not shown). Irisin was previously found to improve myocardial functions in the diabetic heart in association with an improvement in insulin sensitivity and the PRAK pathway [29], revealing that irisin-enhanced insulin sensitivity modulates cardiac performance in metabolic disorders. Irisin-induced improvements to cardiac functions following a hemorrhage here are associated with an increase in insulin sensitivity, suggesting that insulin sensitivity could be an additional factor in the regulation of cardiac performance.



The massive blood loss seen in hemorrhagic shock induces apoptosis via an increase in reactive oxygen species (ROS) generation in several models [30,31,32,33,34]. Inhibiting ROS generation [35,36] or enhancing the superoxide dismutase type 1 (SOD-1), a free radical scavenging enzyme, becomes implicated in ischemia/reperfusion injury [36]. Irisin elevated the SOD expression in response to oxidative stress [37] and ameliorated ROS-induced endothelial dysfunctions in obesity [38]. In this observation, SOD-1 levels in muscle tissue were slightly suppressed in the hemorrhagic shock group, which were prevented by irisin treatment, suggesting that an irisin-induced increase in SOD may be associated with its protective effects against hemorrhages. The induction of intrinsic apoptotic signaling factors through caspase-3 by hemorrhagic shock has also been reported [30,39]. In our study, active-caspase 3 positive signaling in skeletal and cardiac muscle tissues was increased in the hemorrhage group, which was slightly suppressed following irisin treatment, suggesting that irisin may have anti-apoptotic effects in hemorrhages.




4. Materials and Methods


4.1. Animals


Two-month-old male CD-1 mice were purchased and used for all experiments (The Charles River Laboratory, ME). These animals were housed in an accredited facility at Rhode Island hospital (Providence, RI, USA). All studies on animals were conducted under a protocol approved by the Institutional Animal Care and Use Committee of Rohde Island hospital, which conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).



Animal ventilation and surgical procedure: anesthesia was induced with 1–4% isoflurane in oxygen. Mice were then transferred to the nose cone. Once non-responsive to toe-pinch, surgical prep was performed in the left and right inguinal areas. A rectal thermometer was inserted to evaluate body temperature, and the animal was maintained on a warming pad to maintain body temperature. We monitored anesthesia at a minimum of every 10–15 min during the procedure. Once the prep was complete, diluted lidocaine was injected (not to exceed 5 mg/kg total dose) under the skin of the anticipated incision. Using sharp scissors, starting immediately in the medial area of the thigh, a 2 cm long straight incision was made from the knee towards the medial thigh to fully expose the area overlying the femoral artery. The tissues were bluntly dissected by gently separating the skin from the underlying tissue circumferentially around the entire incision site. The area was kept moist with warm sterile saline. The underlying tissue was gently separated using blunt dissection to expose the muscular layer for visualization of the femoral artery. After dissection, a 7-0 silk suture was passed underneath the distal end of the femoral artery towards the knee using double knots, which were used to create tension in order to achieve full arterial occlusion. Another larger length 7-0 silk suture was placed in a more rostral position, leaving enough length for a second tie to be used to eventually secure the pressure catheter (PE-10 tube) in place. At the same time, microvascular clamps were placed underneath the artery to aid with pressure catheter positioning for pressure measurement. A similar procedure without using the pressure transducer was performed on the contralateral leg in order to facilitate cannulation, to be used for the hemorrhage procedure. Hemorrhage was then induced by removing blood from the right femoral artery until mean arterial blood pressure (MABP) reached 40 mmHg. The left femoral artery was used for continuous MABP monitoring. If the MABP surpassed 45 mmHg, additional blood was withdrawn from the right femoral artery. If the MABP dropped below 35 mmHg, an infusion of 0.5 mL of lactated ringers solution was infused into the right femoral artery. Withdrawn blood was collected into sterile tubes with citrate at a ratio of 0.1 mL citrate/1 mL sterile blood to prevent clotting. This blood would be used later for infusion via the right femoral artery after the procedure was finished to replace blood volume via the same catheter. The mice were kept at a MABP range of between 35 mmHg and 45 mmHg for 60 min.




4.2. Experimental Group Design


At the end of the 60 min of hemorrhage, mice were resuscitated with their shed blood and three times the volume of total blood loss with LRS or saline, using a sterilized syringe over a 10-minute period. The resuscitation fluids were injected through the femoral catheter as described in the above procedure. The mice were then assigned to either the irisin treatment group, which would receive 50 ng/kg of intravenous irisin, or to a vehicle control. After the treatment, the catheters were removed, and the incisions were sutured to close. Sham-operated mice were anesthetized and underwent cannulation but without blood withdrawal. A single 0.5 mg/kg body weight dose of subcutaneous buprenorphine was given for analgesia for all mice in the study. Two hours after resuscitation, echocardiography was carried out to measure cardiac function under anesthesia, induced with 1–4% of isoflurane in oxygen as above. The mice were then euthanized, and blood and tissue were collected for immunological and biochemical analysis. A total of 25 mice were used in this study, of which five mice were excluded because of catheterization failure. The diagram of the experiment is shown in Figure 1A.




4.3. Echocardiographic Measurements


The echocardiography of mice was performed using the CX50 system equipped with a L15-7io broadband linear array (Philips, Cambridge, MA, USA) to access cardiac function. Mice were anesthetized with continuous inhalation of 1–4% isoflurane via a nose cone. Mice were placed in the supine position on a heating pad. Hair was removed by a trimmer and Nair hair remover. A pre-warmed ultrasound transmission gel (Aquasonic, Parker Laboratory, Fairfield, NJ, USA) was then applied to the precordial region. The short axis of the left ventricle was captured at the level of the papillary muscles for two-dimensional B-mode and M-mode images. Between three and six consecutive cardiac cycles were used to assess the dimension and heart rate through the M-mode. The measurements were performed by an experienced operator in a double-blinded manner. At the end of echocardiography, the mice were euthanized using 5% isoflurane which was confirmed by bilateral thoracotomy.




4.4. Glucose Tolerance Test (GTT)


The measurement of glucose tolerance was performed to determine insulin resistance. The mice fasted for six hours, and tail vein blood was collected to measure the basal glucose level using an Accu-Chek Compact Plus glucometer (Roche Diagnostics, Indianapolis, IN, USA). The mice then received a subsequent injection of glucose at a dose of 1.5 mg/kg intraperitoneally. Glucose levels in the tail vein blood were measured at 15, 30, 60, and 120 min after the glucose injection.




4.5. Measurement of Cytokines Using Enzyme-Linked Immunoassay (ELISA)


IL-1 and TNF-α levels in sera and tissue lysates were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (R & D systems, Minneapolis, MN, USA). Assays were performed following the manufacturer’s instructions. Briefly, a 10× diluted serum or 1.5 mg/mL tissue protein along with known concentrations of cytokine standards was applied to the primary antibody pre-coated 96-well ELISA plates. After overnight incubation at 4 °C, a biotinylated secondary antibody was applied and incubated for oneβ hour at room temperature. After the incubation, streptavidin-horseradish peroxidase (SA-HRP) solution was applied, followed by tetramethylbenzidine (TMB) substrate solution. Concentrations of the cytokines were estimated from the absorbance at 450 nm using a spectrophotometer (SpectraMax M2e Multi-Mode Microplate Reader, Molecular Device, LLC, San Jose, CA, USA). Protein concentrations in the tissue lysates were quantified using the bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA).




4.6. Measurement of Blood Insulin Content Using Enzyme-Linked Immunoassay (ELISA)


Insulin content in the blood was also measured using a Mouse Insulin ELISA kit from ALPCO (Salem, NH, USA) according to the instructions of the manufacturer. The level of insulin was determined using a standard curve obtained from standards provided by the kit.




4.7. Western Blotting


Protein levels from skeletal muscles were measured by western blotting, using tissue lysates (50 μg/lane) as described in our previous methods [40]. In brief, the blots were incubated with their respective polyclonal antibodies, which included polyclonal rabbit irisin (1:1000, Abcam, #13847, Waltham, MA, USA) and polyclonal rabbit beta-actin at a diluted concentration of 1:1000. Both antibodies have been calibrated to work well in our previous work. The signals were then visualized by an anti-rabbit horseradish peroxidase-conjugated secondary antibody (1:2000). The results were visualized with a Super Signal West Pico ECL chemiluminescence reagent (Thermo-Fisher Scientific, Waltham, MA, USA). The immunoblotting signals were visualized by a Super Signal West Pico ECL chemiluminescence reagent (Thermo-Fisher Scientific, Waltham, MA, USA). The irisin levels were detected against a polyclonal rabbit antibody (Abcam). Densitometric analysis for the blots was conducted using NIH Image J software version 1. 5. 3.




4.8. Histological and Immunochemical Analysis


Freshly isolated lung, skeletal muscle, and heart tissue were placed in 10% formalin for 24 to 48 h to fix prior to processing. After fixation, the tissues were dehydrated with gradient alcohol and then embedded in paraffin for thin sectioning. Hematoxylin and eosin (H&E) staining was used for the evaluation of the alveolar septal thickness in the lungs and neutrophil infiltrations in the skeletal muscle and the heart tissue samples. Results were scored by two independent pathologists. For immunostaining, paraffin-embedded sections were dewaxed and hydrated for 10 min at room temperature. They were then incubated with the rabbit polyclonal irisin antibody (1:200, Abcam, #13847, Waltham, MA, USA), rabbit polyclonal anti-caspase-3, and rabbit polyclonal anti-SOD-1 primary antibodies overnight at 4 °C. Sections were then washed 3 times in phosphate buffer saline (PBS) before being incubated with the secondary antibodies (CyTM3-conjugated goat anti-rabbit IgG, 1:200, Thermo Fisher Scientific, Burlington, MA, USA) for one hour in the dark. After washing with PBS, a mouse monoclonal anti-MF-20 antibody (1:200, Thermo Fisher Scientific #14-6503-82) was added and incubated for two hours at room temperature. After sections were washed three times with PBS, an FITC-conjugated goat anti-mouse IgG secondary antibody (1:200, Thermo Fisher Scientific, F-2761) was added and incubated for an additional one hour in the dark, at room temperature, followed by three additional washes with PBS. After the final wash, 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) was applied for nuclear staining, and samples were washed three times. Slides were then mounted with DABCO (Millipore-Sigma) and sealed with oil. The immunofluorescent images were captured using a laser scanning microscope. Approximately five—ten randomly selected fields in each section were used for quantification in H&E staining and immunohistochemical analysis using NIH image J software.




4.9. Statistical Analysis


The data are presented as means ± SE. Data were analyzed by one-way ANOVA, with the post hoc Tukey test used for pairwise comparisons. Statistical analysis was performed by Graphpad Prism 9 software (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered significant.





5. Conclusions


We have demonstrated that irisin plays a critical role against hemorrhage-induced detrimental effects, as indicated by an improvement in myocardial performance and the promotion of insulin tolerance. Hemorrhage-elicited insulin resistance was attenuated by irisin treatment, which contributed to functional improvement. Furthermore, the hemorrhage induced the release of muscle and peripheral cytokines, which were suppressed by irisin; this suggests that anti-inflammation by irisin serves as a key regulator for its protective roles. Our study provides direct evidence showing that irisin functions as a critical regulator for protecting against hemorrhages and holds promise in developing a novel therapeutic treatment for multiple organ dysfunction.
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Figure 1. Time course and experimental protocol for the hemorrhagic shock model. (A) BP of mice were maintained at 35-45 mmHg of mean arterial blood pressure (MAP) for one hour before fluid resuscitation with lactated ringer’s solution (LRS) in hemorrhagic shock groups. Irisin treatment was conducted simultaneously with resuscitation. The sham groups underwent operation without blood withdrawal; (B) MAP of animals while in hemorrhagic shock (Data are shown as Mean ± SEM, n = 4/each group); (C) The time course of MAP during the hemorrhage. 
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Figure 2. Echocardiographic measurements of cardiac function in hemorrhagic mice; Left ventricular (LV) function was assessed by two-dimensional M-mode echocardiography in sham and hemorrhage groups 2 h after sham operation and resuscitation. Bar graphs for (A) Ejection Fraction (EF); (B) Fractional Shortening (FS); (C) LV Internal Dimension in diastole (LVIDd); (D) LV Internal Dimension in systole LVIDs; (E) Left Ventricular Posterior Wall in diastole (LVPWd); (F) LV Posterior Wall in systole (LVPWs); and (G) Heart Rate (HR); (H) A representative image for the two dimensional and M-mode (Data are shown as Mean ± SEM, n = 4/each group). 
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Figure 3. Glucose tolerance test and insulin measurement. Mice fasted 6 h before glucose tolerance test. (A) Time dependent glycemic levels post glucose injection (1.5 g/kg body weight of glucose was administered intraperitoneally. Data are shown as Mean ± SEM, n = 5/each group, *** p < 0.001); (B) A bar graph for blood glucose area under the curve analysis from GTT (Data are shown as Mean ± SEM, n = 5/each group, *** p < 0.001); (C) The measurement of insulin level in serum among the groups (Data are shown as Mean ± SEM, n = 5/each group, *** p < 0.001). 
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Figure 4. ELISA analysis of IL-1 and TNF-α in serum and skeletal muscle. Bar graphs for (A) Levels of IL-1 in skeletal muscle; (B) Serum levels of IL-1; (C) Levels of TNF-α in skeletal muscle; (D) Serum levels of TNF-α. (data are shown as Mean ± SEM, n = 4/each group); (E) Immunostaining showing that irisin signals were attenuated by hemorrhage, (Hemo: hemorrhage, Scale bar: 50µm); (F) Immunoblot of irisin and β actin in skeletal muscle of mice exposed to hemorrhage; (G) Densitometric analysis of irisin in hemorrhage and sham groups. Results were expressed as the percentage of sham group (Data are shown as Mean ± SEM, n = 5/each group). 
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Figure 5. Histological analysis of injury in skeletal muscle, myocardium, and lung. (A) Skeletal muscle histology (H&E staining) of sham operated and hemorrhagic groups (200×, scale bars indicate 100 μm); (B) A bar graph for data of inflammatory cell infiltration in skeletal muscle (Data are shown as Mean ± SEM, n = 4/each group); (C) Cardiomyocyte histology (H&E staining) of sham operated and hemorrhagic groups (200×, scale bars indicate 100 μm); (D) A bar graph for data of neutrophilic infiltration in cardiac muscle (Data are shown as Mean ± SEM, n = 4/each group); (E) Histopathological images by H&E staining showed pathologic tissue damage in lungs from sham and hemorrhagic groups (H&E staining, original magnification, 400×, scale bars indicate 50 μm). Alveolar septal thickness was used to assess the extent of lung injury; (F) A bar graph for data of alveolar septal thickness of the lung (Data are shown as Mean ± SEM, n = 4/each group). Hemo: Hemorrhage. 
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Figure 6. Immunostaining of active-caspase 3 signals in the skeletal muscle and cardiac muscle. (A) Immunohistochemical staining of caspase-3 in skeletal muscle (original magnification, 400×); (B) A bar graph for statistical data of positive staining of capase-3 from A (Data are shown as Mean ± SEM, n = 4/each group); (C) Immunohistochemical staining of caspase-3 in cardiac muscle (original magnification, 400×); (D) A bar graph for statistical data of positive staining of capase-3 from C; (E) Immunohistochemical staining of caspase-3 in lungs (original magnification, 400×); (F) A bar graph for statistical data of positive staining of capase-3 from (E) (Data are shown as Mean ± SEM, n = 4/each group). Hemo: Hemorrhage, Scale bar = 50 µm. 
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Figure 7. (A) Immunohistochemical staining of superoxide dismutase (SOD) in skeletal muscles; (B) A bar graph for statistical data of SOD intensity from A (data are shown as Mean ± SEM, n = 4/each group). Hemo: Hemorrhage, Scale bar: 50 µm. 
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